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Abstract

Wireless Mesh Networks (WMNSs) are one of the few commonly enmnted types of mobile ad-hoc networks
(MANETS); several companies offer WMNs for broadband Iné¢iaccess and for extending the coverage of wireless
local area networks. Several particularities differastd/MNs from MANETS. First, in WMNs, most of the traffic
originates or terminates at the gateways (nodes connectéaetwired infrastructure/Internet). Second, in most
applications, WMN nodes tend to be neatly differentiated itgee stationary nodes (providing connectivity and
coverage) or mobile nodes (utilizing the coverage afforethe stationary nodes). While general MANET routing
protocols can be used in WMNSs, it is expected that a protoail thkes the particularities of WMNs into account
will outperform the general protocol. In this paper, we g such a routing protocol and evaluate its performance
via simulations. We show that, for WMNSs, the proposed roufimgtocol outperforms general purpose MANET

protocols in terms of routing overhead, packet deliverjoraghroughput and delay.

I. INTRODUCTION

Wireless Mesh Networks (WMNSs) [1]-[3] are a relatively newasless multihop technology that has
much in common with the mobile ad hoc networks (MANETS). kgeneral form (Fig. 1), a WMN is
a set of wireless nodes that can communicate with each dtrararding each other’s packets. Like in
MANETS, each node is both a host and a wireless router. Clearsconnect to the WMN routers using
common networking interfaces (e.g., Ethernet, 802.11, tBhitk) or, in some cases, a PCl or a PCMCIA
bus (i.e., the WMN router is embedded in a network card). Intnposposed applications, the WMN
provides connectivity to an infrastructure network, tydig connected to the Internet. We will call the
nodes providing Internet connectivigateways

There are four types of links presented in Fig. 1. Except & intra-mesh links (that have to be

wireless), all other links can be either wireless or wirede Bame or different technologies can be used
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Fig. 1. A wireless mesh network connecting several stationary and mdlghgs to the Internet.

for the four link types. The link choice usually representsaaleoff between the cost/complexity and the
performance of the WMN. Standardization efforts are ingthby IEEE (802.11s, 802.15.5, 802.16a).

Several companies [4]-[18] developed WMN products for d#fe applications. One of the most
popular WMN applications is providing broadband Internetess [9], [10], [12], [14], [15], [17], [18]. In
this scenario, WMN routers are installed on the roofs of tients and/or light poles in the coverage area
of the WMN. Mobile clients may roam while being handed ovenirone wireless router to another (some
products may be able to handle highway speeds [10]). The athrantage of WMNSs in comparison to
traditional broadband Internet access technologies €eaoldem and xDSL) is the dramatically reduced
initial investment and deployment time. The main advaniaggomparison to fixed wireless metropolitan
area networks (WMANS) (e.g., IEEE 802.16) is the market cager[19] (especially in areas with
significant obstructions - trees, high-rise buildings) aetability (multiple available routes can avoid
failed nodes and poor links). Furthermore, some implentiemis allow for mobile user access, while the
current IEEE WMAN standard only allows stationary usersh@igh work for mobility extensions is
underway).

A second major class of WMN products targets the booming essellocal area network (WLAN)
market (mainly IEEE 802.11) [4], [6]-[8], [12], [16]. An ingstant drawback of WLAN technology in
multi-access point (AP) deployments is the requiremenefmgately provide wired network connectivity
to each AP, offsetting some of the advantages of a wirelesgone WMNSs in this category solve the
problem by placing the APs in range of each other and allowhegn to forward each other’s packets to
and from a common gateway (another AP connected to theldiitth system). The main drawback of
these deployments is the reduced bandwidth available taigkes (this can become a major problem in

scenarios with many active users [20]). Some companiesaneteracting the reduction in bandwidth by



using multiple radios on different channels and directiargennas [4], [8].

Other companies found niche applications for WMNs. Firefideuses WMNs to provide network
connectivity. Basically, the WMN cloud behaves like one bigdfhet switch that can be used to connect
all devices plugged in any of the wireless routers (inclgdifor example, 802.11 APS).

Routing is a fundamental characteristic of WMNSs. The routingtgrol’s strengths and weaknesses are
reflected directly in the WMN'’s characteristics. Severaladages of WMNs over competing technologies

are directly enabled by the routing protocol:

« Reliability: The routing protocol should be able to reroute fast arouitddaodes and broken links;
upon the failure of a gateway, it should be able to redistelthe orphaned clients among neighboring
gateways. For this property, fast reconfiguration and stpgfomultiple gateways is essential.

« Mobile user connectivity: To ensure seamless mobile user connectivity, the routiogppol should
enable fast hand-offs.

« Scalability/Efficiency: If the routing protocol has a high overhead, it will be impbsto scale the
WMN to a large number of nodes.

« Qo0S:In addition to support from the medium access control (MAGEetaand the forwarding engine,
selecting the “best” routes for different traffic classesiisessential ingredient for QoS support.

Taxonomically, WMNs are a particular type of mobile ad hocwwek (MANET) [1], [21]. WMNs

share the same multihop characteristics and mobilitytedléssues as MANETSs. However, there are also

significant differences between WMNs and general MANETS:

« Gateways: Most WMNs are designed to provide connectivity to a distifrutsystem (usually con-
nected to the Internet). Therefore, they have specialinelds (the gateways) that provide connectivity
to the distribution system.

« Traffic pattern: In WMNSs, most of the traffic is expected to flow between the ¢beand the Internet
(via the gateways). In general MANETS, the common assumpsidhat any node is equally likely
to be the source or the destination of a traffic flow.

« Mobility: In most WMNSs, nodes belong to two distinct categories: eistationary (e.g., on lamp
poles, rooftops, etc.) or mobile, capable of roaming in tbeecage area provided by the stationary
nodes. In MANETS, it is often assumed that all nodes have lggm@ous mobility characteristics.

In this paper, we propose a new mesh routing protocol (MRRY)iBpally geared toward WMNSs. There

have been many routing algorithms proposed for MANETs [[BH}: However, the characteristics and
requirements of WMNSs are considerably different than thdsgeoeral MANETS such that a new routing
protocol can significantly outperform the general MANET ting protocols. The situation is similar to

the case of wireless sensor networks, where differences igneral MANETS prompted the development



of specialized MAC and routing protocols [36].

MANET protocols rely on variations of a flooding mechanism rfoute discovery and recovery. Some
of them attempt to reduce the flooding overhead by utiliziagation information [32]—-[35], limiting
the flooding diameter [27], [37]-[39], or electing dedichteelay nodes [40]. However, none of them
completely eliminates flooding. In contrast, our route di®y and recovery schemes do not require
flooding. The main difference between the proposed andirgisbuting protocols is the absence of
flooding.

