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Abstract—Hybrid Wireless Mesh Networks are a com- Mesh Routers and Mesh Clients. The Mesh Routers have
bination of mobile ad hoc networks and infrastructure improved computational, communication and power re-
wireless mesh networks, consisting of two types of nodes:ggyrces as compared to Mesh Clients. Mesh Routers
Mobile Mesh Clients and static Mesh Routers. Mesh 516 generally static and form the multi-hop backhaul
Routers, which are typically equipped with multiple radios, network. A subset of Mesh Routers can also provide

provide a wireless multi-hop backhaul. The more resource . .
constrained Mesh Clients also participate in the routing gateway functionality and connect the WMN to external

and forwarding of packets, to extend the reach of the networks. Mesh Routers are also typically equipped with
network. Current ad-hoc routing protocols have been Multiple wireless network interfaces and are therefore

designed for relatively homogeneous networks and do not able to establish high capacity connections by using
perform well in Hybrid Wireless Mesh Networks. In this multiple orthogonal channels. Mesh Clients are mobile
paper, we present HOVER (Hybrid On-demand Distance devices, which take advantage of the existing commu-
Vector Routing), a modified version of the AODV routing pjcation infrastructure provided by the Mesh Routers.
protocql, that achieves signif.icant performance. improye— In Hybrid WMNs [1], both Mesh Clients and Mesh
ments in terms of packet delivery and latency in Hybrid Routers are actively involved in routing and forwarding

Wireless Mesh Networks. Our modifications include a link ; ket d Mesh Client th irel
quality estimation technique based on HELLO packets, Of packets, an es Ients can access e wIreless

a new routing metric that differentiates between node Packhaul network via multiple client hops.
types, and a channel selection scheme that minimizes Current WMNs suffer from the problem of perfor-
interferences in multi-radio mesh networks. We present an mance degradation with increasing number of wireless
evaluation of our improvements via extensive simulations. hops. One of the reasons is the limitation of the IEEE
We further show the practicality of the protocol via 802.11 MAC layer based on CSMA/CA, which has not
a prototype implementation and provide measurement peen designed for multi-hop networks. A major problem
results obtained from a small test-bed. _is co-channel interference, where nodes within interfer-

Keywords: Hybrid, mesh, wireless, network, routinggnce range are transmitting simultaneously on the same
channel, resulting in collisions, reduced throughput and
increased communication delays [2]. A further limiting

Wireless Mesh Networks (WMN) have recently gainefhctor is the half-duplex nature of IEEE 802.11 network
considerable popularity owing to their properties sudhterface cards, which does not allow simultaneous send-
as self-configuration, self-optimizing and self-healingng and receiving.
capabilities. The low cost of commodity IEEE 802.11 Even though some of these problems can be mitigated
wireless hardware, on which most WMNs are basely providing nodes with multiple network interfaces [3]
further adds to the appeal of the technology. WMN4g], the problem of finding optimal routes in WMNSs,
offer an attractive platform for a wide range of appliand in Hybrid WMNSs in particular, is largely an open
cations, such as public safety and emergency responssearch issue. Challenges are mobility, heterogeneity
communications, intelligent transportation systems, aadd the problem of channel selection with the goal of
community networks. minimizing interference.

A WMN consist of two types of wireless nodes: The Ad-hoc On-demand Distance Vector (AODV)

I. INTRODUCTION



protocol [5] is one of the predominant reactive ad- Il. RELATED WORK

hoc routing protocols. AODV was originally developed

for homogenous mobile ad-hoc networks, where nodes®ODV-ST [6] is a Hybrid routing protocol developed
typically have a single wireless network interface argpecifically for infrastructure mesh networks. The proto-
have comparable computational and communication @@l has been designed with the aim of providing Internet
sources. Consequently, AODV has some shortcomir@cess to Mesh Clients with the help of one or more
when applied to Hybrid WMNs. First of all, with hop_gateways. AODV-ST uses a proactive strategy to discover
count as its routing metric, it lacks the ability to differfoutes between the Mesh Routers and the gateways, and
entiate between node types, i.e. Mesh Routers and Mésfgactive strategy to find routes between Mesh Routers.
Clients. It is therefore unable to exploit the heterogeneitf) the proactive case, the gateways periodically broadcast
in the network. Furthermore, AODV is not aware ofpecial RREQ to initiate the creation of spanning trees.
the wireless channels used for the network interfacddl subsequent RREQ packets with a better routing
and therefore it cannot minimize co-channel interferen8eetric are used to update the existing reverse route to

