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Abstract.

The focus of this paper is to offer a practical multi-radiosimenetwork architecture that can realize the benefits ofipheilt
radios. Our architecture provides solutions to challemgésree key areas. The first is the construction 8t Wireless Routehat
enablesnodularwireless mesh routers to be constructed from commoditwhemel The second is the design of a centralized channel
assignment algorithm that considers the inter-dependeetveeen channel assignment and routing in order to cregkethroughput
channel-diversified routes. Third is the design and implaatéeon of several communication protocols that are necgse make our
architecture operational. Our system is comprehensiwgljuated on a 20-node multi-radio wireless testbed. Redelinonstrate that
our architecture makes feasible the deployment of largéestgh-capacity multi-radio mesh networks built entingith commodity

hardware. Our implementation is available to the commuioityesearch and development purposes.

1. Introduction

Static multi-hop wireless networks, or “mesh” networkse aeeing prolific deployment. In the US alone,
there are 146 working wireless mesh deployments that peawietro-scalevireless connectivity. A capacity
problem exists in these networks because 802.11 radios) wheach other’s carrier-sense range, interfere
when simultaneously transmitting (Jain et al., 2003). Pinisblem is severe enough to prevent mesh networks
from effectively handling a large number of users and conglarge geographic areas.

T This work was completed while the author was a PhD studenCSRJ
1 MuniWireless September 2006 Update, http://muniwiretesa/municipal/1359
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Fortunately, 802.11 provides multiple orthogonal chasin®lesh routers can be equipped with multiple
radios. By tuning the radios to orthogonal channels, theersican communicate simultaneously with minimal
interference. Therefore, the capacity problem can beiatied.

This paper offers gractical system architecture that can realize high-capacity wselaesh networks.
We set two goals in its design. First, we must be able to buitdiutar wireless mesh routers that can be
used to construceasily-extensiblevireless mesh networks. This goal is inspired by the sthteesart in
wired router hardware where a single router unit can supfiferent line card technologies, such as fiber,
Ethernet, or ATM. Modularity will enable wireless mesh renst to be equipped with heterogeneous wireless
technologies, such as 802.11 and WIMAX, which cannti@edin various configurations. Furthermore, a
modular design will allow additional radios to be added tistixg routers when it becomes necessary to scale
network capacity. Old radios can be easily replaced withemgéechnologies without changing the entire router
unit. This flexibility can significantly reduce hardware tsTo the best of our knowledge, there exists no
wireless router architecture that satisfies this goal.

Second, it is not only enough to have multiple radios, bus itritical that channels are assigned intelli-
gently to them. This step is essential because channelnassig and routing are inter-dependent: channel
assignments to links influence which routers are neighhesreliability and bandwidth of the links between
routers, and also the interference relationship betweemnthsh links; this clearly impacts routing. Careless
assignment can result in poor routes, which can be detrahéminetwork capacity. A channel assignment
solution, therefore, must assign channels to mesh linkis that high-throughput, channel-diversified routes
are available in the network. Although theoretical solugigAlicherry et al., 2005) have been proposed to meet
this goal, they are impractical because they require nétwdde coordinated link scheduling.

In this paper, we describe our work to create a rigorous desigplementation, and evaluation of a high-
capacity, Modular, Multi-radio Mesh network architecturghich we callMcube that meets the above two
goals. We satisfy the first goal with tf8plit Wireless RouterA split wireless router is composed of multiple
physically-separated processing nodes, each equippédawddio. The split router also alleviates the detri-
mental self-interference problems of board cross-taller-field effect, and radiation leakage that can occur
between commodity radios (Chebrolu et al., 2006; Drave,2@04; Robinson et al., 2005). This is because
physical separation of radios, which is possible in a spliter architecture, permits the radios to operate with
reduced inter-radio interference.

With our split router in place, the next challenge is how tetlacomplish channel assignment. We decom-

pose this monolithic function into three steps: colleciimfigrmation about the network topology; executing our
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proposed algorithm, th@pology and Interference aware Channel assignment algor{TIC) and dissemi-
nating channel assignments to mesh routers. Our goal imgdlkis particular problem is to design protocols
and systems that minimize the impact of each of these stefieearetwork, e.g. avoid disrupting active flows,
and avoid network partitioning during channel assignment.

In order to validate our proposed architecture, we haveemphted a fully-functional 20-node Mcube
network consisting of 46 802.11a/b radios. This testbedhsize floors of a typical office building. Our
evaluation focuses on multiple aspects of Mcube, such geifermance gains in the presence of different
traffic patterns, and the impact of short-term variationknk characteristics on system performance.

Our evaluation results indicate that the Mcube makes feadile deployment of high-capacity modular
multi-radio mesh routers built entirely using commoditydware. An 802.11a dual-radio split router is able
to forward aggregate TCP traffic over 15 Mbps. In contrasifnglas-unit multi-radio router is able to operate at
only 2 Mbps because of inter-radio interference. Comparéatd channel assignment schemes, TIC’s channel
selection technique delivers TCP performance improvernnehie 29-100% range.

Specifically, the contributions of this paper are as followesthe best of our knowledge, Mcube'’s TIC
algorithm is the firstpractical channel assignment algorithm that considers the inteemtdgncy between
channel assignment and routing during channel selectiba. split wireless router is the first router archi-
tecture to enable the construction of modular, high-capaunulti-radio mesh networks. Finally, we offer a

comprehensive performance study of our Mcube architedtuadarge-scale multi-radio mesh testbed setting.

2. Related Work

There exists a vast amount of research that focuses on tlaeisaproblem in wireless mesh networks. The
theoretical underpinnings of capacity maximization in tinedio wireless mesh networks has been extensively
studied (Kodialam and Nandagopal, 2005; Kyasanur and ¥a@ly05a). These solutions require network-wide
coordinated packet scheduling in order to successfullyaipewhich make them impractical.

Draves et al. use redundant channel assignment for a telstsed evaluation of the WCETT metric (Draves
et al., 2004). We show in our evaluations that redundant rlasssignment leads to sub-optimal network
performance.

Raniwala et al. propose sophisticated centralized andldiggd algorithms that assign channels on a per-
flow basis to adapt to changing load conditions (Raniwala @hiieh, 2005). These two solutions require
that anticipated traffic loads and the routes traversed bysflse known before channel assignment occurs.

