








4. Performance Evaluation

Obviously, the employed hard- and software sig-
ni�cantly affects the performance of a wireless mesh
network. Similar, the con�guration parameters of the
deployed software and protocols have a big impact on
the overall mesh performance. However, as we already
mentioned in Section 1, there has been little research
in the community on how to set these parameters, or
on analyzing the impact of these parameters on the per-
formance of a mesh network. Especially the impact of
parameters of routing protocols and the usage of routing
metrics are not sufficiently examined.

To demonstrate the importance of a study regarding
these parameter we discuss two scenario concerning the
OLSR routing protocol [5]. We focus our research on an
excerpt of parameters instead of presenting an extensive
evaluation to show that small changes may have a big
impact on the overall mesh performance. In particular
we compare the routing metrics Estimated Transmission
Count (ETX) [7] and minimal hop count. Moreover, we
evaluate the influence of OLSR HELLO and Topology
Control (TC) emission intervals. As metrics we use
throughput, average hop count, and average packet loss.

4.1. Optimized Link-State Routing Protocol

Before we discuss the measurement results in detail
we will �rst give a rough introduction on how OLSR
works and how the OLSR.org implementation uses ETX
to calculate the quality of a link.

OLSR is a link-state routing protocol that periodi-
cally advertises the links in the network. It optimizes the
link advertisement process by reducing the amount of ad-
vertised links and the number of nodes advertising them.
HELLO messages are periodically sent by all participat-
ing nodes to become aware of one-hop and two-hops
neighbors. To make the sensing of links more robust
to small changes in wireless connectivity a node com-
putes an additional link quality value for each discovered
neighbor. The link hysteresis decides on the validity of
the link state of a detected neighbor. Multipoint relay
(MPR) nodes are selected by each node in the network
(called MPR Selector) as the minimum set of one-hop
neighbors that allow reaching every two-hop neighbor
throughout the nodes in the MPR set. MPRs are the only
nodes generating and forwarding TC messages which
advertise the links between MPRs and MPR Selectors.
Nodes calculate their routing tables based on their lo-
cal neighborhood tables and the topology information
received by the TC messages.

The OLSR.org implementation uses the loss rate of
OLSR messages to calculate the link quality instead of

using link layer information (e.g. signal-to-noise ratio
or the number of link layer retransmits). In the case
of hysteresis the routing table calculation is still solely
based on minimal hop count. By contrast the link qual-
ity extensions of OLSR.org allow the use of ETX as
routing metric. The ETX value of a link expresses the
estimated number of transmissions until an acknowledg-
ment is successfully received. Letpf be the packet loss
probability in the forward direction of a link, andpr the
packet loss probability in the reverse direction. ETX
can be calculated as:ETX = 1=(1 � pr)(1 � pf ). The
ETX value of a path is the sum of the ETX values of
the links the path consists of. When calculating routes
nodes select those paths with a minimum ETX value,
causing OLSR to favor a longer path with robust links
over a shorter possible path which contains weak links.
Again, the deployed OLSR implementation uses the loss
rate of OLSR messages to calculate the ETX values.

However, in wireless multi-rate networks the loss
probability of a packet is heavily in�uenced by its send-
ing rate. Usually a lower rate means a more robust mod-
ulation. In IEEE 802.11 broadcast packets are always
sent at a fixed broadcast rate (which usually is 1 Mb=s for
IEEE 802.11b/g and6 Mb=s for IEEE 802.11a). As the
link quality is calculated in regard to loss of broadcast
packets we varied the this rate to evaluate its in�uence
on route calculations and overall performance.

4.2. Methodology

Table 1 shows the plot of our performance evalua-
tion. There are two scenarios with four parameter sets
respectively. In Scenario A we vary the IEEE 802.11g
broadcast rate and the routing metric while keeping
all OLSR parameters constant at the default values of
RFC 3626 [5]. The objective of this scenario is to show
that an erroneous use of a routing metric for wireless
multi-hop networks can signi�cantly reduce the overall
mesh performance. In Scenario B we keep the routing
metric at hop count while varying the OLSR HELLO
and TC emission intervals. This scenario aims at es-
tablishing a better understanding of the impact of these
parameters on the end-to-end performance.