The proposed routing protocol only maintains routing tréetween clients and the gateways of
the WMN. This mirrors the flow of data in the network and elimégthe overhead associated with
maintaining direct routes between the clients. Furtheenae show that, by preferring stable routes, the
backbone of stationary nodes present in WMNs can be effégtised to improve the performance of
the routing protocol. Finally, we introduce a novel linkliae detection scheme that takes into account
the inherently unreliable nature of wireless links.

The remainder of the paper is organized as follows. Sectipnolvides a brief overview of the related
work. In Section Ill, two versions of the proposed protocod aescribed, compared, contrasted, and
merged into a third hybrid version. The performance of thredhversions of the proposed protocol is

evaluated via simulations in Section IV. Section V conchitlee paper.

[l. RELATED WORK

There are hundreds of proposed routing protocols. Many ehthave been standardized by IETF and
have been in use for many years. Some of those protocols lmaverpthemselves in the Internet and are
expected to continue to perform well for many years to conig-{45].

In the ad-hoc networking arena, several classes of routiogp@ols have been proposed and carefully
analyzed [22], [23], [37]. The first class of proposed proteavas derived from existing “table-driven”
protocols in the Internet (e.g., [25]) optimizing many okthspects that reduced the efficiency of the
existing Internet routing protocols in MANET environments

In contrast to table-driven routing protocols, on-demamuting protocols (e.g., AODV [28], [46] and
DSR [29]) were designed specifically for ad hoc networks Viigguent disconnections (due to topology
changes). They often outperform the table-driven routirgqeols in scenarios with large networks with
relatively few active connections.

In a class of their own, the geographical routing algorithieg., LAR [32], DREAM [33] and ZRP
[47]) take advantage of node location information (that banrelatively inexpensive to distribute [34])

to reduce routing overhead and improve the performanceeptbtocol. Geocasting [48], [49] takes a



rather unique view to addressing, as it considers a valitdrdg®n any node within a given geographical
region. Several specialized applications can greatly fiteinem geocasting.

It is well known [37] that current routing protocols scaleopy with the number of nodes, number of
flows and increase in mobility. Several protocols were desiigfor scalability [33], [38], [40], [50]-[52]
and show significantly better performance in large ad howors.

The WMN companies are using a variety of routing protocolsatess/ their needs. Some are proprietary
and held secret (e.g., [10]), while others use well-knowrhad routing protocols (e.g., Firetide [5] uses
Topology Broadcast based on Reverse-Path Forwarding (TBRBE) (Bther companies rely on the IEEE
802.1 spanning tree protocol for routing at layer 2 (e.g.sM&ynamics [8]).

It has long been recognized that many ad hoc networks wouléfliterom a connection to a fixed
infrastructure, and several solutions have been develtgpsdpport this type of connectivity. In particular,
the SURAN [53] and WINGS [54] projects solved many of the praideassociated with these networks
(MAC layer, channel access, integration with existing in&t protocols, mobility management, transport
layer efficiency, etc.).

In [55], the authors propose extensions to existing roufngtocols (AODV [28], DSR [29] and
SOAR [56]) such that they optimize access to a set of noddsdcaktmarks (similar to what we call
gateways). They evaluate the performance of the extendekRS©Outing protocol (a link state routing
protocol) and show via simulations that it outperforms HO8R and AODV. We do not propose to extend
a link state protocol, but rather a new design specificallynaped for WMNSs. Furthermore, our proposed
protocol takes advantage of the fixed nodes in WMNs (by selgdiable routes).

In [57], the authors address routing issues in a hierarthiwa-level MANET. They propose a hybrid
scheme using existing protocols in both hierarchies (DSP%] [t the lower level, i.e., in the clusters
connected to the gateways, and AODV in the backbone). They atopose an extension of AODV:
Hybrid-AODV (H-AODV). Both approaches are shown to outpemicclassical AODV in terms of packet
delivery ratio and delay for large networks. Our work is eiffint in that it does not consider mobile
backbones, and it does not use or extend existing protocols.

The LUNAR [58] system provides a simple routing protocol $onall MANETS (limited to three hops).
The protocol is predictable as well as easy to implement avadyae. It features auto-configuration and
gateway routing, thus, making it a complete set of protocikés goals and functionality are, however,
very different from those of the protocol proposed in thipgra

The K-hop routing protocol (KRP) [39], [59] is designed to yide service in an ad hoc network
with nodes at mosf hops away from a gateway. An extension of AODV (the floodingcihagism in

AODYV is limited to K-hops) is used to discover routes to theéegays. The gateways themselves publish



and update a bulletin board of reachable nodes ensuringorietmide dissemination of information. The
approach allows for multiple routes to multiple gatewaysir @pproach is significantly different from
KRP in that we use neither flooding not a bulletin for route digry and maintenance.

Landmark Routing (LANMAR) [51], [52], is an extension of thesheye State Routing (FSR) [38] that
takes advantage of logical groups that tend to move togéghgr, soldiers in a platoon). Our approach is
significantly different, as it is not a link state approachg @ does not take advantage of group mobility
(unrealistic for general WMNS).

In [60], a gateway discovery scheme was proposed as a pam afrchitecture connecting generic
MANETSs and IPv6 networks. The scheme in [60] relies on flogdior route discovery, while the routing
protocol proposed in this paper does not. Furthermore, éherr paths (i.e., from the gateway to nodes
in the WMN) are not established, a MANET routing protocol lgeassumed for this purpose.

ROMER [61] is an credit-based, opportunistic forwardingchemism capable of using multiple routes
at short time-scales and building long-term reliable reuat a cost of some redundancy. It is shown
that for WMNs with significant variability in link quality, RMER can significantly improve the packet
delivery ratio of the network. Similarly, results presahia [62] demonstrate that multi-path routing can
improve the reliability of WMNs even when the paths used aredigjoint.

AODV-ST [63] is a hybrid routing protocol designed for WMNS4. uses proactive tree formations
by using a beaconing protocol initiated at the gateways tmfepanning trees rooted at the gateway.
For intra-mesh routing, it uses AODV to discover routes thgiass the gateways. Similar to our work,
the main assumption is that the common-case traffic is to amuh the gateway, and, thus, uses the
proactively constructed trees. In contrast to our work,dbmmon-case protocol (that forms the routing
trees) is proactive, periodically flooding the network (AQDused for intra-mesh routing, also floods
RREQ messages). Our protocol does not use flooding.

Several articles considered routing-related issues for VWMIN[64], [65], routing is considered in con-
junction with channel assignment for multichannel WMNSs lobbge commodity IEEE 802.11 compatible
hardware. Several articles [65]-[70] show that non-cotiseal metrics may result in an (significantly)
increased capacity in WMNSs. In this paper we do not proposenamyrouting metric Instead, we provide
the hooks to allow the use of any of these (and future) routiegyic.