Because channel assignment and routing are inter-depiemgenote that it is challenging to predetermine the
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paths that will be used after channel assignment. The aith@auated the technique over a prototype testbed
spanning 9 nodes across two rooms.

Chereddi et al. (Chereddi et al., 2006) propose system sixtes for linux kernel to support channel
switching for a multi-radio network. However, they do notkoat channel assignment and system evaluation
of a multi-radio mesh deployment.

Several solutions aim to assign channels in order to mir@nmterference between the mesh links (Marina
and Das, 2005; Ramachandran et al., 2006; Subramanian 20@%). TIC also reduces interference between
mesh links. However, there is one key difference: TIC assigmannels in order to create high-throughput,
channel-diversified paths between routers and gatewagsntbrference-aware solutions fail to achieve this
goal.

In addition to minimizing interference between mesh lirtkg, channel assignment solution proposed by us
in an earlier work (Ramachandran et al., 2006) assigns @simorder to minimize interference with external
networks. We believe TIC can be easily extended to supperexternal interference detection technique used
in their solution.

Alicherry et al. (Alicherry et al., 2005) mathematicallyls® the inter-dependence between channel as-
signment and routing. Their solution requires that the ntiegis support interference-free scheduling of each
packet. This requirement makes their solution impractibathe best of our knowledge, our proposed solution
is the firstpractical approach that considers the inter-dependence betweenaihassignment and routing
during channel assignment. We demonstrate its practicatita large-scale multi-radio mesh testbed.

A promising alternative to using multi-radio routers is tu@ a router with a single radio that either can
operate on multiple simultaneous channels (Jain et al.1;280 and Vaidya, 2004) or is capable of rapid
switching between channels on the order of microsecondsl @aal., 2004; Kyasanur and Vaidya, 2005b).

Such radios are as yet unavailable.

3. Design Goals

3.1. MODULAR NETWORK ARCHITECTURE

Our goal to incorporate modularity and flexibility in the sbiuction of wireless mesh networks is inspired by
the state-of-the-art in wired networks. Commercial wiredters from router vendors, such as Cisco Systems
and Juniper Networks, ship with a modular line card architec Such an architecture provides the flexibility

to deploy a router that supports different physical/MACdatechnologies, such as ATM, Fiber, and Ethernet.

mai n. tex; 28/07/2010; 9:56; p.4



G, G2 G,
1 1 1 2 1
Aq By Aq

(a) (b) (c)
Figure 1. Connectivity with different channel assignments.

We want the ability to build wireless mesh routers freommodity hardwar¢hat can offer similar mod-
ularity and flexibility. For example, we might want to deplaywireless mesh router that uses heterogeneous
technologies, such as WiMAX and 802.11n, within the mesH, Blnetooth for client access. The motivation
for this is obvious: the growing user demand and expandingrege coupled with the impressive pace of
innovation in wireless technologies makes old technolbgiesolete very quickly and necessitates newer and

better technologies to be integrated into existing depkayis

3.2. HGH-CAPACITY PROVISIONING

To take advantage of multiple channels, the radios in a mester need to be configured to operate on
orthogonal frequencies. To achieve this requirement etlmgectives must be satisfied. First, for a link to
exist, the two end-point radios on the link must be tuned écsime channel. Currently available radios cannot
switch between channels on micro-second timescales. maislity precludes per-packet channel switching.
Therefore, a link is configured to operate on a particulanokifor a period of a time on the order of several
minutes or hours.

Second, mesh links in carrier sensing range of each othetdshe tuned to orthogonal channels so that
they can transmit simultaneously with minimal interferenc

Our third objective has to do with the inter-dependence betwchannel assignment and routing. To moti-
vate this point further, consider the simple network ilfagtd in Figure 1. Here, nodésand B are dual-radio
routers, and4 is a single-radio router. The number of radios is indicated aubscript with the router name.
G is the gateway. Assume that each link in this topology hasagst. Figure 1(a) illustrates the connectivity
when all radios are tuned to channel one. Figures 1(b) anditu@rates two alternate channel assignments.
In Figure 1(b), the network results in a higher cost routé&térom A whereas the network in Figure 1(c)
optimizes the routes to both routers. Careless channgjremsit can adversely impact the quality of routes
between the routers and gateways. Channel assignmergfategrshould be intelligently performed so that

high-throughput channel-diversified routes are availabtbe mesh.
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3.3. AVOIDING DISRUPTION DURING CHANNELASSIGNMENT

Channel tuning in an 802.11 radio is not an instantaneousatip. The task of tuning to a new frequency
requires that a software application first sets approphateware registers; then the base-band processor is
tuned to the new frequency; and finally a series of MAC-laymtiml-packet exchanges need to be exchanged
in order to re-associate the radio with the mesh. Packeedsitdd for transmission are queued during the
tuning operation to avoid unnecessary packet loss.

The actual process of notifying radios of their channelgassients and then scheduling the task of switch-
ing channels is complex. The frequency switch must occunirelicoordinated, time-synchronized manner.
Otherwise, routers can become becoming disconnected.

Another consideration is that routing protocol state naimd by the mesh routers likely becomes stale
after channel switching. This is because the neighbor $i&elyg to be different on the new channel. Therefore,
existing routes may no longer be valid after channel assggmnihe routing protocol needs to handle such

cases appropriately.

4. Mcube Design

Mcube consists of two architectural components: &pdit Wireless Routeand theChannel Management

Server(CMS). The CMS co-ordinates with each split router to sedatt assign channels.

4.1. SLIT WIRELESSROUTER

4.1.1. Hardware Architecture
The hardware architecture of a split wireless router is vateid from the problem of self-interference. Each
radio in a split wireless router exists on a separate proapsmde. We term a radio and its processing node
as a Radio Unit (RU). Figure 2 illustrates a 3-radio routersisting of three RUs. The nodes are connected to
each other via a backhaul network. A packet that needs torttdogean adjoining RU is sent over the backhaul
to that RU, which then transmits it over the wireless medilmthe figure, the RUs are connected via an Ultra
Wide Band (UWB) backhaul. We connect the RUs in our testbétyus 100 Mbps switch.