To re�ect the different wireless characteristics we
conducted measurements over a number of different
paths (see Table 2). We picked these particular paths as
they exemplify different challenges for wireless trans-
missions. The numbers in the first column are the same
numbers as in Figure 3 and Figure 4. The remaining
columns have obvious meanings and give a short charac-
terization of the paths.

Each measurement consists of aping test andflow-
grind (see Section 4.3) test. The ping test yields the





Figure 9: Average packet loss per path for different
OLSR emission intervals (Scenario B)

ure 10 further shows a bias towards less deviating hop
counts for longer emission intervals. This seems natural
as fewer OLSR messages presumably result in fewer
route changes. It is important to note that all40 nodes,
i.e., not just the nodes on the considered paths, contribute
to the routing overhead.

Hence, the OLSR emission intervals in WMNs have
quite some optimization potential. However, the maxi-
mum possible gain by prolonging these intervals is not
clear and remains subject to further studies.

5. Related Work

In this section we present some WMN testbed
projects. We will discuss their goals and the software and
hardware on which the mesh nodes are based on. The
discussed list of projects is not exhaustive. The objective
of this section is to show the various interpretations of
wireless mesh networks and the different implementa-
tions rather than to compare the performance evaluations
conducted in the different testbeds. As Table 3 shows
the testbeds may vary fairly and thereby comparison is
hardly possible anyway.

5.1. Existing Testbeds

The MIT Roofnet project [2] consists of37 nodes
based on PCs running Linux and the Click modular
router [18]. Each node has an IEEE 802.11b NIC and
an omni-directional antenna. All nodes run on the same
channel. The goal of the project is to provide Internet ac-
cess to students. There are a total of 4 Internet gateways.
The Roofnet mesh routers distribute IP addresses via
DHCP. The employed routing protocol isSrcr, which
is similar to Dynamic Source Routing (DSR). An own
header is used to carry IP packets, thus introducing the
Roofnet Layer (RL).

Figure 10: Average hop count per path for different
OLSR emission intervals (Scenario B)

Microsoft Research works on a community mesh
network. A community mesh network allows the resi-
dents of a neighborhood to share existing Internet gate-
ways. The focus is on capacity and range enhancement,
multi-path multi-hop routing [9], and recently on feasibil-
ity studies of mesh networks for all-wireless offices [10].

The University of California at Santa Barbara runs
a mesh network project calledMeshNet [23]. In Mesh-
Net each router has two Linksys WRT54G wireless de-
vices. One device is used for routing within the WMN
and the other for managing the router. The routers runs
OpenWRT and a modi�ed version of the Ad-hoc On-
demand Distance Vector (AODV) routing protocol that
uses a reliability-based routing metric instead of minimal
hop count.

ThePurdue University has a WMN project called
Mesh@Purdue with 32 nodes [22]. The routers are small
form-factor desktops equipped with two wireless and
one wired NIC. The latter one is used for management
purposes. The goal of the project is �rst and foremost
to provide Internet access. Besides, the research group
works on modifications of AODV and OLSR.

TheGeorgia Institute of Technology runs a WMN
project with 15 nodes [1]. The goal of the project is
to study various performance metrics of WMNs, e.g.,
the effects of inter-router distance, backbone placement
and clustering. Furthermore, existing protocols are re-
investigated to review their performance in the testbed.

The Carleton University runs a WMN project in
which each mesh router is equipped with two wireless
NICs [4]. The former is used for the communication
within the WMN among the wireless mesh routers and
the latter is used for the communication with the clients.
The WMN provides Internet access to the clients. The
mesh routers are runningmClinux and a QoS enhanced
OLSR [6] as the routing protocol. To provide clients with
addresses DHCPv6 is used. Thus, the WMN deploys



Table 3: Overview of wireless mesh network testbed projects.

