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Abstract—
We present Sensei - a nomadic, or relocatable, wireless sensor

network (WSN) testbed with support for mobile nodes. The
nomadism makes it possible to evaluate a WSN application in
different environments ranging from lab environment to in-situ
installations to prototype deployments. Other WSN testbeds are
often static and can not be easily moved between sites.

To be easily relocateable and highly flexible, Sensei uses a
wireless 802.11 b/g network as control channel. Our design
with a wireless control channel allows easy incorporation of
mobile nodes. Since sensor nodes often use 802.15.4 (ZigBee)
communication, we have investigated the interference between the
control channel and a 802.15.4 WSN to ensure that this approach
is a feasible approach. For repeatability in terms of mobility,
nodes can be carried either by humans or robots following
mobility scripts.

We present a method for localization of mobile nodes based
on robot technology. The robots use laser range finders for
localization and navigate in a predefined map. We evaluate the
precision of this method in an office like environment to ensure
sufficient repeatability of mobility experiments.

I. INTRODUCTION

Wireless sensor networks (WSN) are used for many dif-
ferent applications in various environments. To evaluate and
debug a WSN it is useful to have a nomadic testbed where
a WSN easily can be exposed to different operating environ-
ments. It is also useful to support mobility of nodes while
retaining repeatability of experiments. In this work, we try to
meet these challenges - nomadism and mobility support - in
the design of a WSN testbed.

Testbeds are frequently used for experiments with new
system designs, for validating expected behaviour of systems
under test and for benchmarking. It complements simulations,
emulations and modelling in the system design process and is
often used in the last stage before the launch of a system.
Compared to the actual target and stand-alone system, the
testbed offers better possibilities to observe the system and
to control it’s parameters. Input and output parameters to the
system as well as environmental factors can be varied in order
to observe the behaviour.

Very few wireless testbeds, if any, can control all external
and internal parameters. It is obvious that there is always
background radio noise unless the testbed is in a completely
shielded room. That noise will have an impact on the result

and creates variance in the measurements. Internal variance
in the system may be caused by differences in hardware, e.g.
drifting clocks and race conditions. The testbed itself should
not have an impact on the system under test or at least the
impact on conclusions of test runs should be understood and
controlled.

Testbeds for wireless sensor networks emphasizes observ-
ability and ease of programming of nodes. Sensor nodes have
limited capabilities, in terms of CPU, memory, interfaces, and
available power. Furthermore, they rely on short range radios
and multihop communication. Therefore testbeds for WSN do
not use the radio of the sensor node for testbed management.

In order not to be intrusive, WSN testbeds instead use
a backbone infrastructure for communication. To this in-
frastructure a server can be attached which can control the
sensors, process test data, reprogram sensor nodes and ob-
serve the external environment. The USB interface of many
commercial sensor nodes are often used for attaching nodes
to the infrastructure. Examples of the of this type of testbeds
include TWIST[8] and MoteLab[17]. They are found in lab
environments, typically connecting up to hundreds of sensor
nodes. The cabling to these sensor nodes is a major cost factor,
especially when they are spread over several rooms and floors.
These lab type of testbeds with a fixed infra structure are
successfully used for experiments on algorithms for network
connectivity, radio propagation and sharing, scheduling of
resources etc. Reprogramming of all sensors at the same time
is straightforward as well as controlling power over the USB
interface. However, they are not that suited for testing the
system in situ, i.e., in the target environment.

The problems we are attacking are that WSN testbeds are
tied to infrastructures in lab environments and can not be used
in-situ. As consequence of this wired infrastructure, mobile
nodes can not be efficiently supported.

Our contribution is twofold. First, we provide an architec-
ture for using a wireless ad hoc infrastructure for observing
and controlling the nodes which makes the testbed relocatable
to the target environment. The ad hoc approach simplifies
testbed set-up and configuration, but also makes it straight-
forward to add and remove sensor nodes. Second, we suggest
methods for mobile testbed nodes which provide repeatable
movements.



Fig. 1: The high level design of Sensei.

The testbed design consists of a number of machines called
sensor hosts with attached sensor nodes. The sensor hosts
communicate with a site manager via a control plane as
depicted in Fig. 1. Users monitor and control the testbed
via a monitor that connects to the site manager, possibly
from a remote location. The sensor host can have several
nodes connected, even from different manufactures and with
different operating systems. Having the different nodes in
close proximity means that they sense almost the the same
environment which gives us the possibility to experiment with
alternative sensors and to calibrate sensor readings.