In MANETS, existing routing protocols employ flooding to diwver and maintain routes between
arbitrary pairs of nodes. In WMNs, most of the traffic is assdn@ flow to and from the gateways
connected to the Internet. With this assumption, we deslignprotocol that does not use flooding either
for route discovery or for recovery. Furthermore, we introgl a novel link failure detection procedure

that is shown to effectively resolve the problem of misidgintg temporary link errors as permanent link
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Fig. 2. General WMN network topology.

breaks.

IIl. PROTOCOLDESCRIPTION

In the design of the protocol, we decided to optimize the commase. In WMNs, the most common
traffic flows are to and from the Interneddwnloads fronthe Internet are by far the most common case,
but TCP acknowledgments form streams in the opposite dimgctiThus, we decided that any node in a
WMN will only know how to reach one gateway and is, in generajahable only from a gateway. Any
small amount of client-to-client traffic can be routed thghuhe common parent of the clients (potentially
the gateway). In essence, the routes to and from the gatewayd tree rooted at the gateway.

In this version of the protocol, every client chooses a singhteway to connect to the Internet. If
the node moves or if this gateway fails, the node may choosffexaht gateway. We, thus, assumed a
network topology similar to the one shown in Fig. 2. The gatgsvare connected using wired or wireless
links to a single super-gateway that is further connectethéolnternet. All traffic is funneled through
the gateways to the super-gateway and, eventually, to teenkt. Mobile users are free to roam as long
as they are in the coverage area of the network. Small degoisymay use a single gateway and forego
the use of a super-gateway.

One of the design requirements we observed was the posstiilimplement the protocol in the user
space. In other words, the protocol does not have accesstéotivarding engine other than through
setting the routing table. We chose to transport the MRP rgessasing UDP packets for reasons of
performance (TCP’s overhead and delay would be too high).chio&ce requires a loss-tolerant protocol

design. All three versions of the protocol presented in gaper interface with the kernel only through



the routing table changing calls and by intercepting ICMPkpadelivery failure messages.

A. MRP On-Demand

When designing the protocol, we faced the well-known preactis. on-demand question commonly
encountered in MANETSs [22]. The first version of the protomlpurely on-demand: when a node is
joining the network, it will ask the closest gateway or ndighing user nodes for a route (we will shortly
elaborate on the criteria used to choose a gateway). Thadfirét step for a node that wishes to join
the network is to broadcasbcally a route discovery (RDIS) message. In contrast to existing MAN
protocols (e.g., AODV and DSR), the RDIS packets in MRPraoefloodedthrough the network, and are
only received by the one-hop neighbors of the source. lljititne joining node is indisconnectedtate.

We take advantage of the fact that all connected neighboeady know a route to the gateway and the
significant routing metrics of those routes. Thus, all of tlugles receiving the RDIS message (one-hop
neighbors of the joining node) will reply with a route adveetment (RADV) packet with the metrics of
their current routes. The very first user node to join the péetwvill receive this RADV packet only from
the neighboring gateway(s).

The RADV packets are unicasted after a small random delay aa awollisions. Without this delay,
several RADV packets (triggered by the same RDIS) from (payhidden from each other) neighbors
of the joining node, will collide at the joining node. If theeare no connected neighboring nodes, or all of
the advertisements are lost, the joining node will periallichroadcast the RDIS message until it receives
an advertisement. The new node, joining the network wiltestdl RADV packets (wait for a time chosen
slightly longer than the longest random delay used to gémdéRADVS). Once the joining node receives
all the RADVSs, it will select one or more upstream routes asraction of the node’s requirements and
the offered routes.

The current design of the protocol is open to a variety of iogtthat can be used for differentiating
routes:

« Hop-count: the basic and common metric in routing protocols.

« Route stability: this metric allows a joining node (given the choice) to seleutes that include

stationary nodes (those routes are presumably more stadotethose including mobile nodes).

« Minimum delay: important for delay sensitive applications (e.g., Volfhég etc).

« Maximum bandwidth: important for bandwidth intensive applications (e.qg., fiper-to-peer).

« Minimum packet loss: important for loss sensitive applications.

In contrast to other papers, we do not propose any new metriosethods for computing the metrics
above. Computing many of them is an area of active researgh[[&8; we simply include the possibility

that they can be used in making routing decisions.



Fig. 3. MRP route establishment message sequence.

In the simulations, routes with high stability (i.e., emyphay stationary nodes) are preferred to routes
with minimum hop-counts. In Section 1V, preferring statyilio hop-counts, is shown to reduce routing
overhead, increase the data throughput, and reduce thgyecensumption of the mobile nodes at the
expense of longer routes.

Routing overhead and packet loss is reduced as the numbeutef boeakage is minimized. In many
applications of wireless mesh networks, the mobile node& Hanited energy resources (unless the
nodes are mounted on vehicles); thus, power consumptiooniesx an important issue. If routes through
stationary (and powered) nodes are preferred, packet fdmgof the mobile nodes is minimized. Other
energy efficiency aspects of MRP are discussed in Sectio@.Ill-

Once the joining node selects a route (based on the RADVs divedt), the node practically has a
route toward the Internet (as all of the neighbor nodes have routes towsrdnternet). The node can
start to send data immediately toward the Internet. We b#lthe half-connectedstate (as the node has
a route to the Internet, but none of the nodes in the Interaetreach it). In the second phase, the joining
node registers with the gateway. The registration has tha foaction of providing a reverse path from
the Internet to the joining node. We could have simply usedréverse path of the packets going toward
the Internet to provide the return path, but that would imgiigit the routing protocol can monitor the
forwarded data packets (a requirement we eliminated fotapdity, as explained above).

The registration process proceeds in two steps. In the fapt a registration request (RREG) is unicasted
to the gateway (it goes through the MRP layer at every interaedop). As the RREG travels toward
the gateway, intermediate nodes set up an entry in theimgthbles enabling the return pathofn the

Internet to the joining node).
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The existence of the return path assumes bidirectionas liblt as pointed out in the literature [71],
unidirectional links automatically exclude many of the esoon MAC protocols (e.g., MACA, 802.11,
802.16, and certainly all of those that require acknowleglgis). Upon receipt of the RREG packet, the
gateway sends a registration acknowledgment (RACK) dirdotlghe joining node, and it also forwards
the RREG message to the super-gateway (such that the supamagatvill know to which gateway to
forward the packets for the joining node). If any of the RREG ordRAmessages are lost, the joining
node reverts to disconnected state and re-initiates the amguisition process (as very likely the route it
initially chose just became disconnected).

Upon receipt of a registration acknowledgment, the joinimegle enters théully-connectedstate in
which it can send and receive data to and from the Internet.