and maximize the use of multiple orthogonal channellge gateway. AODV-ST uses the Expected Transmission
between node pairs. Time (ETT) [7] routing metric, which measures the ex-

: L ected time needed to successfully transmit a fixed-size
In this paper, we present three modifications to AOD%

acket on a link. AODV-ST has primarily been designed
to address these shortcomings of AODV, and improve P y g

; for Hvbrid WMNs. HOVER (Hvbrid O r single-radio wireless nodes and hence cannot exploit
periormance for Fybri S (Hybri Nthe full potential of multi-radio nodes in the network.

demand Distance Vector Routing), our modified VerSQeither does it differentiate between different types of
of AODV, outperforms standard AODV by a con&derhodeS in Hybrid WMNs

able margin, as we will show in Section IV and V. Our Hyacinth [3] is a multi-channel static wireless mesh

g;gp;)ss?g”?v\(l)gﬁcatlons, and also our key Cor]mbu‘uonr?étwork protocol that uses multiple radios and channels

to improve the network performance. It implements a
« We propose a modification to AODV’s route disfouting protocol and supports a fully distributed chan-
covery mechanism that maximizes the involvemefif! assignment algorithm, which can dynamically adapt
of Mesh Routers in the establishment of end-to-eri Varying traffic loads. Hyacinth's channel assignment
paths. It is achieved by introducing a new routin@lgor'thm breaks a single-channel collision domain into
metric that differentiates between Mesh Routers afigi!ltiple collision domains, each operating on a different
Mesh Clients. frequency.
« In a multi-radio WMN, neighboring nodes can be The Multi-Radio Link Quality Source Routing (MR-
connected via multiple links on orthogonal chankQSR) [7] protocol has been developed for static com-
nels. We integrated a channel selection scheme iffginity wireless networks. The protocol works in con-

AODV’s route discover mechanism that can selefynction with the Mesh Connectivity Layer (MCL). The
the "best” of these available links for each hop gerotocol identifies all nodes in the wireless mesh network

the path. and assigns weights to all possible links. The link in-

« We implemented a link quality estimation schemirmation including channel assignment, bandwidth and
based on HELLO packets in AODV. HELLO/oss rates are propagated to all nodes in the network. The
packets are broadcast regularly by each node Expected Transmission Time (ETT) on each link is com-
monitor link connectivity and to detect link breaksputed using the Expected Transmission Count (ETX),

Hence, no additional overhead is introduced in tfggndwidth and packet loss. The ETT metric is further
network. used to compute the Weighted Cumulative Expected

Transmission Time (WCETT), which is a routing metric
that also takes into consideration channel diversity.

The rest of the paper is organized as follows. Section Il The Multi-Channel Routing (MCR) protocol [4] has
discusses relevant related work. The HOVER protocbéen developed for dynamic WMNs, where nodes have
is discussed in detail in Section Ill. Simulation resultswultiple wireless interfaces, each supporting multiple
and their analysis are discussed in Section IV. A prahannels. The protocol makes use of an interface switch-
totype implementation of HOVER and its evaluation is\g mechanism to assign interfaces to channels. Two
presented in Section V. Section VI concludes the papgmpes of interfaces are assumed: fixed and switchable.



