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Abstract—In this paper we present QOMB, a testbed we designed
and implemented for the evaluation of wireless network systems,
protocols and applications. The testbed uses the wireless network
emulation set of tools QOMET so as to reproduce in a wired
network, in real time, the wireless network conditions
corresponding to a given scenario. In this context QOMET also
provides support for features such as realistic virtual 3D
environments, and node mobility generation. The infrastructure
of QOMB is StarBED, the large-scale network experiment
testbed at the National Institute of Information and
Communications Technology, Hokuriku Research Center, in
Ishikawa, Japan. The multi-hop wireless network emulation
experimental results related to OLSR performance analysis in
mesh networks and MANETS illustrate the main features and the
usability of QOMB.
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I. INTRODUCTION

The development of wireless network protocols and
applications implies testing the developed systems in order to
verify their functionality. Furthermore, before deployment in
mission-critical environments, the performance characteristics
of existing network protocols and applications must also be
assessed in various specific circumstances.

Currently, researchers rely mainly on simulators, such as
the widely-used ns-2 [1], for evaluating their new algorithms
and techniques, and for comparing them with those developed
by others. However, since simulators use logical models of
applications and protocols, it is not possible to accurately
assess how the system under test would behave in a real
environment, in which it will interact in real time with real
network applications and protocol implementations. Often, the
simulated wireless network conditions are far from reality as
well, by setting fixed communication ranges between nodes, or
by using random mobility models.

Real-world tests are the method of choice before the
deployment of a network system, and play an important role in
assessing system performance. An issue is that in a real-world
wireless network factors such as interference may influence the
experiment. Moreover, due to time and financial constraints,
real-world tests cannot possibly explore exhaustively the
entirety of experimental conditions that could be met during the
life time of a system. This is particularly true for systems that
are intended to be used in special environments, such as
disaster situations, and other emergency conditions.

Network emulation is an experimental technique intended
to bridge the gap between simulation experiments and real-
world tests. In Table I we compare the three experiment
techniques from the point of view of the execution (real time or
not), the level of control over the experiment, the range of
experimental conditions that can be reproduced, the realism of
the results, the experimentation cost, and the ease of use (the
comparison is only qualitative; we intend to make a
quantitative comparison of the three experiment techniques in a
future paper). As it can be seen, emulation is done usually in
real time, allows controlling the experiment and can be
automated, makes it possible to experiment in a wide range of
conditions, and results have at least a medium degree of
realism. Emulation experiments are more difficult to set up
than simulation, because of the real components used, but
changing conditions is considerably easier than for the real
tests, therefore the total cost and ease of use are medium.

TABLE 1. COMPARISON OF EXPERIMENT TECHNIQUES
Simulation Real world Emulation
Real-time execution NO YES USUALLY
Control level HIGH LOW HIGH
Condition range LARGE SMALL LARGE
Result realism LOW HIGH MEDIUM
Experimentation cost LOW HIGH MEDIUM
Ease of use HIGH LOW MEDIUM

In this paper we present QOMB, a wireless network
emulation testbed based on the versatile wireless network
emulation set of tools QOMET [2], and using as infrastructure
StarBED, the large-scale network experiment environment at
the National Institute of Information and Communications
Technology, Hokuriku Research Center, in Ishikawa, Japan [3].
The main contributions of this paper are:

1. Present the redesigned QOMET that allows QOMB to
support multi-hop routing protocols such as OLSR, and
dynamic communication condition computation,
depending on traffic conditions (Section II.A);

2. Illustrate how emulation experiments on QOMB can be
used to assess real implementations of routing
protocols (Section III).

The paper is organized as follows. Section II introduces
QOMB and its components, with emphasis on QOMET
redesign. Section III presents several experimental results that
demonstrate the use of QOMB. Section IV discusses related
work, and is followed by conclusions and references.
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II. QOMB TESTBED

Since 2006 we have started developing a set of tools related
to wireless network emulation for which we use the name
QOMET (Quality Observation and Mobility Experiment
Tools). Although the focus was initially on WLAN emulation,
QOMET has grown into an extensive collection of tools for
wireless network emulation, including additional wireless
network technologies such as active RFID tag or ZigBee, 3D
scenario representation, realistic node mobility, etc.

Most of the experiments performed so far with QOMET
used as infrastructure StarBED, the large-scale network
experiment environment in Ishikawa, Japan. Although
QOMET can be used in principle on any operating system that
allows network degradation control, so far we have mainly
used the FreeBSD operating system and dummynet [4] to
control network conditions.