Figure 3 depicts the sequence of messages discussed abmwerdute discovery to registration
acknowledgment. None of the four messages used to estdhkshoutes (RDIS, RADV, RREG, and
RACK) arefloodedinto the network. This is in clear contrast to other MANET ting protocols where
the overhead/node ratio increases with the size of the mketWwhus, we expect that the overhead of MRP
will be significantly lower than that of existing MANET pratols, especially for large networks.

For wireless networks, the failure to forward a packet tortegt hop may represent a route failure, but,
more often than not, it might be simply the effect of inteefece or a temporary fading effect. Therefore,
over-reacting to a packet loss (i.e., entering the discotedestate and re-initiating the route discovery
process) may be detrimental to the protocol’'s performahfce, upon suspecting a link loss, instead
of entering the disconnected state, the node enters a tanypstate namedgerify-link state.

While in verify-link state, the node probes the availabilifythe suspected link by using special route-
check packets (RCHKSs) that are unicasted to the next hop. Iplg ie received (we reused RADV for
the reply), the node again becomes fully-connected; ofisenvit enters the disconnected state. If a node
loses connection to the gateway, all of its children willda®nnection to the gateway. Even if it discovers
a new route to the gateway, the children will not be able tothgenew route taeceive data fronthe
gateway (the reverse routes will be broken). Hence, whenda fases connection to the gateway, it will
send a route error (RERR) message to all of its children. Eadiogktchildren will enter the disconnected
state and re-initiate the route discovery process. A datalhalysis on the effect of the verify-link state
on MRP’s performance is presented later in this section.

Figure 4 depicts the finite state machine for the MRP protoajwst described. Since, in some ways,
it resembles the on-demand protocols of MANET (route discpwnitiated by the joining node and route
errors initiated by packet loss), we will call this versiMRP on-demandMRP-OD).

Due to the tree structure of the routing graph (both to andhftbhe gateways), and the use of hop-
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Fig. 4. Finite state machine for MRP-OD.

counts, the protocol is guaranteed to be loop free (it willllep free as long as the routing metric is

strictly positive).

B. MRP Beacon Mode

MRP-OD is fully functional; but, when a user node does not s&myl packets, it cannot detect that its
route is no longer valid. Any packets from the gateway willlb&ble to reach the disconnected node.

A second version of MRP uses beacons to advertise routesnedehin fully-connected state (including
the gateway) periodically sends beacons advertising tagadle routes. Each beacon acts as a gratuitous
route advertisement (we used the same RADV packets as for MRP\@e will call this versionMRP
beacon modéMRP-B). Notice that the MRP beacons are different from the BDDeacons in that they
occur at different time intervals, are originated and comsd by the MRP rather than the MAC layer,
and contain routing information instead of MAC layer maragat information.

In MRP-B, a node that wishes to join the network does not haveetm san RDIS. Instead, it
simply listens to the neighboring nodes slightly more thaa beacon period and collects beacons (route
advertisements). The route selection and registrationgeds identical to MRP-OD (the same states are
used).

For detecting route disconnections, in addition to relyamgpacket forwarding failure, MRP-B utilizes
the beacon messages originally intended for route setupIRi®P-B, each node monitors beacons sent
from their parents. If a predefined number of beacons areimgisthe node will enter the disconnected
state and re-initiate the route discovery process. Alsandbe case of MRP-OD, if there is a packet
forwarding failure, the node will enter the verify-link s¢aand either become fully connected (if the
RCHK is acknowledged) or will disconnect (if no reply is reealy. If link detection based only on
beacons is employed, a real link breakage will be detectgdadter a considerable delay (several beacon

periods).
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The state diagram of MRP-B is practically identical to MRP-Okzept for changing the triggers in
some of the transitions, adding a periodic beaconing whilkilly-connected state and a direct transition
(triggered by beacon loss detection) from the fully-coneécstate to the disconnected state.

There is a trade-off between the beacon interval and th@meaice of the protocol: the more often a
beacon is sent, the faster a node will be able to join the n&tesod detect a route disconnection. However,
it also increases the overall overhead of the routing patd2epending on the required performance, a
reasonable range of beacon periods can be from tens ofeundlgls to a few seconds.

We expect the MRP-B to exhibit better delay performance th&PMDD because MRP-B is able to
detect a route disconnection sooner than MRP-OD. This isdspecially when traffic load is low and as
a result, detecting forward failure does not promptly réfeecoute change. On the other hand, MRP-B

will have a higher overhead (due to the beacon messages).

C. Hybrid MRP

The two MRP versions we discussed are not mutually exclu3ikkiey can be easily combined into a
hybrid protocol (MRP-H). We simply use the same states as in {@RPand MRP-B and combine the
state transitions from the two versions.

In MRP-H, the joining node broadcasts route discoveries (RPEhd waits for route advertisements
(RADVSs) for a time equal to the minimum between the randomydefaMRP-OD and the beacon period
of MRP-B. The received RADVs include those generated in resptmthe RDISs, as well as the beacons.
The joining node then selects the route and registers wihgtteway. A route error can be discovered
by either missing beacons or packet forwarding errors. Taie sliagram of MRP-H is similar to the one
corresponding to MRP-OD (Fig. 4), except that there are pieltiriggers for the state transitions.

We expect MRP-H to perform better than either MRP-B or MRP-OD &PMH detects link failures
faster than either of the two versions and is able to discoetter routes faster: the pool of available
routes at the moment of the route selection will be larger tduthe redundancy offered by the beacons
and triggered answers. (This feature only makes a differéinsome of the RDIS or RADV packets are
lost due to noise/interference.)

Since none of the three versions of the protocol uses floottingstablish or repair routes, all three
should scale well to large networks.

With respect to energy consumption, a mobile user with Bohienergy resources can minimize the
energy expended for routing by employing MRP-OD (where ndopé beacons are employed). The rest
of the network may run the more energy-expensive MRP-H or MRH#RIs, for mobile nodes, MRP
can minimize both the energy expended fouting, as well as forforwarding (by selecting routes that

avoid the mobile nodes).
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If the nodes in a large mesh network are powered up simulteahede.g., after a power outage), the
first tier of nodes (with direct connectivity to the gatewpysll discover routes first, then, the second
tier (nodes two hops away from the gateway), and the procékssomtinue from the center to the edges
of the network.

The design of MRP is based on the assumption that most datadl@erestablished between client nodes
and the gateway. Routes between two arbitrary client nodgsbmaub-optimal. In particular, two client
nodes (unless they are parents of one another), will alwaysrunicate through their common parent
(which can be several hops away from either of them, and plgsisie gateway); however, client-to-client

communication is assumed to be infrequent in WMNSs (for mogliegtions).

D. Verify-Link State

The verify-link state is designed to reduce the uncertaintsoduced by wireless links and to avoid
unnecessary disconnections and route re-establishnWéatdefine dalse disconnectioas the case where
an MRP node erroneously enters a disconnected state due poremify disabled links (e.g., caused by
fading or interference). We definetaue disconnectioras the case where a node enters a disconnected
state due to permanent link breakage (e.g., caused by myotilinode failure).