Switching is carried out depending upon the maximum When a source node intends to communicate with a
number of data packets queued for a single channgéstination node whose route is not known, it broadcasts
The switching mechanism assists the MCR protocal Route Request (RREQ) packet. Each RREQ contains
in finding routes over multiple channels. MCR uses @ unique ID field. Each recipient of the RREQ that has
new routing metric, which is computed as a functionot seen a RREQ with the same source IP and RREQ ID
of channel diversity, interface switching cost and hogpair, or does not maintain a fresher (with larger sequence
counts. The diversity cost is assigned according to theamber) route to the destination, rebroadcasts the same
least number of channels used in a route. Thus, a roptcket. Such intermediate nodes also create a reverse
with a larger number of distinct channels is consideredute to the source node.
to be having a lower diversity cost. The switching cost When the RREQ reaches the destination node, or a
is used to minimize the frequent switching of wirelesitermediate node that has a fresher route to the desti-
interfaces. nation, a Route Reply (RREP) packet is generated and
Some of the discussed works use dynamic chanmgicast back to the originator of the RREQ. Each RREP
allocation and switching mechanisms, combined wittontains the destination sequence number, the source and
the routing protocol to improve the performance dhe destination IP addresses, route lifetime, together with
the network. However the accurate and synchronizadhop-count and control flags. Each intermediate node
execution of these mechanisms in a mobile network riftat receives the RREP increments the hop-count and
guires the availability of a virtual switching protocol anestablishes a forward route to the source of the packet.
incurs switching delays [8], [7]. Our protocol avoids thiginally, the RREP is forwarded towards the originator of
complexity by assuming a static allocation of channels tboe RREQ using the reverse route that was established
interfaces, while still achieving significant performancerhen forwarding the corresponding RREQ.
improvements. To maintain connectivity information and to detect
Some related works introduce new routing metridink breaks to immediate neighbors, nodes can either
to improve the quality of end-to-end paths. Howeveuse link-layer feedback or periodic Hello messages. In
to the best of our knowledge, our proposal is the firsase a link break is detected for a next hop of an active
protocol that specifically addresses problem of routing ioute, a Route Error (RERR) packet is sent to the active
Hybrid WMNSs, by differentiating between different nodeneighbors that were using that particular link.
types. A further original contribution of this paper is the When using AODV on a multi-radio node, each RREQ
integration of an intelligent channel selection mechanisis broadcast on all interfaces. Intermediate nodes with
with the route discovery mechanism of a reactive routirape or more interfaces operating on a common channel
protocol. receive the RREQ and create a Reverse Route that points
towards the source node. If the RREQ is a duplicate,
. HYBRID ON-DEMAND DISTANCE VECTOR it is simply dropped. The first RREQ received by the
ROUTING (HOVER) ProTOCOL destination or any intermediary node is selected, and all
Our contributions presented in this paper consist ofher RREQs belonging to the same route discovery are
a number of modifications to AODV. We therefore firstliscarded. The RREP is generated in response to the
provide a brief overview of AODV’s basic route discovselected RREQ, and is sent back to the source node on
ery mechanism before we discuss our extensions. the established Reverse Route [11].

A. AODV B. HOVER

The AODV routing protocol is a distance vector rout- HOVER uses the same basic route discovery mecha-
ing protocol that has been optimized for ad-hoc wireleg§ésm as standard AODV. However, in order to guaran-
networks. It is an on demand or reactive protocol, &€ that routes are preferentially established via Mesh
it finds the routes only when required. AODV borrow&outers, and to provide optimal link selection when
basic route establishment and maintenance mechanightdtiple links exist between immediate neighbors, it
from the DSR protocol [9], and hop to hop routingmplements the following three additional mechanisms:
vectors from the Destination-Sequenced Distance-Vector Node-type Aware Routing
(DSDV) routing protocol [10]. To avoid the problem of « Link Quality Estimation
routing loops, AODV makes extensive use of sequences Optimal Link Selection
numbers in control packets.