Flexibility, usability and scalability were gradually
increased as we used the continuously evolving QOMET on
StarBED for several purposes, such as: (i) emulation of
networked robots for motion planning algorithm research [5] —
up to 400 virtual robots running on 100 PCs, and using a
QOMET library to compute in real time the communication
conditions with each other; (ii) active RFID tag emulation
experiments for pedestrian localization applications [6] — up to
133 active RFID tags, for which both the active tag processor
and the wireless communication were emulated. Such large-
scale experiments were easier to configure and run since we
employed the two experiment-support software tools of
StarBED, SpringOS and RUNE (see Section I1.B).

While RUNE and SpringOS made it possible to run large-
scale experiments on StarBED, and QOMET could recreate
wireless link conditions in a wired network environment, they
were not enough for a true wireless network emulation testbed.
The main issues were that no standard wireless network routing
protocol was usable on StarBED (thus QOMET could only
emulate point-to-point communication), and communication
conditions were computed independently of the traffic sent by
experiment nodes. The two additional features required to
create a genuine multi-hop wireless communication emulation
testbed were:

e Support for the execution of a multi-hop routing
protocol such as OLSR;

e Support for the dynamic computation of the
communication conditions between the emulated nodes,
depending on traffic conditions.

Adding these features required a redesign of QOMET
architecture as it will be mentioned in Section II.A. The result
of this redesign is an easy to use testbed for multi-hop wireless
network emulation experiments that we call QOMB (QOMet
on starBed). QOMB also benefits of other recent advances in
QOMET, such as realistic environments based on GIS
(Geographic Information System) map data. All these features
allowed us to make for the first time multi-hop wireless
network emulation experiments in the context of OLSR
performance analysis in WLAN mesh networks and MANET
(see Section III).

A. QOMET Wireless Network Emulation

QOMET uses a scenario representation to compute the
point-to-point network quality degradation (AQ) corresponding
to the real-world events. This computation is implemented by
QOMET as a library named deltaQ. For point-to-point
communication emulation the AQ description is applied in real
time by the library called wireconf to configure the FreeBSD
kernel module dummynet. This recreates the wireless
conditions of the user-defined scenario on the wired network
testbed during the effective emulation process.

In order to add support for multi-hop routing, and to
increase experiment realism by taking into account traffic
conditions, we had to improve this simple approach, as
depicted in Fig. 1. This improvement was achieved in QOMB
by introducing several processing steps that are done in real
time, and that are implemented as two new modules of the
wireconf library (routing support and statistics processing), and
by enhancing the dummynet configuration module so as to
adjust on-the-fly the AQ description before effectively applying
the configuration to dummynet.
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Scenario
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Figure 1. Architecture of QOMET wireless network emulation.

We review next the QOMET architecture as used in QOMB
(see Fig. 1). A QOMET scenario consists of an XML-based
description of the wireless network nodes, topology elements,
motion patterns, and communication environment properties.
For wireless network nodes one can specify the wireless
adapter technology and properties, such as transmitted power
or antenna gain. The virtual environment topology and objects
are also defined by the user; this information and node
positions at each moment in time are used to compute the
communication conditions. Node mobility is supported as
follows: linear motion, circular motion, random-walk motion,
and behavioral motion (a motion model that realistically
determines the motion trajectory in a certain topology given the
starting position and destination of the node).

The deltaQ library is used to compute the point-to-point AQ
parameters that correspond to the user scenario. The current
deltaQ library implementation (as of QOMET v1.6) enables
emulation of IEEE 802.11a/b/g WLANSs using a model based
on adapter receive-sensitivity thresholds that are available from
most manufacturers, and that includes effects of background
noise. For propagation we use the log-distance path loss
shadowing model. Support for 802.11g stations operating in
compatibility mode (i.e., when in the presence of 802.11b
stations) is also present. Our model can statically take into
account interference between neighboring nodes if continuous
transmission is assumed, but QOMB uses dynamic adjustment
based on real (measured) traffic conditions instead. In addition
to WLAN, QOMET also supports emulation of active RFID
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tag communication, such as the AYID32305 tags from Ymatic
Corporation, and also has basic support for IEEE 802.15.4
communication emulation.

The AQ parameters and routing information retrieved from
the FreeBSD kernel are used by the routing support module of
the wireconf library to determine the AQ parameters that should
be used for the communication from a given node to the next
hop, as follows. Since in multi-hop routing the next hop is not
necessary the destination, we first identify the next-hop
information for a certain destination. The corresponding next-
hop AQ description will be used in the next stage to configure
the outgoing dummynet queue of the current node. OLSR and
other applications also use broadcast traffic. For broadcast
traffic, quality degradation must be applied when packets arrive
at destination. In this case the incoming dummynet queue will
be configured by using the AQ description data corresponding
to the broadcast source and the current node.