The above architecture alleviates the self-interferemoblpm in commaodity 802.11 radios (Draves et al.,
2004; Robinson et al., 2005). Self- interference occursaibse commodity radios are susceptible to the near-
field effect (Chebrolu et al., 2006), inter-radio board srtalk, and radiation leakage (Robinson et al., 2005).

The near-field effect is because of radio propagation chexiatics (Chebrolu et al., 2006), and the remaining
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Figure 2. Split Wireless Router Hardware Architecture. The figunesitates a 802.11 router with three Radio Units (RUs) whacé e
RU is tuned to an orthogonal channel.

causes are due to hardware imperfecfoRsniwala et al. (Raniwala and Chiueh, 2005) use antenreeigm
between radios to reduce the effect of interference. Howexefound that this technique is not effective when
there are more than two radios per node operating on the sagquehcy band.

We empirically observed that with commodity 802.11a radiasalled on a single processing unit and one
inch separation between the radios, the throughput olttaasea percentage of the expected throughput is
only 49% with a 40 MHz band separation between the channeldess than 75% with the maximum band
separation of 625 MHz.

A small physical separation of approximately 0.5 meters orenwhich is easily achievable with the split
router architecture, effectively alleviates the selenférence problem. With some physical separation, energy
leaked because of board cross-talk and radiation leakagmi®s too weak to cause interference. Physical
separation also reduces the near-field effect problem (©heét al., 2006). Through empirical measurements,
we observed that the throughput obtained with simultarlgdrensmitting 802.11a radios that are separated
by 0.5 meters and at least a 40 MHz band separation is greateP0% of the expected throughput. Therefore,

our split router architecture enables construction of mralfio routers equipped with radios of the same band.

4.1.2. Software Architecture

We set two goals in the design of the split router’s softwaichigecture. First, each split router should appear
as a single-unit router equipped with multiple interfac€bis abstraction is important; otherwise, routing
protocols and network management tools, would require fitation to recognize the individually visible
RUs as belonging to a split wireless router. Our second got support the operation of existing software,

such as routing protocol implementations, without modifoza

2 Some mesh hardware vendors, such as Bel Air networks, ctalmave addressed the hardware imperfections using sgeciali
hardware. Unfortunately, we do not have access to theinde because of their prohibitive cost. Hence, we are unablay
conclusively about the effectiveness of their solution.
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Figure 3. Split Wireless Router Software Architecture.

We satisfy our two goals using the software architectutsstthted in Figure 3. One RU of a split wireless
router is denoted as thliesignated RUSoftware, such as the routing protocol and network managétools,
are hosted exclusively on the designated RU. Alhedware Abstraction Layes executed by each RU in a split
wireless router. It operates in kernel-space in order toggphe discovered RUs as local interfaces to any user-
space applications. The discovery of RUs occurs dynamjieallfollows. Each RU in a split wireless router
periodically broadcasts its identity over the backhaulriteo to advertise its presence. In our implementation,
an advertisement is broadcast every minute. The list of RUsdintained as soft-state and times out every
three minutes.

The hardware abstraction layer also exposes two basic fdimgaprimitives — for unicast and broadcast
transmissions — that are essential for software, such dmgoprotocols, to operate without modification on
a split wireless router. The unicast forwarding primitiveseres that packets destined to a next hop router are
correctly forwarded over a split wireless router's backhtauan adjoining RU, which can then transmit the
packet over the wireless medium to the next hop.

To support this forwarding function, all RUs in a split rouperiodically exchange their observed neighbor
set over the backhaul network. In our implementation, tkifhyange occurs every second. Each node maintains
the neighbor information as soft-state. This state expiftsy a neighbor timeout period, which we set to 3
seconds.

Similarly, the broadcast forwarding primitive ensured fheckets that require mesh-wide dissemination are

broadcast and received by each RU.

4.2. CHANNEL SELECTION AND ASSIGNMENT

Channel selection in the Mcube architecture is perform@uusur Topology and Interference-aware Channel
selection algorithm (TIC). In order for TIC to create hidirdughput, channel-diversified routes, it needs to

consider the impact of channel assignment on the networkegivity, which will in turn influence the route
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choice. Therefore, for TIC’s operation, the topology netedse discovered. We define topology discovery as
the identification, for each router in the mesh network, eftthnd-specific set of neighboring routeasd the
measurement of thguality of the linkto each of these neighbors. It is critical that band-spedifcovery

occur because the network topology depends on the phyaigal band.

4.2.1. Default Channel Creation

Band-specific topology discovery requires that the meslosade reconfigured to operate on a common
channel for each supported band. This requirement, howeesults in a critical consideration: what effect

does topology discovery have on active flows in the mesh n&tabthe time of invocation? Presumably,

active flows can be diverted over a band-specific common atamtil the topology discovery completes.

However, this may adversely influence the topology disgpvesults in case the traffic load is high.

Therefore, we adopt the following strategy: we mandate ¢hah mesh router designate one of its radio
that is of the same physical layer type throughout the meshdefault radio This radio is switched to a
default channebrthogonal to the one used for topology discovery. This gaméition results in a single-radio
mesh. Active flows are then redirected over this mesh. Flalireetion is stopped after channel assignment
completes.

The single-radio mesh creation occurs through the netwadie- broadcast of ®BEFAULT- SW TCHmes-
sage that is issued by the CMSDEFAULT- SW TCHmessage contains the channel number, which is either
selected by the network operator or is randomly chosen byCi&. When theChannel Tunemodule at a
mesh router receives this message, it first broadcasts thgage multiple times (5 in our implementation) on
each of the router’s radios. Multiple broadcasts are usedeftundancy. Th€hannel Tunethen tunes the
default radio to the selected channel.

Note that we assume the presence of at least one radio witmaon physical layer type at each node on
the mesh. For instance, in a situation where some nodes amty802.11a radios, others only 802.11b radios,

and a few others have radios of both kinds, the above tecanidgjufail.

4.2.2. Topology Discovery
Once the single-radio mesh is created, it is time for topplitigcovery. The CMS notifies each mesh router to
tune itsnon-default radiogo the channel on which a band’s topology is to be discoverEde notification is

sent over the single-radio mesh.