1) Node-type aware routingtHHop-count is the default HELLO_INTERV AL), the corresponding link is
routing metric used by AODV. However, this metric doemarked as invalid. If the invalidated link is part of an
not guarantee the selection of optimal paths. A longactive route, HOVER simply switches the route to use
path consisting of high quality links can perform muchnother valid link to the same neighbor. This repair
better than a shorter path consisting of low quality linksnechanism is extremely efficient and quick, since it is
Since Mesh Routers are more static, have multiple radidsne locally and does not involve sending any routing
and are typically equipped with higher gain antennaspntrol packets, in contrast to AODV'’s local route repair
they are expected to maintain higher quality links witmechanism.
their neighbors than Mesh Clients. A longer path com- To keep track of the quality of the links between
prised of Mesh Routers can therefore be expectedttwo nodes, we count the number of Hello packets
perform better than a shorter path comprised of Mediat are received and lost over a period of time.
Clients. The basic idea is to preferentially involve Mesim our implementation, we set this time window to
Routers in the creation of end-to-end paths. This notonilg « HELLO_INTERV AL seconds. Individual Hello
improves the performance of the path, but also minimizesunters are maintained for each neighbor and interface
the unnecessary draining of the batteries of the maqpair. These counters allow us to find the parameters
resource constrained mobile devices. anddy, which are the delivery ratios of Hello packets for

We therefore introduce a new simple routing metri¢he reverse and forward direction of a link respectively.
This new metric or path cost is computed as follows: The parameterd, is simply the number of Hello

packets that were actually received in a given time win-
Cost = MR.COUNT » MR.COST + MC_.COUNT = Mc.cosT dow, divided by the number of expected Hello packets.
This parameter therefore indicates the link quality for
The parameterM R.COUNT represents the num-incoming traffic, i.e. the reverse route direction. Since

ber of Mesh Routers in the path add C_.COUNT wireless links are often asymmetric, this quality is not
stands for the number of Mesh Clienfd. R COST and necessarily the same for traffic flowing in the other

MC_COST are the relative weights (or costs) associatefirection.

with each type of node. In our implementation, we chose The parameter, is communicated back to the cor-
the following values for the weights/ R COST = 1, responding neighbor by piggybacking it on the RREP
MC COST = 4. packets. For the receiving node, the received parameter
The path cost is computed by accumulating the indj; corresponds to its parameiéy, i.e. the delivery ratio
vidual link costs during the route diSCOVGry process. Ttaﬁ] the forward path With both of these parameters,
path cost metric is stored in a 8-bit field in an AODV3 node can compute the Expected Transmission Count

extension header of RREQ and RREP packets. (ETX) [12] parameter.
During the propagation of RREQs, this cost is used
for the creation of reverse routes, from destination and ETX =1/(dy = dy)

intermediary nodes back to the originator of the RREQ
packet. When forwarding the Route Reply packets, theWe use ETX as a simple link quality metric for all the
cost is associated with the forward routes. This mechaiks that a node maintains with its immediate neighbors.
nism is explained in more detail below. This link quality metric can be used to select the best
2) Link quality estimation: Each node running link between two nodes during route creation.
HOVER maintains a set of links to its adjacent nodes. 3) Optimal link selection:During the route discovery
Since we consider multi-radio nodes, multiple links caphase, an end-to-end path is established via a concatena-
exist between a pair of nodes. The maximum number tdn of individual links. The nodes involved in the path
links is limited by the number of available interfaces oare determined by our node-type aware routing metric.
the nodes. HOVER keeps track of the quality of thedg¢owever, if multiple links exist between two neighboring
links by listening to Hello packets from its neighborsnodes in the path, we need to select one of these links
When a node receives a Hello packet from a neighbortdat be used for the route. Our goal is to choose the link
marks that link, identified by the receiving interface anthat provides the best performance for the path.
the IP address of the sender, as valid. During each path discovery process, every node con-
When no Hello packets are received for a givesiders the quality of its links to the relevant neighbor and
period of time ALLOWED_HELLO_LOSS x computes a preference or grading value for each link. In
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addition to the ETX link quality metric, a node can take Start: [€
into consideration other factors for this, such as channel
diversity or current channel use, e.g. determined by the
number of active flows using that channel [13].

When the RREP packets are forwarded and the for-
ward path is created, each node recommends the grading received a RREQ
of each link on the reverse path. The grading value is o Tnids
piggybacked onto the RREP packets and helps the RREP
recipient in determining the optimal link to be used for

Has this
node already

Ignore RREQ

communication with the RREP sender. Buffer RREQ source
and RREQ ID
“And Cost™~ Send initial
0 1 2 3 RREP
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. . . e Sel e
AODV extension header (shown in Fig. 1) to all RREQ
and Route Replies. The extension header further contains | | v

an optimization flag (o-flag), which will be discussed
below.