Project Nodes 802.11 Software Routing Roaming Config MANET

Layer Protocol

MIT Roofnet 37 b/g Linux, CMR RL Srcr – x –
Microsoft 21 a/b/g Windows(CE) MAC MCL – x x
UCSB Meshnet 25 a/b/g OpenWrt IP AODV – x –
Purdue 32 a/b/g — IP AODV, OLSR – x –
Georgia Tech 15 b/g — — — – – –
Carleton Univ. ?? a/g mCLinux IP OLSR – x –
Hyacinth 10 a Windows XP — — x x –
UMIC-Mesh 40 a/b/g Linux IP DYMO, OLSR x x x

only IPv6. If clients need to access an IPv4 network,
e.g., the Internet, the packets are tunneled.

Hyacinth[24] is the WMN project at theState Uni-
versity of New York. Each mesh node is a small form-
factor PC running Windows XP and is equipped with
three IEEE 802.11a NICs. The nodes obtain an unique
IP address from a global DHCP server, which is placed
in the wired network. Each mesh node acts also as a lo-
cal DHCP server and can assign IP addresses to mobile
stations. To this end each mesh node receives an IP ad-
dress range from the global DHCP server. Furthermore,
roaming of mobile stations is supported, since all mesh
nodes act also as a home/foreign agent like in MIP.

5.2. Summary

The testbeds are summarized in Table 3. All infor-
mation originates from the respective project websites.
The routing column denotes at which network layer the
routing is done and which protocol is used. A checkmark
in the roaming column indicates that mesh clients can
move around through the mesh without loosing connec-
tion. Config shows the capability to con�gure clients
(and possibly routers) automatically. Finally, the column
MANET is checked if the architecture is able to integrate
independent MANETs into its routing.

Currently, the largest testbeds in terms of numbers
of nodes are MIT Roofnet with37 nodes and UMIC-
Mesh with40 nodes. All testbeds deploy IEEE 802.11
compliant technology. This holds for the communication
among the mesh routers as well as for the communica-
tion between these routers and the mesh clients. Four
projects perform routing at IP level, three projects at
MAC level, the remaining projects do not reveal how
they route. AODV, DYMO, DSR, and OLSR or vari-
ants are used as routing protocols. Most projects do
not allow roaming of mesh clients; only Hyacinth and
UMIC-Mesh do. Similar, independent integration of
MANETs is only supported by two projects, Microsoft’s
Mesh Connectivity Layer (MCL) and UMIC-Mesh.

6. Conclusions and Future Work

Nowadays, the study of wireless multi-hop networks
is mainly based on simulation. Although simulations
provide researchers with many advantages like low cost,
�exibility, and controllability they also have disadvan-
tages. The prime disadvantage is that simulation results
may have limited applicability in reality as simulations
over-simplify. Maximum applicability is attainable by
real word testbeds. However, they are expensive, do
not scale, and are complicated to maintain. A possible
solution to this dilemma is to build a hybrid testbed like
UMIC-Mesh. It consists of a wireless mesh network-
ing testbed and a virtualized environment. The former
ensures a high degree of realism while the latter pro-
vides us with a �exible environment for fast protocol
development and variable scenario creation.

The performance evaluation shows that multi-hop
wireless networks have big potential. However, as the
evaluation shows further there are subtle dif�culties
when con�guring WMNs. The employment of an ad-
vanced routing metric like ETX is not straightforward.
Moreover, we showed that simply changing the routing
control message emission intervals has non-negligible
effects on the overall performance of the WMNs. Fur-
ther effort is needed to investigate the trade-off between
slow propagation and message overhead. Ideally a rout-
ing protocol would adapt its emission intervals to the
network conditions.

References

[1] I. F. Akyildiz, X. Wang, and W. Wang. Wireless mesh
networks: a survey. Computer Networks, 47(4):445–487,
March 2005.

[2] J. Bicket, D. Aguayo, S. Biswas, and R. Morris. Archi-
tecture and Evaluation of an Unplanned 802.11b Mesh
Network. In Proceedings of the 11th Annual ACM/IEEE
International Conference on Mobile Computing and Net-
working (MobiCom'05), pp. 31–42. ACM Press, 2005.