False disconnections and consequent route re-establighmmagy cause significant performance degra-
dation. Frequent re-routing will also reduce the availdi@adwidth for end users due to increased routing
overhead. Therefore, one of the design goals of MRP is to segpfdalse disconnections and to identify
and promptly respond to true disconnections. To this endimveduced the verify-link state whose state
transition and packet exchange (i.e., RCHK and RADV) were etan Section IlI-A.

One of the key parameters in the verify-link state mechangthe verify-link-failure (VLF)-timeout
value, which controls how long a node should stay in verifik-lstate before it transitions to disconnected
state (assuming that no reply was received). The choice ofLRtWneout value is a trade-off: a large
VLF-timeout will reduce false disconnections but causelgyd@ true disconnection situations. On the
other hand, a small VLF-timeout will ensure prompt handawea true disconnection but increases the
number of false disconnections. To study the efficiency efuérify-link state and to identify a working
range of VLF-timeout values, we investigated the behavidviBP through simulation experiments over
a wide range of VLF-timeout values.

Since traffic load intensity and mobility intensity are egfsel to affect false disconnections and true
disconnections, respectively, we tested VLF-timeout eslior different traffic and mobility scenarios.
Three performance metrics were used to measure how cgrractl efficiently routes are maintained
when different VLF-timeout values are used with the forwaitlire detection: routing overhead, packet

delivery ratio (PDR), and end-to-end delay. The metrics a&findd as follows:
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where:

N is the total number of nodes,
P is the total number of broadcast/unicast routing contrakpts sent (either generated or forwarded)
by then'* node (including beacon packets),
bnp IS the number of bits in the™ packet received by the node,
T is the total simulation time, and
P is the total number of unicast data packets received by:theode,
P% s the total number of unicast data packets sent bynthenode, and

D, is the end-to-end delay experienced by e packet received by the™ node.

We use Poisson traffic with data packets serving as probesykser node has two flows: one toward
the gateway and the other one from the gateway. Packet siZ0 bytes. The traffic intensity is varied
by changing the average packet interval ranging from 1.54.Qos (in this case, the number of mobile
nodes was fixed at 16). Mobility intensity is controlled by thumber of mobile nodes from 0 to 49 (in
this case, the packet interval was fixed to 3.0 s). Randonyyegied mobile nodes move according to the
random waypoint mobility model [72] with zero pause time, admum speed of 10 m/s, and a minimum
speed of 1 m/s (to avoid the drawbacks highlighted in [73fe Tobile nodes move inside a rectangular
area with a single gateway in the center and 144 uniformijlayepl fixed nodes. Total simulation time
is 400 s. The size of the rectangular area is determined byuh®er of fixed nodes to ensure constant
node density (approximately 25 nodes per’km

Figure 5 shows the performance of MRP as a function of VLF-timteinder different traffic intensity.
Only the result for the MRP-H is presented to avoid clutterie VLF-timeout was increased from
6 ms to 12 s. The results for the first (O s) and the last VLF-butevalue (400 s) are not shown to
scale. They are included to provide insight on the MRP’s bielnder extreme values. The VLF-timeout

of 0 s represents the case where the verify-link state is teigip disabled; in this case, one forwarding
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failure is interpreted as a route failure and, thus, it teigga route rediscovery. The VLF-timeout of 400 s
represents the case where packet forward failures are sligagred throughout the simulation time.

For small VLF-timeout values, the curves show low PDR andchhemd-to-end delay due to false
disconnections. A false disconnection will trigger a rorgdiscovery that implies the exchange of several
control packets (RDIS, RADV, RREG, and RACK). If the falsely discected node has children nodes,
RERR packets are generated which leads to a cascade of fatsamistions and route re-establishments.

As the VLF-timeout is increased, the overall performancarniproved due to the reduced probability
of false disconnections. However, if VLF-timeout is toodgey true disconnections (from mobility) are
temporarily ignored, leading to loss of packets for the rfeohbdes.

Figure 6 shows the performance of MRP-H as a function of Viokettut and mobility intensity. When
the number of mobile nodes is increased, the loss from ightitee disconnection increases.

Considering the results in Figures 5 and 6, the VLF-timeowukh be at least 1 s (as for lower

values, the false disconnections considerably lower th& RDFig. 5(b)). Figure 6(b) shows that the
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PDR decreases steadily as the VLF increases over 1 s, asisa@dections are identified too late. In
our simulations, we chose a VLF-timeout of 3 seconds. Théopaance could likely be improved if the

value of the VLF-timeout is determined adaptively; but, wertt explore that option in this paper.

IV. PERFORMANCEEVALUATION

In this section, we present the results of the simulationghvive performed using QualNet [74] to
evaluate the performance of MRP. QualNet is the commerciadine of GloMoSim [75] (which uses
Parsec [76], a parallel discrete-event simulator). We el@aalNet because it provides accurate models
(high level of detail) at each layer, including the physieald MAC layers. Results indicate that the

accuracy of the models has a significant impact on the simoualatsults for wireless networks [77], [78].

A. Performance Metrics

We compared the performance of MRP with other routing prdsocoterms of five metrics: routing
overhead, packet delivery ratio (PDR), throughput, endrtd-delay, and average hop-count.

We employ Internet traffic as well as Poisson traffic in thefgrenance evaluation; we use network
throughput as a performance metric for Internet traffic amRPas a performance metric for Poisson
traffic. In the Internet traffic scenarios, the applicatioise mostly TCP as a transport layer, and the PDR
does not capture the effect of packet loss on the TCP throughpu

The routing overhead, PDR, and the end-to-end delay are defin&ection IlI-D. We define the

network throughput and hop-count as:

N Pir
> 2 by
Network Throughput = % (bps), 4)
N P
> 2 hap
Average Hop — Count = n:l]\;):l (hops per packet), (5)
¥ py

whereN, P b, ,, T.um, n andp are defined in Section III-D, antl, , is the number of hops traversed
by thep'" packet of then!” node.
We believe that the chosen metrics can be traded againstatheh (e.g., higher overhead for lower

delays, lower throughput for lower delays, etc.), and adamparison has to consider all of the metrics.
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B. Simulation Setup

For the physical and MAC layers, we used the default IEEEBI2in physical and MAC models (in
RTS/CTS mode). The error rate in Qualnet (version 3.8) gilhddacreases from approximately 0% at
270 m to almost 100% at 300 m. The physical layer uses a twga#y-loss, constant shadowing model
without fading.

For the higher layers, we used the standard TCP/IP protoacksand we implemented MRP as
described in Section Ill. For MRP-B, we chose a beacon intes/dl s. For MRP-OD and MRP-H, we
chose the small random interval for sending route reques® @ For MRP-H, we chose the beacon
interval of 2 s (we shall see that the performance is companatth MRP-B with 1 s beacon interval).