3 Most commodity radios available today are multi-band rad&uch radios can be made to operate at a particular chasinglau
simple software configuration.
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In order to discover the network topology, each router messthe link quality to its neighbors using the
Expected Transmission Time (ETT) (Draves et al., 2004) imeETT is an estimate of the time to transmit
a packet on a link. It is derived from the link’s bandwidth dogs-rate. We use packet pair probing (Keshav,
1991) to estimate bandwidth and the Expected TransmissiomtGETX) (De Couto et al., 2003) for loss rate.

Section 5 describes our implementation of ETT and the paxi@stimation in more detail.

4.2.3. Channel Selection

Our algorithm, called the Topology and Interference-aw@inannel selection algorithm (TIC) is executed by
the Channel Management Server (CMS). TIC uses the Dijkbogest-path algorithm to discover frequency-
diversified routes between the gateway and routers that ¢@mecated Access Points (APS). In this paper,
we refer to a joint AP and mesh router unit simply as an AP. @tikcovering a route, the route’s quality
is evaluated using the Weighted Cumulative Estimated Tngsson Time metric (WCETT) (Draves et al.,
2004). The WCETT of a route is an estimate of the time a packktake to traverse that route. The estimate
is computed using the bandwidths, reliabilities, and clkehaasignments of all links on the path. Due to space
constraints, we omit a detailed description of this metither multi-radio routing metrics (Yang et al., 2005)
can be used instead of WCETT. TIC supports an alternativeierest long as the alternative can guarantee
that it (1) satisfies the Dijkstra constraint that the costéases with increasing hop count, and (2) discovers
high-throughput channel-diversified routes.

TIC captures the interference relationship between makh lising the well-known conflict graph model (Jain
et al., 2003) so that it can assign interfering mesh linksrtibagonal channels. Interfering mesh links can be
identified using two approaches. The first approach is to egghhor connectivity information to construct
the conflict graph. This approach has been widely adoptedst work (Raniwala and Chiueh, 2005; Ra-
machandran et al., 2006). A second more accurate approtxhss the pair-wise broadcast probing approach
proposed by Padhye et al. (Padhye et al., 2005).

Mcube supports both approaches. For the first approachptppimformation collected during the topology
discovery phase can be used to construct the conflict gramsupport Padhye's approach, the pair-wise
broadcast probing can be invoked immediately after topottigcovery completes.

Algorithm. TIC is summarized in Algorithm 1. The input to the algoritlisra list of APs, the conflict graph

(CG), and the mesh topology. The Dijkstra search begins e Bi by considering the AP at the head of the
list, P. It then begins a neighbor search from the current routeeundnsideration (the gateway in the first
Dijkstra run) to evaluate the cost of reaching its neightpriouters via one of its radios (Lines 9-21). When

considering a neighbor of the current router, TIC choosesnaaonflictingchannelfor the neighbor link. This
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Algorithm 1 TIC Algorithm

1: INPUT:

P =list of APs;m = Mesh Conflict Graph7" = Neighbor Connectivity Graph
2: whilenot Al | APsFound{P} do
3.  d=head(P)
4: n=findGteway(d)
5 Let PQ bepriority queueused in Dijkstra search from to d
6: whiletruedo
7
8
9

makePer manent (n)
for all r; such that; is a radio ofn do
for all r; such thair; is a neighbor of-; do

10: neigh = get Rel ayCont ai ni ngRadi o(r;)

11: usem to select non-conflicting channefor link (r;, ;)
12: if c does not existhen

13: select any random channel for link;( ;)

14: end if

15: cost = conput ePat hCost W t hNewLi nk(d, (r;,r;), c)
16: if cost < current Cost (neigh)then

17: vi si t (neigh)

18: set Tent ati veChannel For Li nk((r;, 75), c)
19: addToPri orityQueue(PQ, neigh)

20: end if

21: end for

22: end for

23: r=findM ni mum nPriorityQueue( PQ)

24: if r ==d then

25: finali zeChannel sOnPat hTo(r)

26: br eak

27: end if

28:  end while

29: end while

30: permanently assign channels to radios that are not assigperdnanent channel.

channel is simply any channel thatrist already selecteth the conflict graph (Line 11). If all channels are
selected by neighboring links, a channel is randomly sete@tines 12-14).

Upon choosing the link’s channel, TIC evaluates the codt@piath to the neighboring router given this link
and its current channel choice (Line 15). If the cost of thigte is lower than any previously discovered route,
TIC visits the neighbor and thetentativelysets the link to the chosen channel (Lines 16-20). The cthanne
selections are not finalized until the least cost route talgstination is found. The neighboring router is then
added to the priority queud@ (Line 19).

Once all the neighbors of the current router are considdhedDijkstra search advances the destination
search by considering the least cost router (Line 23). B tbuter is the destination, the search for that
destination ends. This condition implies that the least oesorded path to this router is the best path found
by TIC. Therefore, the tentative channels assigned to tihs lon this path are finalized (Line 25). The above
described process then continues until routes to all APs haen found.

Algorithm Illustration. We illustrate TIC’s operation on a simple 5-node netwonkegiin Figure 4(a).

Each node has a subscript indicating its number of radios.gitteway(=, and the routerd, have two radios

mai n. tex; 28/07/2010; 9:56; p.11



12

B e 0, B E31) © @ B c361) ©
//1 \1\ 9 \\1\\ 2 ,/1’/ \i\\\ 5
x 250 lefoo” Melo
11 D o
C: 7 Gy Dy ¢ G 1 16 b, i
(c36, % 1 (€90,
d w2) w2)
i A, (036, w1) Ay (c36, w1)
@B (8w (@ 08 ) 0 Gthan)
0 @ [ ) @] ) e
? Y8 ps 0N Ve b .‘5\1 177G, Di(c4,
1 N g i N ! S
(c36:40, L ] w2) (‘33:3;)0\./ w2)
wie) B o (636, w1) o (36, w1)
O By (c44,w1
O By @ O\B1 (c44,w1) " .\\1( w1) 0
.\ 2 . 1\\ 2 1\
~N /1/ G b os CN /1/ G, Di(cdd) O™ 176, D (c44,
X} (WZ) i R} w2) \./ w2)
A (c36, w1) A (c36, w1) Az (636, w1)

Figure 4. TIC example. The number next to each link indicates the liodt.cThe selected channels and the estimated path cost are
indicated for each node using the labeBndw, respectively. A node’s subscript indicates its numbeadfas.

each.B, C, and D are single-radio routers with co-located APs to which hastsnect. The link costs are
indicated in the figure. Assume all mesh links interfere veitith other and that the AP listds D, B.