Path cost and link grades are expressed as 8-bit and 7-
bit fields respectively. The o-flag is used to differentiate
between the non-optimal and optimal RREP packets. The
extension is compliant to the AODV RFC [5] and will be
ignored by nodes that do not understand the extension.
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,-this thé., send initial
RN > Yes end initia
< first RREO/._..) RREP
sreceived?-

Has
this Node a
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Alternately, the existing reserved fields in the AODV Forward RREQ | ) Yoo :
RREQ and RREP packets can be used to convey the °”;”ﬂ'”ieorz°es <oof Set Destination ig.......}
cost, grading and o-flag. Only the cost field is used for information Heeeeeeeesesieees
RREQ packets, and all three fields are used for RREP

packets_ Fig. 2. Phase | flow Chart

C. Path Discovery in HOVER

The basic idea of HOVER’s path discovery mecha- During Phase |, each intermediary node that receives
nisms is to establish a potentially non-optimal path @&RREQ packet first checks whether it is a duplicate or
quickly as possible, in order to minimize the path crenot. If this is not the case and the packet is the first
ation delay. At this stage, the path discovery mechanidfiREQ with a particular ID, the node stores information
is not finished, but continues to look for a more optimalbout this RREQ), including its cost metric and its ID. A
path. When the optimal path has been found, the rougverse route is then created to the source of the RREQ.
is changed over to the new path. If the RREQ is a duplicate, it is only accepted if it

This is implemented as a two phase optimizatidmas a lower path cost. Thus, an intermediate node may
process. The first phase is carried out during the progarward multiple copies of the same RREQ if the path
gation of the RREQ packets, while the second phasecisst of subsequently received RREQs is lower than the
carried out during the propagation of the RREP packepgeviously received copy. This is in contrast to AODV,
Phase | and Il of this process are depicted in Figuresnhere only the initially received RREQ is forwarded.
and 3 respectively. The behavior of standard AODV is If an intermediate node has a route to the destination, it
indicated with solid lines. Our extensions are shown vi@an only send a single RREP packet to the first received
shapes drawn with dashed lines, and with text belowRREQ with the same ID. This condition is imposed in
dashed line. order to avoid intermediate nodes from replying to all



copies of the same RREQ, which would result in sig-

nificant overhead. For all subsequent copies of the same
RREQ, intermediate nodes simply set the Destination
Only flag! in the RREQ and forward it [14]. B, e Update
In order to establish an initial route as quickly as Tl 2 i route |
possible, the destination responds immediately to this N ¥
first RREQ received. To indicate that this is a temporary Woree ’,,,;;,;'jf,;‘,;},x Yes
and possibly non-optimal route, the o-flag in the RREQ o rote RN
header is set to false. g opeout
This non-optimal RREP is used to establish a path R:EP ______________
from the source to the destination, which may be sub- No forward f;.‘ff,."},f; e ista;itlffpgg
optimal, both in terms of Mesh Client involvement and better route R
Update/Create ‘Yes

link selection. This copies the behavior of standard
AODV.

route

.....................

In HOVER, once an initial non-optimal RREP has y
been sent, a destination node starts a RREQ optimiza- " Gaerroren iocoivedr-.
tion timer. Until the timer expires, the destination node N T D S—
continues to receive and buffer RREQ packets with the " mired
same ID. When the timer expires, the destination node "o nesthop es
selects the optimal RREQ, i.e. the one with the lowest ith cost §"§g}g;}yd,;;i,;,';1"§
path cost a_tccording to our metric, and replies with a I}::;im;d
corresponding optimal RREP. oDy e prenneeaeet