In order to assess the contribution of preferring stabtlithhop counts to the overall performance of the
protocol, we simulate MRP-H with and without route stabilitgd we labeled the corresponding results
with MRP-H and MRP-S respectively.

Simulations are run for two different traffic types: PoisgBection I1V-C) and Internet traffic (Section IV-
D). For the Poisson traffic, user data packets serve as prahdsthe performance metrics indicate how
correctly and efficiently routes are maintained by diffén@mtocols. On the other hand, the Internet traffic
model is used to evaluate the performance of the protocolrnmoee realistic environment. The Internet
traffic is created by mixing several popular Internet aggilans based on real Internet traffic measurement.
The traffic composition trend captured from the real Intetredfic [79] was accurately reproduced in our
simulation using multiple application protocol modelspded by QualNet [74]: HTTP, TELNET, FTP,
DNS, and VBR models. Traffic composition ratio was reproduatdll detail levels: flow, packet, and
byte.

Simulations were performed to evaluate the influence of tleviing parameters:

. traffic load,

. network size,

. degree of mobility,

« perturbation, and

« intra-mesh traffic ratio,

where the perturbation represents the degree of randonmeg=ographical node distribution, and the
intra-mesh traffic ratio indicates the percentage of the tradfic flows whose both ends are user nodes
(as opposed to the typical mesh network case where one endatewaay.)

To avoid the large number of graphs that would result if wefqrared every experiment for every
possible setting, we chosebase casend varied one parameter at a time. For each parameterioayiat

we present the four metrics defined in Section IV-A for all lo¢ fprotocols under consideration. For the
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base case, we used the following scenario:

« The Poisson traffic has one incoming and one outgoing floweryeuser with a mean inter-arrival
rate of one packet every 1.5 seconds.

« The Internet traffic has (on average) one flow for every useth@ proportion reported in [79], i.e.,
75% HTTP, 5% FTP, etc.).

« The stationary network consists of 144 nodes uniformlyritisted in a rectangular area of %2.4
km?2.

« There are 36 mobile nodes deployed in random locations. Theye according to the random
waypoint mobility model [72] with zero pause time, a maximsgpeed of 10 m/s, and a minimum
speed of 1 m/s.

. There is a single gateway at the center of the network.

« The stationary nodes are deployed with zero perturbati@n, hey are deployed in a grid of size
250 m).

« There is no intra-mesh traffic.

« Total simulation time is 400 s.

To evaluate the performance of MRP, we chose six well-knowrtimg protocols representative of
different classes of routing protocols: AODV [28], [46], RY29], LANMAR [51], [52], OLSR [40],
RIP2 [45], and ZRP [47]. AODV and OLSR are standardized by theN&A workgroup of IETF. AODV
and DSR are widely knowonn-demand (reactiveMANET routing protocols. LANMAR is designed for
routing in large scale ad-hoc networks with group mobility.QualNet implementation, LANMAR uses
Fisheye State Routing (FSR) protocol for local scope routigSR is based on the Inria implementation
[80], and it is an optimizedink-state table-driven protocol designed for MANETS. RIP2 is a tatiteen
distance-vectoprotocol originally designed for wired Internet. The RIP2dabin QualNet follows the
Cisco implementation. ZRP is a hybrid ad-hoc routing protaghbére proactive and reactive approaches
are employed for intra- and inter-zone routing, respeltive

For each scenario, we simulated the network thirty times wlifferent random seeds (resulting in
different initial placements and mobility for the mobiledes and in different inter-arrival times of the
offered load). In every graph, we present the average oftigy texperiments. To avoid cluttering the

figures, confidence intervals are not presented.

C. Poisson Traffic

In this section, simulation results for Poisson traffic axamined for five different scenarios where

traffic load, network size, mobility, perturbation, andraztmesh traffic ratio are varied from the base case.
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Fig. 7. The performance of the routing protocols for Poisson trafficqating overhead, (b) packet delivery ratio, (c) end-to-end delay
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and (d) average hop-count as a function of traffic load.

Except for the scenario of varied intra-mesh traffic, all emdhave packet streams flowing both to and
from the gateway. The same traffic load is applied in bothatives.

1) Traffic Load: We increase the load of the Poisson traffic by reducing thennpaaket inter-arrival
time from 1.5 s to 0.67 s (i.e., from 0.67 to 1.5 packets peoiser

Figure 7 depicts the simulation results for the overheadRk Pdelay, and hop-count, respectively. In
each graph, curves for nine routing protocols (includingrfeersions of MRP) are plotted as the offered
load increases.

Figure 7(a) shows that the routing overhead of AODV risesraBid load is increased. The main

reason behind this increase is the corresponding incredssti packets (that triggers the route discovery
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process). DSR shows lower overhead; however, the overHesmlicce route header is not included in the
overhead calculation. In contrast, MRP and all the proaginaocols show overhead immunity to the
traffic load. All versions of MRP and LANMAR form the group ofe¢Howest overhead of all considered
protocols. MRP-H has a very low overhead, due to the largecdreaeriod (twice as large as MRP-B).

Figure 7(b) shows that, as the offered traffic load intensiftte PDR of AODV, DSR, OLSR, and
ZRP drops faster than MRP. Although MRP-S shows smaller PDR tiharother versions of MRP, it
still outperforms the other protocols. The drop in PDR is ¢lneghe packet loss in the queues, as well
as lost routes due to the routing protocols’ attempt to restailed routes (or what are considered to be
failed routes due to packet drops). RIP2 shows the lowest RIDEhE highest traffic load, indicating the
unsuitability of wireline-oriented protocol for ad-hoc oresh networks.

The delay increase in almost all of the protocols shown in F{g) is due to the larger queuing delays
resulting from the increase in offered load. MRP-OD has a énigtelay than MRP-B and MRP-H, as
it discovers broken routes later than the other two. The lefays of RIP2 and LANMAR have to be
considered with the very low PDR in Fig. 7(b): the delay stats consider only the few packets that
reach their destinations.

Figure 7(d) shows that the hop-count of each packet is alinestsitive to an increase in traffic load.
Two on-demand protocols (AODV and MRP-OD) show a slight iaseein the hop-count. The hop-count
result of DSR is not included because measuring the TTL fiéldP gackets is not possible in QualNet
due to its source routing implementation.

As expected, among the versions of MRP, MRP-H exhibits the de=tll performance as it combines
strengths from both MRP-B and MRP-OD. MRP-S shows smaller dedengd hop-count at the expense
of a decrease in PDR.