Note that the AQ parameters mentioned above are
computed by QOMET before the emulation experiment, and
correspond to contention-free conditions. In order to make it
possible to take into account contention, each node gathers real
traffic statistics from dummynet queues. These statistics are
multicasted through the management network of StarBED. The
statistics processing module of the wireconf library that is
running on each node receives these statistics, and uses them to
estimate channel utilization conditions in the virtual wireless
environment.

Channel utilization together with next-hop AQ information
are used by the dummynet configuration model of the wireconf
library to: (i) adjust next-hop AQ so as to take into account
contention by using the deltaQ library; (ii) configure the wired-
network emulator dummynet with the adjusted next-hop AQ for
outgoing queues, and with broadcast-related AQ for incoming
queues. The wireconf library does this reconfiguration at
regular time intervals so as to reproduce on QOMB the varying
conditions of a wireless network. We also provide a timer
library to ensure that the dummynet configuration is changed at
accurate time intervals during the emulation process.

B. StarBED

StarBED is the experiment execution infrastructure of
QOMB. The core of StarBED consists of a cluster of around
1000 standard PCs, the experiment nodes, which have
redundant full connectivity by means of a switch cluster (see
Fig. 2). Specific switch configurations are used to produce a
target network experiment topology on StarBED by making
use of VLANSs. Virtualization techniques such as VMware can
be employed to increase the number of logical experiment
nodes. In addition to the core experiment network, there is a
dedicated management network that controls and monitors
node and switch activity. Nodes can be loaded with the
appropriate software, controlled, and monitored by using the
management network, thus not affecting the experiments. The
experiment switch cluster can also be used to monitor network
activity, or to connect the core network to external networks.

By using QOMET on the wired-network testbed StarBED,
the resulting testbed, named QOMB, becomes an appropriate
platform for wireless network emulation experiments. In

addition to the emulation features inherited from QOMET,
QOMB’s advantages deriving from the use of StarBED are: (i)
use of real nodes in a large-scale setup that makes it possible to
realistically emulate large network environments; (ii) flexibility
of the test environment that allows using different network
configurations; (iii) a powerful management system that
enables easy control, quick reconfiguration, and concurrent use
of the facility for independent experiments.

Experiment

Experiment ,,  Switch

Network

3 Experiment
# Nodes

Management

Network Management

Switch

[ Management
o Node

Figure 2. StarBED topology.

StarBED provides an experiment-support system named
SpringOS that assists users in making experiments [3]. When
using SpringOS one must describe the experiment by a
configuration file, and SpringOS will run the experiment
following that configuration file. The functions of SpringOS
are: (i) assign experiment nodes; (ii) upload the appropriate
operating system and software to the nodes; (iii) configure
switches to build the target topology; (iv) drive the execution of
the experiment scenario. StarBED can be manipulated by
several users simultaneously, and permits concurrent resource
usage, such as node assignment or switch configuration.
Access restriction and mediation mechanisms for sharing and
managing those resources are built into SpringOS by design.
SpringOS functionality is split into various software modules,
such as experiment coordinator (kuroyuri), experiment resource
manager (erm), node initializer (ni), Wake on LAN Agent
(wol-agent), etc.

For ubiquitous network experiments, QOMB required a
finer-grain control than the one provided by SpringOS; for this
purpose we implemented a specific experiment-support
software tool. RUNE [7] (Real-time Ubiquitous Network
Emulation environment) was designed from start to support
emulation of large ubiquitous networks, having features such
as: (i) emulation of the surrounding environments; (ii) support
for real-time concurrent execution of numerous nodes; (iii)
provision of multi-level emulation layers, etc. The basic
element of the logical structure of a RUNE-driven emulation is
the space. A space is an entity that behaves as one of the
emulated devices, depending on its function. Spaces can
emulate: (i) nodes, i.e., physical devices, such as WLAN
devices; (ii) environments, such as the thermal field in a room;
(i) networks, i.e., a physical communication channel, such as
a WLAN connection. Spaces are connected with each other by
elements called conduits. The role of conduits is to create an
abstract error-free communication path between two spaces in a
manner that is transparent to the user.
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III. EXPERIMENTAL RESULTS

In what follows we shall present several experimental
results that illustrate the new features of QOMB based on
QOMET v1.6, such as support for the OLSR protocol and
realistic environments. The version of OLSR that we use is
olsrd-0.5.5 [8]. Although we are currently employing QOMB
to evaluate routing metrics that we develop to improve OLSR
performance, the results presented here use the ETX (eXpected
Transmission Count) metric, which is currently the de facto
standard for OLSR. For generating traffic we use iperf v2.0.1
[9], and for estimating round-trip time (RTT) we use ping.
These experiments in this section are intended to show: (i) how
emulation can be used to assess real implementations of multi-
hop routing protocols (Section III.A), and (ii) the influence of
motion patterns on application performance in multi-hop
scenarios (Section II1.B).