Both the non-optimal and the optimal RREP follow > HOVER ir;;}:x;w ....................
the Phase Il process, as shown in Fig. 3. In contrast to b

the non-optimal RREP, the optimal RREP is sent via all
wireless interfaces. Before sending the optimal RREP,
the responding node sets the o-flag to true and initializes

the path cost field to zero. The node further sets the link

priority or link grading, based on the link quality metric@lready exists at the node that receives the RREP, the
or other factors such as channel diversity. This allo/#9St Of the existing route is compared with the cost field

the node to recommend a link for the forward route f@f the RREP. In case the path cost value in the RREP
the next node. is lower than the cost of the existing forward route, the

Sending of multiple RREP packets for a single rouf@Ute iS updated and the RREP is forwarded. Otherwise,
discovery is one of the key differences to standaffl® RREP with a higher cost is simply discarded.
AODV, where the RREP is only sent on the single The optimal RREP is transmitted on all wireless inter-
wireless interface on which the first RREQ was receivefces by the destination or the intermediate nodes. Upon
The primary reason for sending multiple RREPs is {&C€iPt of @ RREP by the originator of the corresponding
give the receiving node the opportunity to select tRREQ or an intermediary node, the o-flag is c_hecked. If
optimal link for the forward route. This also avoiddhe flag is set, and we therefore have an optimal reply,
the problem of uni-directional links being created as B€ RREP is buffered and a RREP optimization timer is
result of Hello packets having a longer range than ijstarted. The node continues to receive and buffer RREP

RREP packets [15], since they are sent via broadcast &fkets (including link grades) with the same ID and
therefore via a lower rate than unicast packets. the o-flag set until either the optimization time expires
The non-optimal RREP is treated like a normal RREP' optimal RREP packets have been received via all the

with the only difference that the path cost filed is updatdPde’s interfaces. _

according to the same rule used during the forwarding!f multiple optimal RREPs have been received, the re-

of RREQ packets. If the corresponding forward routg€ving node needs to select one for creating or updating
the forward route to the sender of the RREP. The chosen

The Destination Only flag indicates that only the destination ceBRE_P' is also fl.thher.sent alo'ng the reverse path if the
respond to this RREQ. receiving node is an intermediary node.

Fig. 3. Phase Il flow Chart



TABLE |

The selection of RREP can either be based on the
SIMULATION PARAMETERS

link grading or locally available information, such as

link usage or channel diversity. The main advantage @fExamined protocols AODV & HOVER
; ; S Apit ; H n Simulation time 900 seconds
_sendln_g the I|_nk priorities or g_rad_es in th(—"T optlmal RRE! SO s 600 1000
is that it provides the node with link quality information[ Propagation model Two-ray Ground Reflection
from the other end of the link. Mobility model for Mesh Clients Random waypoint
i i i . .| Maximum Speed of Mesh Clients 20 m/s
This process continues until the optimal RREP i5Transmission range 250 m
received by the source that initiated the route discovernyNumber of Connections 30
. . Traffic type CBR (UDP)
The source now switches from the earlier created Nofp;cret Size 512 bytes
optimal route to the newly formed optimized forward_Packet Rate 32 pkts/sec
te Transmission Rate 128 kbps/flow
route. Number of Mesh Routers 25
Number 802.11b radios in Mesh Routéer6é
Number of Mesh Clients 50
IV. SIMULATION RESULTS ANDANALYSIS Number 802.11b radios in Mesh Clienf 1
RREQ Optimization Timer 1 seconds
A. Simulation Environment RREP Optimization Timer 20 milliseconds

We evaluated the efficiency of the HOVER protocol
through extensive simulations in NS-2 [16], using thB. Test 1 : Varying the Mesh Client Speeds
Extended Network Simulator (ENS) extensions [17]. |n Test 1, we have varied the speed of the Mesh