2) Network Size:ln this scenario, the number of fixed nodes is increased Weéping the network
density constant (i.e., increasing the network diamefeng four graphs for overhead, PDR, delay, and
hop-count are shown in Fig. 8, as a function of the network.siz

In Fig. 8(a), MRP shows almost constant overhead, while alhefother protocols show the overhead
increasing with the network size. This is expected becanis®RP, the overhead for each node does not
increase with the total number of nodes (see Section Ill)aAgsult, MRP also maintains the highest
PDR and the lowest delay. This supports the claim that, for VEMMRP scales better than the existing
protocols.

Fig. 8(b) shows that the PDR of all routing protocols decesasith the increase in network size. This
is expected as the network capacity most likely decreas#s tive increase in network size. For large

networks (i.e., over 100 fixed nodes), broken links due toihtplrigger route rediscoveries, which incur
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Fig. 8. The performance of the routing protocols for Poisson trafficqating overhead, (b) packet delivery ratio, (c) end-to-end delay
and (d) average hop-count as a function of network size.

high overhead with flooding. Simulation results for variedbiity will be presented and discussed in
detail in the following section.

Figure 8(c) shows high delay for DSR and ZRP compared to oth@ogols. All versions of MRP
(and especially MRP-S) show good delay performance for daaddwork size.

The hop-count shown in Fig. 8(d) directly reflects the inseea network size. The versions of MRP,
AODV, and OLSR show hop-counts close to the ideal hop-codRtf shows longer than ideal routes
indicating suboptimal routes, while LANMAR and RIP2 only tewsuccessfully to/from nodes closer to

the gateway, and thus show shorter hop-counts.
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and (d) average hop-count as a function of mobility.

3) Number of Mobile Nodedn this scenario, we evaluate the performance of MRP and gifo¢ocols
when the number of mobile nodes increases from 9 to 49. Thétsemre shown in Fig. 9.

As in the cases of traffic load and network size, Fig. 9(a) shtvat MRP shows a low and steady
overhead as the number of mobile nodes is increased. In H. MIRP shows higher PDR than other
protocols as the mobility intensifies. RIP2 shows a sharp étdpDR as it was designed for stationary
networks with sporadic topology changes. For a large nunabemobile nodes, DSR shows rapidly
increasing delay, as shown in Fig. 9(c). The result suppbesclaim that, for WMNs, MRP supports

mobility more efficiently than existing protocols.
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Fig. 10. The performance of the routing protocols for Poisson tradfiacquting overhead, (b) packet delivery ratio, (c) end-to-endydela

and (d) average hop-count as a function of the perturbation in stajiomales grid deployment.

4) Perturbation: The performance of MRP for increased randomness in the deyloyof the stationary
nodes is shown in Fig. 10. For this scenario, the stationades are perturbed uniformly from their ideal
grid positions. The degree of perturbation indicates by haveh a node can deviate from its ideal position.
A perturbation of 100% indicates that a node can be moved bip ume grid size in any direction.

As the perturbation increases, the network becomes lestareand hot spots are created. In Fig. 10(a),
DSR and AODV show increased overhead, while all versions BPMemain low and almost constant.
OLSR and ZRP show a decrease in overhead; in OLSR, the multipays (MPRs) benefit from non-
uniform node distribution. Likewise, in ZRP, as perturbatiacreases, fewer routing zones are required

to cover the user nodes, and thus, less inter-zone, on-adkenoating is needed.
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Fig. 11. The performance of the routing protocols for Poisson tradfiacquting overhead, (b) packet delivery ratio, (c) end-to-endydela
and (d) average hop-count as a function of the intra-mesh traffic ratio

Figures 10(b) and (c) show decreased PDR and increasedsdedayne network becomes less regular.
MRP shows better PDR and delay performance than other pistdamong the versions of MRP, MRP-H
shows the highest PDR while MRP-S shows the lowest hop-cawhidalay.

Figure 10(d) shows that the hop-count for MRP increasestgligis the network becomes less regular;
this is due to the route selection algorithm that favorsiktatio lower hop-counts.

5) Intra-mesh Traffic:In this scenario, the intra-mesh traffic ratio is increasexuinfzero to 0.8. The
ratio is calculated as the number of intra-mesh traffic flower ¢he total number of user traffic flows. For
example, the ratio of 0.8 indicates that 80% of the user trdlifiws are both originated and terminated

within the mesh network (i.e., neither end of a traffic flow igateway.) The higher the intra-mesh traffic
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ratio, the stronger the characteristicsaml-hocnetworks rather than those ofeshnetworks. The results
are presented in Fig. 11.

In Fig. 11(a), on-demand protocols such as AODV, DSR, and ZRRP(has both on-demand and
table-driven components) show a small increase in overhsadtra-mesh traffic ratio is increased. These
protocols have to discover routes for destinations locéetther away from the source due to increased
intra-mesh traffic. Table-driven protocols show almoststant overhead.

Figure 11(b) shows increases in PDR for AODV, DSR, and ZRP;envat MRP, the PDR decreases
as the intra-mesh traffic ratio increases. This result i®etqul as AODV, DSR, and ZRP are designed for
generic ad-hoc networks where all of the user nodes are asstombe uniformly likely to send data to
any destination in the network. In contrast, routes in MRPanays routed through the common parent
of the source and the destination (often the gateway); thasroutes are sub-optimal. The extent of this

effect is shown in Fig. 11(d).

D. Internet Traffic

In this section, simulation results for Internet traffic @aeamined for five different scenarios where
traffic load, network size, mobility, perturbation, andrazmesh traffic ratio are varied from the base case.
The purpose of using Internet traffic is to evaluate the perémce of MRP and other protocols in a more
realistic environment. The Internet traffic model is crelddg mixing several popular Internet applications
based on real Internet traffic measurements as depictedciioféV-B.

1) Traffic Load: In this scenario, we vary the relative traffic load of Intdrtraffic from 0.2 to 1.4.
The relative traffic load is controlled by changing the numdsieactive users while maintaining the ratio
among different applications. For a traffic load of 1.0, gueode is likely to have one active application.
If the load is greater than 1.0, some nodes are likely to haveerthan one active application.

Figure 12(a) shows that the routing overhead of on-demamidgols (AODV, DSR, and ZRP) increases
with the traffic load. This result and its cause is similartte tase of Poisson traffic. more packets tend to
trigger more route discoveries for those protocols. In @stt MRP and all of the table-driven protocols
show overhead immunity to the traffic load.

As the offered traffic increases, the network throughputegghes network capacity due to the feedback
loop of TCP that adjusts the transmission rate to the availbahdwidth. Figure 12(b) shows that AODV,
DSR, and OLSR have lower saturation throughput than MRP. Tlwerlthroughput is due to the packet
loss in the queues and failed routes due to packet drops. MBRP&3 lower throughput than MRP-H
and MRP-B as it discovers broken routes later than the other tw

In Fig. 12(c), the delay increase for all protocols is duehe larger queuing delays resulting from

increased offered load. DSR shows higher delay than othaoguls. The low delay of LANMAR has
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Fig. 12. The performance of the routing protocols for Internet trdtfjcrouting overhead, (b) network throughput, (c) end-to-end delay

and (d) average hop-count as a function of traffic load.

to be considered in conjunction with its very low throughgie delay statistics only consider the few
packets delivered to their destinations). MRP-S has a hidaky than other versions of MRP due to the
more frequent disconnections.