TIC starts the search far from G by visiting each neighboring radio ¢f. GG tentatively chooses channel
36 for the links toB, A, andD because it is an unused channel. This step is illustratedjuré4(b).

Once all neighboring radios are visited, TIC seleBtsas the least cost node (Figure 4(c)). Hence, the
neighboring radios oB are now visited. Whel' is visited, it is assigned the same channeBdsecaused is
a single radio router, and it was already assigned a chartmeh the search started fragh

In Figure 4(d), TIC chooses the dual-radio routéras the least cost node and explores all of A's neighbors.
In this process, it traverses the link(’', and assigns it the unused chanf@|

In Figure 4(e),C is the least cost visited node and its searci’tends. Now that it has found the least
cost path, it finalizes the channels for the links on this plttinen invokes the Dijkstra search for each of the
remaining destinations that are yet to be found. The rem@ifiC steps are illustrated in Figures 4(f)-4(i).
For destination,D, a one hop path is found via linlk D. TIC assignsG D channel 44 because the channels
36 and 40 are already assigned to links in its neighborhoothigpoint, all ofG’s radios have been assigned
channels. Hence, the only option is to randomly select oritkeoélready assigned channels to reach the final
destination,B. In this example, channdl is chosen.

Discussion. The ordering of APs in the list provided to TIC does not infloe the channel diversification
of the route to each AP, i.e., the links on each AP route hagestime interference relationship between one

another regardless of the AP ordering. This property isteed IC utilizes the Dijkstra algorithm to discover
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routes. Given an unchanging set of link weights, Dijksted¢gorithm guarantees to discover the same route to
a destination regardless of the order in which destinatiwasonsidered.

Note that although the channel diversification for an AP eodbes not change with AP ordering, AP
ordering does influence the channel numbers assigned todimkoutes. This effect is because the sequence in
which APs are selected influences which links in the meshiaesm ghannel assignment priority. Therefore, if
multiple APs are expected to transmit data towards the ggtaimultaneously, an optimal AP ordering may
prevent the flows from interfering with each other. To ilhase this point further, assume in Figure 4(i) that
nodesB and D transmit toG simultaneously. Links fronB and D to G are assigned the same channel 44.
If the AP order given as input to TIC iB, D, C instead ofC, D, B, the channel assignments on the |liBK?
and DG could be 36 and 40 respectively. As a result, the flows figend D to G will not interfere with each
other.

The above discussion suggests that AP ordering can redigrdlow interference in the mesh. As future
work, we plan to explore techniques that can exploit AP angeto further optimize TIC’s performance.

Finally, WCETT when used with Dijkstra can sometimes pick-sptimal routes (Draves et al., 2004).
This behavior is because Dijkstra when used with WCETT do¢save the property that if a whole path has
the minimum WCETT value then each subpath also has the mmikMCETT. However, we believe that this
sub-optimality occurs in a very small number of cases. Rgutietrics (Yang et al., 2005) have been designed

that address the Dijkstra-WCETT limitation. TIC supportsts metrics as well.

4.2.4. Channel Assignment

The CMS first communicates the selected channels to each roesdr using a unicastHANNEL- | NFO
message sent over the default mesh. Each router acknowslédgenessage and starts a timer set to 3 minutes.
The CMS attempts communication up to five times in case afdadicknowledgments.

The CMS then issues@HANNEL - SW TCHbroadcast message in the network. Each node rapidly rebroad
casts the message over each of its radios a total of five timethan immediately deletes its cached routes. It
then tunes its radios to the selected channels. This prattesapts to rapidly switch all radios in the network
to their respective channels, otherwise uncoordinatedckinmg can disconnect the network, causing active
flows to be disrupted. Any routes required for packet deyivame discovered using reactive route discovery
after the switch completes. If tHeHANNEL - SW TCHmessage is lost during the broadcast phase, routers that

did not receive the message time out and automatically Builiieir radios to the assigned channels.
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The CMS can eliminate the above reactive route discoverytoyming APs of routes that should be used
immediately after channel assignment. The CMS can comptsetroutes because it can infer the network

connectivity that will result after channel assignmentr @uplementation supports this optimization.

5. Implementation

Our split wireless router implementation is a Linux netfilkernel module. The kernel module also supports
ETT metric (Draves et al., 2004) collection. ETT is calcathfrom a link’s loss rate and its bandwidth. To
estimate a link's loss rate in terms of its forward deliveatio (d;) and reverse delivery ratial(), a 524 byte
HELLO message is issued every second by the link's end-goite ratios are calculated from the count of
delivered HELLO messages in a 10 second period. Link barttwidy) is computed by issuingacket-pair
unicast probes of sizes 134 and 1134 bytes every 10 secohd<=TT for a byte of data is then computed
using the formula: 1134d(; * d, * bw). The computed ETT value is reported every 10 seconds to kg,C
which is co-located with the gateway in our multi-radio netlwdeployment.

We use SRCR (Bicket et al., 2005) for routing within our testlalong with WCETT (Draves et al., 2004)
as the route selection metric. We set WCETT jgarameter t@.5 in our evaluations, which gives equal weight
to a path’s channel diversification and its packet delivaziay (Draves et al., 2004).

Our CMS and TIC implementation is in Java. The CMS invoke®logy discovery for a period of five
minutes. We find that estimation over a five minute periodffigent to capture a link’s long-term performance

characteristics.

6. Evaluation

Our evaluation goal is to provide empirical results thatvslonir proposed architecture can be used to build
high-capacity modular multi-radio mesh networks. We $atisir goal by investigating the following three
aspects of the Mcube architecture on the UCSB MeshNet. UCE&&Met is a 20-node multi-radio 802.11 a/b
network testbed deployed on five floors of the engineeringdimgji at UCSB and constructed using the split
wireless router architecture.