A.  Mesh network scenario

One of the typical usages of OLSR is in mesh networks,
such as the topology presented in Fig. 3. We considered a
topology with a regular placement of the nodes, as one may
expect in a large public area, such as an airport or railway
station. The mesh routers, numbered from 1 to 12, would
receive traffic from the WLAN users, and forward it to the
Internet gateway (node 0). The distance in the virtual
environment between nodes, both in horizontal and vertical
directions, is 40 m, and the transmission power was set to -20
dBm, so as to avoid excessive interference. The resulting range,
assuming free space propagation, is of about 90 m. This
ensures that a node can communicate with at most its second-
order neighbors, and allows studying multi-hop routing effects.
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Figure 3. Mesh network topology.

To illustrate one possible use of our emulator, we show
here the results of a test in which 3 routers (#10, #11, and #12)
generate traffic towards the destination #0, whereas the other
routers only forward it. While simultaneously varying the
offered load (sending rate) of traffic streams from source nodes,
we measured performance parameters, such as throughput and
RTT. The experiment consists of 30 s of no traffic, allowing
OLSR to build the routes, followed by 120 s of CBR traffic
from each source. The average performance metrics presented
are computed for the interval 10 to 110 s of the active period.

In Figs. 4 and 5 we show the average throughput and RTT
for the three traffic sources. It can be seen that for loads of 256
kbps or more the throughput is limited, and RTT increases
significantly. This is because the traffic produced by nodes #10,
#11 and #12 interferes with itself as it is being forwarded on a

hop-by-hop basis to destination, and saturation is eventually
achieved as offered load increases.
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Figure 4. Average throughput per traffic source versus offered load for the
mesh network scenario.
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Figure 5. Average RTT per traffic source versus offered load for the mesh
network scenario.

One may have expected that, given the symmetry of the
setup, the three data streams will have similar performance
characteristics. Nevertheless, Figs. 4 and 5 emphasize the fact
that performance doesn’t only depend on physical position, but
also on how the routing algorithm decides the path to
destination. In our experiment OLSR preferred central nodes
for forwarding packets, which leads to the low performance of
node #11, situated on the symmetry axis of the setup, when
compared to the other two nodes. However, nodes #10 and #12
too have rather different performance characteristics. This is
because the routes created by OLSR provided better conditions
for node #12 compared to node #10, as the path from node #12
to destination was not as congested as those of the other nodes.
This demonstrates that the ETX metric is unable to correctly
estimate congestion in some circumstances. We are currently
working on eliminating such unfairness from OLSR, and on
further improving performance by taking into account
operating rate and wireless channel congestion indicators when
making routing decisions.
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B. MANET scenario

One of our research interests is related to the use of ad-hoc
networks in emergency conditions. The performance of
applications such as VoIP or video streaming in such
circumstances needs to be assessed in advance. To exemplify
such research we have created the scenario depicted in Fig. 6.
In a virtual environment representing a realistic street topology
based on real map data for Kawasaki, Japan, we consider a
base location, denoted by GWO0, from which 12 emergency
workers, denoted by EW#01 to EW#12, depart for a search &
rescue operation. They are heading to the destinations D01 to
D12, respectively; we use the behavioral model in QOMET to
generate their trajectory. While moving, the emergency
workers send a stream of data (such as voice reporting) to the
gateway. This stream is reproduced in our experiment by a 64
kbps CBR traffic stream. Transmission power was set to 10
dBm, and the environment was considered to have an
attenuation of 3.32, typical for outdoor environments [10].

Position of the nodes at time 171.00 s

35.545
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35,5441

355435

Latitude [degrees)]

35,543}

355425 : : - ;
139.6875 139.658 13968585 139,660 1396885 13968 130.6905
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Figure 6. MANET topology: a search & rescue operation scenario.

In Figs. 7 and 8 we present the average throughput and
RTT results for several of the wireless nodes. To show the
range of performance that one can expect in such a scenario,
we selected nodes that will reach destinations located at small,
medium and long distances compared to the gateway, as
follows: EW#03 heading for D03, EW#04 heading for D04,
and EW#12 heading for D12.