2) Network Size:We increase the network size in the same manner as in theoRdrsdfic case, i.e.,
increase the number of fixed nodes while keeping the densitgtant. The results are shown in Fig. 13.
Figure 13(a) shows that the overhead of MRP stays almost amnswhile that of other protocols
(especially OLSR) rises as the network size increases. Alanctase of Poisson traffic, this result is

expected in MRP as the overhead for each node does not incréthisthe total number of nodes.
Figure 13(b) shows that MRP-H and MRP-B maintain the highesutjhput. While packet loss simply
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Fig. 13. The performance of the routing protocols for Internet trdtfjicrouting overhead, (b) network throughput, (c) end-to-end delay

and (d) average hop-count as a function of network size.

reduces the PDR in Poisson traffic where UDP is used as itspgaahlayer, the majority of the applications
in Internet traffic rely on TCP. In response to packet loss ander rediscoveries, TCP congestion control
reduces its transmission rate, thus decreasing the thpoigh

In Figure 13(c), it is shown that the delay increases for &lthe routing protocols as the network
diameter increases.

The increase in hop-count of MRP in Fig. 13(d) is correlatethtincrease in the network diameter.
AODV has a lower hop-count than MRP, as AODV often choosestshdbut possibly less reliable)

routes, while MRP prefers longer routes through stationanjes.
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Fig. 14. The performance of the routing protocols for Internet trdtfjcrouting overhead, (b) network throughput, (c) end-to-end delay

and (d) average hop-count as a function of mobility.

3) Number of Mobile NodesThe number of mobile nodes is increased in the same mannerths i
Poisson case. Figure 14(a) shows that MRP produces a low anustatonstant overhead as the number
of mobile nodes is increased.

In Fig. 14(b), MRP-H and MRP-B show the highest network thrqughas the mobility intensifies.
MRP-OD shows relatively low throughput because MRP-OD radiepacket loss to detect a broken link;
multiple lost packets drastically affect the TCP’s congesitontrol mechanism (that times-out multiple
times before a route is rediscovered). Table-driven patosuch as RIP2, ZRP (ZRP is table-driven for
intra-zone routing), and OLSR show decrease in the netwodughput.

In Fig. 14(c), MRP shows higher delay than AODV. This resulbwdd be considered with AODV’s
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Fig. 15. The performance of the routing protocols for Internet trgtfjcrouting overhead, (b) network throughput, (c) end-to-end delay

and (d) average hop-count as a function of the perturbation in stafiomales grid deployment.

lower throughput and shorter hop-count in Figures 14(b) @)dwhich indicates that AODV chooses
shorter routes, but loses more packets than MRP due to lésklestoutes. DSR shows higher delay than
other protocols.

4) Perturbation: The deployment of the stationary nodes is perturbed in theesaanner as in the
Poisson case. The perturbation is increased from zero ta 80%

In Fig. 10(a), MRP shows almost constant overhead. Integdgfi for Internet traffic, the control
overhead of AODV and DSR does not increase as in the case ebdtoitraffic. As perturbation is
increased, the overhead of OLSR decreases for the samenraador the Poisson case (Section IV-C.4).

Figures 10(b) and (c) show decrease in the network througupdi increase in delay for all protocols
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as grid is perturbed. MRP shows better throughput and rebkodalay performance compared to other

protocols. Among three versions of MRP, MRP-H performs best.

Figure 10(d) shows that the hop-count of MRP slightly incesasvhile that of all others decreases.

Again, this is the effect of the route selection proceduet firefers stable routes to lower hop-counts.

5) Intra-mesh Traffic RatioThe intra-mesh traffic ratio is varied in the same manner dkarPoisson

case. Intra-mesh traffic ratio is increased from zero to Ok results are shown in Fig. 11.

In Fig. 11(a), on-demand protocols such as AODV, DSR, and ZR#P(dses on-demand approach for

inter-zone routing) show an increased overhead because flretocols have to perform route discovery

for destinations located farther away. As expected, MRP ahk{driven protocols show almost constant



31

overhead.

Figure 11(b) shows increased network throughput for AODSRD OLSR, and ZRP, while MRP shows
a decrease. This result is expected because the formecplotre designed for generic ad-hoc networks
with destinations at arbitrary locations in the network.deontrast, routes in MRP always involve the
common parent of the source and the destination. The negudtiboptimal routes are also reflected in
the delay and hop-count performance shown in Figures 1h@)(d), respectively.

The simulation results show that MRP performs well in WMNSs thave the most user traffic to and
from the gateway (and intra-mesh traffic is a small percentafggthe overall traffic).

In this section, we showed th&r WMNs in most cases, MRP outperforms the other protocols for
the considered metrics. MRP-H shows less overhead, high& @ the Poisson traffic model), higher
network throughput (for the Internet traffic model), and ésvdelay. MRP shows slightly higher hop-count
than some of the other protocols as its route selection ighgomprefers stabler rather than smaller hop-
count routes. MRP consistently performed better than otlvbes traffic load, network size, mobility, and
perturbation were increased. As MRP is optimized for WMNSs, nviméra-mesh traffic ratio is increased,
MRP’s advantage withers. Among the MRP versions, MRP-H showedbest performance, followed
closely by MRP-B (although with twice the overhead of MRP-H} Axpected, MRP-S consistently
showed slightly improved delay and hop count at the expehsedecrease in PDR and a slight increase
in overhead. MRP-OD showed relatively poor performance @egto the other versions.

The reduction in overhead and the use of stable routes ate/thmain sources of performance increase
that are enabled by assumptions only valid for WMNs. The aptiomthat most flows are from and to
the gateway, enables MRP to form and maintain routes onlya@#teway (thus, reducing the overhead).
The assumption of a fixed backbone enabled MRP to leveragaahke dinks of the backbone at a cost

of a slight increase in the path length.

V. CONCLUSION

Wireless mesh networks are becoming increasingly popwahey have significant advantages over
competing technologies. In this paper, we introduce a neuing protocol specifically designed for those
networks. The design of the proposed routing protocol tadsantage of the particularities of WMNSs,
only maintainingrouting treesto and from the gateways. Simulation results show that, for NgMin
most situations, the proposed protocol outperforms egstinternet and MANET routing protocols.

We believe that the performance of the proposed protocobednrther improved if multiple routes are
used (e.g., incoming and outgoing flows to the same or diifegateways). We will explore this option

in future work.
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