A dense WMN covering an area of 1 square km iglients from 0 to 20 m/s. The results of Test 1 are
established using 25 Mesh Routers arranged in a regown in Fig. 4. AODV endeavors to create the shortest
ular 5x5 grid, with a distance of 176 meters betwe%hth (|n terms of number of hops) between a source and
immediate neighbors. The network further consists of 9fastination node pair. Thus it essentially ignores whether
randomly placed Mesh Clients. Concurrent UDP flowg node is a Mesh Router or a Mesh Client, and focuses
are established between randomly selected source @Rdrapid route creation. The rational behind the rapid
destination Mesh Client pairs. route creation is that the quickest path is most likely
The following two simulations were conducted tahe optimal path. Thus paths created by AODV may or
evaluate the performance of the HOVER protocol undgfay not consist of Mesh Routers. Thus, once the traffic

varying mobility and traffic load conditions: starts to flow over the paths, we observe a high packet
« Test 1: Varying Mesh Client speeds loss primarily due to the interference observed in the
« Test 2: Varying traffic load dense network. As the number of flows is relatively high,

each flow contends with other flows to gain access to the
medium. Furthermore, we also have contention for the
%Wared channel within a single flow, if a common channel
used for multiple hops.

The performance metrics are obtained by ensemble
eraging the results from over 50 individual simulatio

runs for eagh test [1.8]' Th_e parameters common to t ®Each flow created using HOVER initially goes over
two S|mu.|at|on_s are I|ste.d in Table 1. ) non-optimal path, just like in the case of standard AODV.

Th'e simulations provide the following performancqa_lowever’ upon expiry of the RREQ optimization timer

metrics: (1 second), the flow is switched to the optimal route

« Aggregate Goodput: The total number of applicazomprising of mostly Mesh Routers and with optimal
tion layer data bits successfully transmitted in think selection. As a consequence, HOVER achieves a
network per second. significantly higher goodput compared to AODV.

» Routing Packet Overhead: The ratio of the total The node-type aware routing mechanism allows
number of control packets generated to the totllOVER to route most of the traffic via the Mesh
number of data packets that are successfully rRouters. Due to the availability of multiple links and
ceived. the optimal link selection mechanism, HOVER is able

« Average Latency: The mean time (in second$)p forward packets via paths with less contention and
taken by the data packets to reach their respectiveerference. As a result, the packet delays are signifi-
destinations. cantly reduced.

The absolute number of control packets of HOVER
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Fig. 4. Test 1 Results : Varying the mesh client speeds

is always higher than for AODV, due to the fact thaAODV when the number of flows remains below 40.
multiple copies of RREQs are forwarded. HoweveThis is essentially due to the low speed of the Mesh
at zero Mesh Client speed, HOVER achieves a low@lients (1 m/s) maintained in Test 2.

routing overhead than AODV, even though it generates a

higher number of control packets. This is due to the fac{ PROTOTYPEIMPLEMENTATION AND EVALUATION

that the routing overhead metric is computed as the rafio Prototype Implementation

of control packets to successfully received data packetsWe implemented a prototype of HOVER based on

which is higher in the case of HOVER. AODV-UU (version 0.9.37. Some of the key changes to

Once the client speed is higher than zero, HOVERg code that were required to implement our extension
has a higher routing overhead. In this case routes a2 summarized in the following:

less stable and need to be re-established more often, and

the overhead of sending multiple copies of RREQs and® Santrgrg :t))o c(:jlalms, tr:e currertllt version tOf AOItD\I/
RREPs starts to become more evident. (0.9.3) does not correctly support multiple

network interfaces per node. We made a number
C. Test 2 : Varying the Traffic Load of modifications to fix this problem.
We added a mechanism to keep track of multi-

The results of Test 2 are depicted in Fig. 5. In this  pje Jinks to neighbors and their respective quality
test, we increased the number of simultaneous 128 kbps etric. This was achieved by extending AODV’s

flows from 10 to 50. routing table.

In this case, the aggregate application layer data ratq An optimization timer has been associated with
is more than 5Mbps (40 x 128kbps). This essentially each routing table entry. This timer is started when
saturates the physical layer, which has a rough effective tne first RREQ is received, and the optimal RREP
throughput of no more than 5 Mbps [19]. However, s sent when the timer expires.

HOVER achieves a significantly lower packet loss rate, Ao0DV’s Hello mechanism has been modified to
when the number of flows is less than 40. compute quality metrics for each link.