This experiment starts with a 30 s period without traffic that
gives the OLSR daemon time to build routes between nodes.
Then data is sent for 300 s (the active period), which is also a
sufficient time for all the nodes to reach their destinations. We
show in Figs. 7 and 8 the results in the interval from 10 to 290 s
within the active period.

Throughput values in Fig. 7 are comparable between nodes,
although one can notice gaps in communication both for
EW#04 and EW#12; on the other hand overall packet loss is
under 2% for EW#03. Delay, as shown by RTT (Fig. 8),
provides more insight into what happens with the
communication conditions. For example, the delay variation for
EW#03 around 110 s is caused by operating rate changes. In
addition, since EW#04 exits the range of GWO0 at around 175 s,
an interval when no traffic can be sent follows until EW#04 is

able to begin multi-hop communication with the gateway. One
can also notice from Fig. 8 that it generally takes around 15 s
for OLSR to re-establish a route connecting the nodes to GWO,
as shown by the gaps between 175 and 190 s for EW#04, and
between 140 and 155 s for EW#12.
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Figure 7. Average throughput per traffic source versus time for selected
nodes in the MANET scenario.
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Figure 8. Average RTT per traffic source versus time for selected nodes in
the MANET scenario.

IV. RELATED WORK

Emulation has gained ground in recent years, which is
proven by the fact that most currently used simulators such as
the previously mentioned ns-2, or QualNet [11] provide
emulation features. Nevertheless, given the discrete-event
approach of simulation tools, the size and complexity of the
networks, and the traffic volume that can be used in such
emulation experiments is limited.

One approach to emulation is to use real wireless
equipment in a controlled environment (although, in our view,
this only represents a “facilitated” real-world experiment
platform). This approach is that of, for instance, the public
wireless testbed Emulab [12]. However, since such emulators
use real wireless equipment, condition control is difficult, and
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undesired interferences can perturb experimental results. If
mobility is also to be studied, controlled movement of wireless
nodes has to be orchestrated; this is a cumbersome task with a
high management overhead (and impossible if using a fixed
testbed such as Emulab). Some ways to tackle this problem are
the dense-grid approach of ORBIT [13], or the more realistic
robot-based Mobile Emulab [14].

In our approach, the wireless network is emulated by
reproducing the communication conditions in a wired network.
Examples of emulators that employ a similar methodology are
Seawind [15], and EMPOWER [16]. Such tools make it
possible to introduce network layer effects, such as bandwidth
limitation, delay, and packet loss. However, these effects are
directly provided by the user who configures the emulator;
thus, the relationship between these effects and reality becomes
a user task, and it is possibly not accurately defined. Such
oversimplified designs running on one or even a small number
of PCs fail to recreate realistic communication conditions, and
may not scale to larger networks and larger amounts of traffic.
Another wireless network testbed, SWOON [17], tackles
scalability by using two experimental nodes to emulate one
single wireless node, but the communication condition
reproduction realism is still low.

There are also attempts to develop emulators that recreate
network conditions that correspond to real events, for instance
W-NINE [18], the wireless network emulation extension of
SDNE [19], or CORE [20]. These implementations start from a
description of node positions and movements. However, the
accuracy of the conditions they recreate is relatively low
because of the simplicity of the models used. W-NINE, for
example, uses tables to associate IP throughput to received
signal levels, loss probability is considered to be either O or 1,
etc. CORE simply uses communication range to determine
network conditions, in a manner similar to ns-2. A more
realistic design is that of TWINE [21], which uses WLAN
computer models for real-time experiments. TWINE must
nevertheless combine emulation with simulation in order to
achieve scalability.

V. CONCLUSION

In this paper we presented QOMB, a wireless network
emulation testbed based on the wireless network emulation
collection of tools QOMET, and using as infrastructure
StarBED, a large-scale experiment environment in Ishikawa,
Japan. QOMET was redesigned for the purpose of creating
QOMB so as to support realistic multi-hop communication and
routing. The rich set of additional features of QOMET, such as
several wireless network technologies, realistic 3D map-based
topologies, and mobility, make it possible to carry out a wide
range of emulation experiments.

To illustrate the flexibility and usability of QOMB, we
discussed several experiments that we carried out in the context
of OLSR performance analysis. Our results demonstrate that by
using QOMB it is possible to make global performance
estimates, as well as gain a deep insight into various aspects of
the routing protocol implementation through network scenarios
that are difficult to recreate in real-world tests.

Our future work will focus on using QOMB for analyzing
the performance of the new routing metrics that we are
currently developing for OLSR, so as to improve its robustness
and to ameliorate application performance in congested
wireless networks.
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