First, we characterize the time taken by our channel assghmrotocol to configure the mesh radios in

our testbed. We measure this time in loaded and unloadedrieseenarios.
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Second, we examine the effectiveness of TIC’s channel tiahscby investigating end-to-end throughput
performance in the presence of single and multiple TCP flovesir network testbed.

Third, we investigate the impact of TIC’s channel re-sétecperiod on its ability to adapt to short-term
variations in link characteristics. If TIC re-selects chals over small intervals, such as every 10 minutes, the
network topology would have to be frequently discoveredjesribed in Section 4.2.2. During each topology
discovery phase, the mesh capacity is reduced becauselersliramnel mesh is used to deliver data packets.
Therefore, TIC operates best in network deployments wheiselection of channels is only required over
long time intervals (possibly hours). However, such a teed®n strategy essentially prevents TIC from being

adaptive to short-term variations. Therefore, we use aibégl as a case study to investigate this tradeoff.

6.1. TESTBED DESCRIPTION

The layout of our 5-floor, 20-node testbed is shown in FigurEhe legend identifies the numbers of radios per
router. The large number for each router indicates the rowtaber. The subscript for each router indicates the
floor on which the router is placed. Note that this notatiolisdrue for the rest of the papés.is the gateway
and is a 4-radio split routeR15, R2,, R33, R64 are 3-radio split routers. Each split router consists of one
PC that is equipped with one Atheros AR5112 chipset 802.4dim and one Prism 2.5 chipset 802.11b radio.
In this combination, the radios do not interfere in closexprity. Each remaining radio is also an AR5112
chipset 802.11a radio installed on a separate laptop. Tie waits in a split router communicate using a 100
Mbps Ethernet switch.

All radios operate in our testbed operate in “ad-hoc demodendn this mode, 802.11 management frames
are not transmitted. The radios use auto-rate adaptatib8/GI'S is disabled. The router placement in our

testbed is well-planned in order to provide good conndgtivetween our 802.11a radios.
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Figure 6. A simple two flow scenario depicting channel assignment.

6.2. A SMPLE SCENARIO

Before describing results from our set of evaluations, v& iescribe results from a simple scenario consisting
of two flows to demonstrate the correct operation of our imm@etation.

Two routers,R6 and R8, simultaneously send 1500 byte packets as rapidly as pessibards the gateway
throughout the experiment. At the start of the experimemt,set the mesh to operate on the default channel.
In our testbed, we choose the 802.11b radios to act as theldeddios. Therefore, the default mesh is an
802.11b network. Figure 6 shows the number of packets reddiy the gateway for the two flows. Topology
discovery occurs on the non-default radios for a period ofitutes. The first channel assignment occurs at
350 seconds. Before 350 seconds, the number of packetseddmy the gateway per second for floié
and R8 is approximately 250 packets and 175 packets, respectiddtgr channel assignment, the number
of packets delivered for the two flows increases. Note thioggust after 350 seconds when the number of
packets delivered for the two flows drops to zero. This oudsrbecause the route caches at the routers are
flushed immediately after channel assignment (as explam&action 4.2.4). There is a momentary drop in
packets until the new routes are discovered by the routiotppol.

We invoke topology discovery again at time 1130 seconds.dgfiault mesh is created and the flows are
redirected over the default mesh. Consequently, the nuoflgackets reaching the gateway drops because of
single-channel operation on the 802.11b band.

After 300 seconds of topology discovery, channel assighimerurs again. This time, however, we config-
ured the CMS to invoke theute-installationoptimization described in Section 4.2.4. Before the CM st
the routers to switch their radios to the newly selected ohkthe CMS notifies each mesh router of a route to
the gateway. The gateway route is installed at each mesérrdMhen the channel switch operation is invoked,
the routers skip the task of clearing their route cachesreltsea momentary drop in the number of packets

delivered because of buffer overflows at the router’s quéeeause of the delay in switching channels.
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Figure 7. Throughput gains with TIC in the single flow scenario. Theoas indicate instances where TIC performs better than
BFS-CA.

6.3. PFERFORMANCE OFCHANNEL ASSIGNMENTPROTOCOL

We performed several experiments to characterize the kentby our channel assignment protocol to recon-
figure all the radios in our testbed. The experiments werelwcted in two scenarios, one where the testbed
was unloaded, and the second in a loaded environment whelie@ater initiated a 5 Mbps UDP stream to the
gateway. For both scenarios, we find that our testbed radio®e reconfigured within 150 milliseconds after
the CMS initiates the firsEHANNEL- SW TCHmessage. In the unloaded scenario, each router in our destbe
switched channels after receiving the fI3ANNEL- SW TCHmessage transmitted by a neighboring router.
For the loaded scenario, the routers in our testbed typisalitched on the third message transmitted by a

neighbor.

6.4. END-TO-END PERFORMANCE

In this section, we evaluate TIC’s channel selection denisin the end-to-end throughput in the presence of
single and multiple flows. To establish a baseline, we comya throughput offered by TIC agaimetiundant
channel assignmentised by Draves et al. (Draves et al., 2004) in their evalnaif the WCETT metric, and
the Breadth First Search Channel Assignment sch€BES-CA) (Ramachandran et al., 2006). Redundant
channel selection in our testbed setting is as follows:hal802.11b radios are tuned to channel 1. The first
802.11a radio on each mesh router is tuned to channel 36.0liers with remaining unassigned radios tune
their second 802.11a radio to channel 44. The third 802.&ad& ron the gateway is randomly assigned a
channel.
BFS-CA represents a class of several channel selectiomitalps (Marina and Das, 2005; Subramanian

et al., 2006) that minimize interference between links inesmnetwork. We picked BFS-CA for our evalu-

mai n.tex; 28/07/2010; 9:56; p.17



18
ation, because it, unlike other solutions in its class, okdiversifies the AP-to-gateway routes. Therefore,
any comparison with TIC would be fair. BFS-CA operates akva: it uses a breadth first search to select
channels that experience the least external interferemdabd mesh radios. The search begins with the highest
quality (in terms of ETT) links emanating from the gatewayl@oAs links fanning outward towards the edge
of the network are progressively searched, they are askigimmnels. A multi-radio conflict graph is used to
prevent interfering mesh links from being assigned the samaanel. The rationale behind the use of breadth
first search is to give channel assignment priority to linkser to the gateway because they are likely to carry
more load than links at the periphery.