The aggregate goodput achieved by HOVER remains
higher than that of the standard AODV due to reducdd Testbed Set-up

packet losses at lower traffic loads. The packet deliveryTg further evaluate the efficacy of HOVER, we imple-
ratio for both protocols remains at almost 100% when thgented a small testbed comprised of nine wireless nodes

number of flows is set to 10. However, HOVER showgs shown in Fig. 6. The hardware and software setup are
an improvement of around 25% in the packet deIiveryXp|ained in the following sub-sections.

or 30. _ Routers shown at the bottom of Fig. 6. Mesh Routers
The latency of the packets using HOVER remainge implemented as standard PCs (AMD Sempron 2800+

more than 100 ms lower than that observed using AOD¥;ocessor and 512MB of RAM), running Linux kernel
with 20 or more simultaneous data flows.The routing

overhead of HOVER remains lower than that of the 2http://core.it.uu.se/AdHoc/AodvUUImpl
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version 2.6.8. Each Mesh Router is equipped with three 1600
mini-PCI CM9 (AR5212 802.11a/b/g) wireless interfaces 1400
each, using the Madwifi driver SVN version r1639. 1200

=
1)
8
3

One interface is tuned to 802.11b channel 1, and the
remaining two are tuned to 802.11a channel 42 and 160
respectively. Linksys WRT54GL wireless routers were
used as Mesh Clients and were running the openWRT P
Linux distribution. The WRT54GLs are equipped with v oeme twm Lo 2w 2ewm
one 802.11b radio only, tuned to 802.11b channel 1. Trafc Load (bps)

2) Software: We used Ipeff is to measure the net-
work throughput and the latency was measured using
ping. Since all nodes are located within close proximity
of each other in our lab, and therefore are within one-hop
range of each other, we implemented virtual topolog’%ﬁd situated at the far right and far left in Fig. 6. The
control via MAC layer filtering using iptablés The offered load of each session was increased from 500 kbps
resulting topology is illustrated in Fig. 6. There existo 2.5 Mbps. All results have been averaged over twenty
two possible paths between the client and the serverngividual test runs.
four hop path via Mesh Clients only, and a five hop path The results, shown in Fig. 7, indicate that AODV

Latency (ms)
» 9 «
s 3 3
8 3 8

N
S
s

o

Fig. 8. Latency results under varying traffic loads

via Mesh Routers. always selects the first path, due to its smaller hop-count.
HOVER also initially selects the first path, but after the
C. Prototype Evaluation optimization timeout of a second, switches over to the

A UDP session was established between the ipgﬁcond, more optimal path. HOVER efficiently uses the

server and the client, both implemented as Mesh Clieffg/ltiple links that are available between nodes in the
second path to significantly increase the throughput.

3nttp://dast.nlanr.net/Projects/Iperf/ The latency results, shown in Fig 8, also confirm
“http://www.netfilter.org minimal contention for the physical wireless medium



due to more optimal channel selection. The results arg]
in line with our simulation results, in which HOVER
shows a notable improvement over AODV in terms o
latency. However, due to the absence of any inter-flow
interference [20] in the testbed, the improvement in

latency is notably higher in our testbed compared to ou[%
simulation results.

VI. CONCLUSIONS

Hybrid Wireless Mesh Networks are composed of 48]
combination of static Mesh Routers and mobile Mesh
Clients. The Mesh Routers have significantly higher
computation and communication resources in compar-
ison to the Mesh Clients. However, current routing®l
protocols do not discriminate between the two types
of nodes and are therefore not able to exploit thjgy
heterogeneity. In this paper, we presented a number
of extensions to the AODV protocol that significantly
improves its performance in terms of throughput and
latency in Hybrid WMNs. Our extensions allow differi1)
entiating between node types and make optimal use of
the multiple links that are available at Mesh Routers. We
implemented three basic methods to achieve this: node-
type aware routing, link quality estimation, and optimgl2)
link selection. We have demonstrated the superior perfor-
mance of HOVER over AODV with the help of extensiv
simulations. We also demonstrated the practicality %13]
our concept via an actual implementation, and provided
further evaluations via testbed experiments. [14]
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