With TIC and BFS-CA, channels are selected based on the netajgology discovered just before the start
of experiments for the single flow scenarios. The channektsieh occurs again before the start of experiments

for the multiple flow scenarios.

6.4.1. Throughput Gain in Single Flow Scenario

To measure the throughput gain offered by TIC in the presehsingle flows, three sets of TCP transfers are
performed in sequence. These sets constitute one expérnorerFor the first set, the channels selected by
TIC are assigned to the mesh radios. All routers then iritta80 second TCP transfer, one at a time, to the
gateway. Before a TCP transfer is established, the routest@m the sender and the gateway are flushed and
a five second ping session is initiated so that the sendewgstpair can discover a route to each other using
reactive route discovery. The TCP session is then startede @ TCP session ends, there is a ten second gap
before the next session is initiated. The second and thirdfgeansfers is performed for redundant channel
assignment and BFS-CA respectively. The above run is repeatotal of six times.

The median throughput of the TCP transfers is shown in Figufidne bars in the figure are grouped by the
hop distanceof the routers from the gateway. We define the hop distance fouter as the shortest number of
802.11a hops to reach the router from the gateway. The htgndisis determined from neighbor connectivity
information. The min-max bars depict the minimum and maximtbroughput attained.

We make three observations from this figure. First, in génd@i& outperforms the redundant scheme.
As an average of the median throughput of the single AP flou@, dffers about 12% improvement over
the redundant scheme. For the longer distances of threeuohfips, TIC provides an approximately 49%
throughput improvement.

Second, TIC offers little throughput improvement for thedes one or two hops from the gateway. This

result is not surprising because the redundant scheme basathe opportunity as TIC to choose channel-
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Figure 8. Channel Diversity Extent in the single flow scenario.

diversified paths in our testbed deployment. TIC begins tipexform the redundant scheme at distances
of 3 and 4 hops from the gateway. Specifically, for hop distan8 and 4, TIC provides improvement of
approximately 50% and 44%, respectively. This result ssiggthat TIC becomes more useful when networks
grow larger and paths become longer. The channel diverfiégeal by TIC on the longer paths is considerably
greater.

We confirm this hypothesis to be true by computing @ennel Diversity Exter((CDE) of paths with TIC
and the redundant schemes. The CDE of a path is defined asithefthe number of channels used in the path
to its hop-count (Ramachandran et al., 2006). A path witlgh RIDE is generally preferred over a path with a
low CDE. Figure 8 plots the median of the CDESs for all flows frooaters grouped by their hop distance from
the gateway. The min-max bars indicate the minimum and maxir@DE for TIC and the redundant scheme.
Clearly, the flows with TIC have a higher CDE value than witl tedundant scheme. The CDE increases with
increasing hop count because TIC is able to channel diygpaihs in our testbed.

We observe that there is considerable variation in minimuach rmaximum CDE values in the redundant
scheme compared to TIC. The longer bars in the redundantngchee due to variations in link characteristics
resulting in the discovery of several different paths fog thCP transfers. The number of alternate paths
available with the redundant scheme is much greater tham W because of the increased connectivity
between routers due to redundant channel assignment. Qothtee hand, with TIC, the TCP transfers are
constrained in most cases to the paths selected by it. Th# i®s lower variation in the CDE in TIC. This
result is also evident in Figure 7 where the throughput tianaas indicated by the min-max bars, is smaller
with TIC.

Our final observation is the performance of TIC compared t8-8FA. In Figure 7, BFS-CA matches TIC'’s
performance in almost all cases except the five indicatechéyime-arrows in the figure. For these five in-
stances, TIC offered an average TCP throughput improveai@®% over BFS-CA. BFS-CA performs poorly

in these five cases because it does not consider the intendepce between channel assignment and routing.
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TIC, on the other hand is designed to pick those channelsréisait in high-capacity, channel-diversified
routes.

However, the fact that BFS-CA closely matches TIC's perfamoe in the rest of the cases is worthy of
discussion. This outcome is an artifact of 802.11a’s prapag characteristics within an indoor environment
such as ours. In most cases, 802.11a radios in our netwattidisstconnections only with radios that are placed
in adjacent offices. Because of this reason, we carefullygol@ur multi-radio routers in order to provision for
high-throughput paths between the gateway and the reseabtlters in the network. However, sparseness in
802.11a links results in TIC and BFS-CA picking the samedifde channel assignment in a majority of the
cases.

In our carefully planned testbed, TIC outperforms BFS-CAwdver, we want to characterize TIC's per-
formance vis-a-vis BFS-CA in unplanned testbed deploymért achieve this goal, we use simulated network

topologies to further our understanding.

6.4.2. TIC Versus BFS-CA in Unplanned Topologies

We next evaluate TIC with a custom-built Java simulator bpgighe network topology information collected
from the testbed and varying the gateway position on the arltwror our simulations, we use the network
topology discovered by TIC in our single-flow experimentawtéver, instead of using the gateway position
depicted in Figure 5, we vary the location of the gateway blocating it with ten randomly chosen routers to
create ten unplanned network topologies.

For each scenario, we feed the network topology and the gatésation to our TIC and BFS-CA imple-
mentations. Using the channels selected by the two algasitive modify our network connectivity to obtain
connectivity graphs that would be realized if the actuahcigh assignments had taken place. We then compute
the throughput obtainable on each AP-to-gateway route.APwo-gateway route is the best WCETT path
chosen by executing Dijkstra on the modified connectivitgpips. Assuming a 1500 byte packet, a route’s
throughput is the ratio of the packet size and the route’s WClue.

Figure 9 plots the cumulative fraction of percentage imprognt in throughput offered by TIC over BFS-
CA. TIC clearly outperforms BFS-CA. If we consider the medialue, TIC outperforms BFS-CA by over
34%. TIC is therefore a better channel selection algoritlfet.it is interesting that if we consider the lower
quartile, the percentage throughput improvement offese@lIe is only up to 15%. This is because, in these

cases, the majority of the routes chosen by TIC and BFS-CAharesame. We believe that this behavior is an
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Figure 9. Percent throughput improvement offered by TIC over BFS-CA.

artefact of the way our testbed is deployed. A differentiedtsetting could possibly result in TIC and BFS-CA

selecting much different routes.

6.4.3. Throughput Gain in Multiple Flows Scenario

Having established TIC’s performance relative to BFS-CAhia single-flow scenario, we only resort to com-
paring TIC’s performance against the redundant schemeén&multiple flow scenarios. For this experiment
over the testbed, we choose triplets of routers at hop disganf one, two, and three from the gateway. For
each hop distance, we choose five random sets of triplet$. iicale in a single triplet simultaneously initiates
a five minute TCP transfer to the gateway. Before the tragsies initiated, route caches are cleared and a
five second ping session to the gateway is initiated. Theeggge throughput at the gateway is noted after the
TCP transfers complete. There is a gap of two minutes betwaeh triplet’s transmissions. The above set of
experiments is performed once for TIC and once for the redningcheme, which yields one run. A total of
three runs is performed.

Figure 10 shows the average of thggregate throughputttained at the gateway with TIC for each flow
triplet compared to the redundant scheme. TIC clearly ofdpas the redundant scheme. On average, TIC's
throughput gain is over 42%. For hop distances greater thentbe median throughput improvement with
TIC is over 100%. Throughput gains result due to TIC’s useoates that are more channel diversified than
those with the redundant scheme. As a result, flows with Tt€rfere less with each other, and, therefore, can
sustain higher aggregate throughput than with the redurstéseme.

Note that for the first triplet, the redundant scheme yiedds than 50% of the throughput offered by TIC.
This result is in contrast to our observations in the sifller scenario where TIC offered little throughput
improvement over the redundant scheme at a one hop distEmeélifference in performance can be attributed
to WCETT, the routing metric we use in our evaluation. Thignueselects a path based purely on its channel

diversification. It does not consider the existence of otwive flows that utilize the channels assigned to a
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Figure 10. Throughput gain with TIC in the presence of multiple flows.

path. Therefore, even if the routing protocol discoversr@pnaded alternate path to the same destination, albeit
of slightly lower quality, WCETT may not select it.

TIC, on the other hand, alters the network topology by chapsi single route for each AP that it then
diversifies by assigning the links on the route orthogonainciels. Because of this choice, TIC cannot offer
multiple channel-diversified routes to the same destinafitnerefore, the routing protocol will likely discover
routes that TIC wants it to discover. Since there is typjcatly one clear route choice (the one TIC decides
for the AP), WCETT chooses that route.

The fact that TIC cannot offer multiple channel-diversifiedites can sometimes be detrimental to its per-
formance. For example, with the third triplet, the reduridaheme offers an approximately 32% improvement.
This result is because the links from the gateway to the sasurcthis triplet (routerg,, 33, 43) were assigned
the same channels by TIC because of the non-availabilityadibs during channel selection. Therefore, the
flows from these sources interfered with each other. On therdtand, with the redundant scheme, the flow
from router2; traversed a link tuned to a channel orthogonal to the one lngédidks from routers3; and4s,

therefore yielding better performance.

6.5. IMPACT OF VARIATIONS IN LINK CHARACTERISTICS

This section investigates the adverse impact of TIC'’s iitglid adapt to short-term variations in link charac-
teristics. To evaluate this impact, we collected ETT dfia8sover a total period of 24 hours from our testbed.
The data was collected on 3 different days in order to capdaye and night conditions on weekdays and
weekends. In our analysis, we consider three re-selecédngs: 30 minutes, 60 minutes, and 90 minutes. For
each of these periods, we perform a static analysis with loainmel selection implementation to evaluate the
throughput reduction on a route due to TIC'’s inability to pid® short-term link quality fluctuations.

For each re-selection period, we first compute the numberiggaed routes by comparing the route chosen

by TIC for a destination at the beginning of the period withthk routes noted for the same destination
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if TIC were to bealways-adaptivei.e., invoked at 5 minute intervals within the period. Wteeroute flap
occurs, i.e., a different route is observed, we computeifferehce between the throughput offered by the two
routes. Assuming a 1500 byte packet, a route’s throughpheisatio of packet size and the route’s WCETT
value. Figure 11 plots the cumulative fraction of route flapsthe y-axis against the throughput differences
noted in our analysis. We observe that for the three pericelanalyzed, anywhere between 33-40% of route
flaps provide no throughput improvement. These route flapggpond to cases when the route flapped back
to the route chosen by TIC at the beginning of a re-selectierogd. The median route flap delivers less
than 0.25 Mbps improvement for the three re-selection peremnsidered. For the 90th percentile and the 60
minute re-selection period, the improvement is less tharbpMFor this route flap, in our analysis, we note
the throughput with TIC at the beginning of the interval iZ@Mbps. If TIC were to be always-adaptive,
the throughput offered would be 10.70 Mbps. However, to bexgs-adaptive, TIC would have to discover
the network topology every five minutes using the technigescdbed in Section 4.2.2. Topology discovery
requires that the mesh radios operate on common channelgjtiout the mesh. The permanent use of common
channels, which is essentially the same as the redundanbehassignment scheme used in our evaluation of
TIC’s end-to-end performance, can result in poor mesh pmdace as indicated by the results presented in
Section 6.4.

In conclusion, although TIC is unable to adapt to short-teamations in link characteristics, it performs
well even if the re-selection of channels is done over lotgrirals. Although the above results are specific to

our testbed setting, we believe our analysis is generallg f@r static mesh deployments.

7. Conclusion

This paper presented Mcube, a multi-radio 802.11 mesh metarchitecture. Mcube’s split wireless router

architecture enables the construction of modular mesharksvyMcube selects channels such that frequency
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diversified, high-throughput paths are available in thelm&kis goal is important because unplanned channel

assignment can lead to poor routes that severely degradepadsrmance.

We foresee Mcube to be used to construct high-capacity egisainesh networks for deployment in a city,

community, or a building. As future work, we plan to extende so that it avoids channels that experience

the most interference from external networks. Our curramglémentation is available to the community for

research and deployment purpdses
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