We perceive that a testbed is used in a three stage process;
lab, observing in-situ, and at last as a harness for the actual
launch until the system is stable. We therefore provide a
relocatable testbed which can be used in all three stages. It
is simply moved from the lab to the in-situ environment. In
other words, our testbed is nomadic, we put everything in a
box and move it to the target environment. This means that
all testbed tools for observation, debugging, programming, etc,
are available at all three stages. The testbed in-situ can be
remotely accessed and the server can be located at the lab. The
monitor software provides a graphical display for controlling
and following the experiment in real time.

Sensor movements are controlled by a scenario script con-
taining movement instructions. A movement instruction might
look like at time t, go to waypoint w with speed s. The actual
movement can be provided by humans, robots or some other
vehicle which can be controlled by the script. The sensor node
is harnessed by a 802.11 capable host machine. When carried
around by humans, script commands on where to move are
presented on the display.

Outdoor localization of a moving sensor node is provided by
a GPS module attached to the harness. For indoor localization
and mobility we currently provide two ways. Sensor nodes
can be moved according to scenario scripts, either by humans

or robots. Robots use laser range finders to measure distances
to walls and localize themselves in a given floorplan.

Testbeds should support repeatable experiments for at least
two important reasons. First, if the same experiment is re-
peated several times the results should be the same. Second,
two or more alternative systems under test should be compa-
rable. They both presume that the external and internal factors
are the same for each run. Unless we can provide repeatable
experiments it is very difficult to draw conclusive results and
get results validated at other sites with dissimilar factors.

To evaluate the aspect of repeatability with our system archi-
tecture, we have investigated the impact of using a wireless ad
hoc network as communication between sensor nodes and how
that interferes with ZigBee communication between physical
sensors nodes in the testbed. We also investigate the precision
of robot movements when defined by scenario scripts to verify
sufficient repeatability in terms of mobility.

This paper is organized as follows. Related work is pre-
sented in section II, followed by an overview of the testbed
design in section III. Practical usage and operation of the
testbed is described more in detail in section V. In section VI,
we investigate the interference between our wireless control
channel and sensor nodes using 802.15.4 for communication
to ensure the feasability of such a design. Reproducability of
mobility patterns is investigated in section VII, followed by
future work and a conclusion.

II. RELATED WORK

Although many mature WSN testbed implementations ex-
ists, they have limited support for easy redeployment and
reconfiguration. A mature WSN testbed implementation is
MoteLab[17]. While it is very good at batch experiments and
resource management, it is not interactive and flexible enough
to be a nomadic testbed. It is also a problem that the testbed is
tightly coupled with TinyOS[10]. This is a shortcoming when
there is a need to evaluate different sensor node operating
systems. In contrast, Sensei supports interactive control and
support for different operating systems.

The TWIST[8] testbed is also strongly tied to TinyOS. It is
organized around boxes (NSLU2) connected with an Ethernet
based control channel. The sensor nodes are connected to the
boxes through multiple USB-hubs. The control channel is used
to push code to the nodes and to collect log data. TWIST
allows users to remotely control power of the sensor nodes
using the power functions in USB2.0. It is used to emulate
node failures. As far as we know, TWIST lacks explicit support
for mobile nodes. The Sensei control channel also controls
power, and the wireless backbone offers more flexibility than
TWIST with respect to ease of adding nodes, sensor placement
and mobility.

The emulab[9] provides mobility in a similar fashion to Sen-
sei. Mobile nodes are based on small robots carrying sensor
nodes. They are positioned using ceiling mounted cameras, in
contrast to Sensei which can use self-positioning techniques
without an external infrastructure. Sensei uses autonomous
robots using laser positioning on the robot platform that senses



Fig. 2: An Asus WL-500G wireless access point serving as a
sensor host with sensor nodes.

and learns the environment. This means that emulab robots are
pretty much tied to rooms with roof mounted cameras.

III. DESIGN CONSIDERATIONS

Sensei is designed to support comparisons between different
sensor hardware. For example, we are interested in evaluating
communication protocol on different radio hardware and to
sense the same environment with different sensor nodes.
Therefore, we decided that sensor hosts should be able to
host two or more sensors in close proximity. The proximity
is now limited to the physical sizes of the nodes and possibly
the impact of the USB attachment of nodes to the host. For
mobile nodes the host itself is an additional limitation in size
and weight when it must also be moved.

Another design consideration is how end users interact with
the WSN. There are many possibilities for user interaction and
the most straightforward is over a web interface to a fixed
machine. Since we are stressing the mobile environment we
are also interested how a a mobile unit could interact and
read sensor data. We perceive that mobile (smart) phones are
attractive devices to read sensor data. A mobile phone could
use short range radios, such as Bluetooth, to both pull sensor
data as well as push control information directly to sensor
nodes. We have integrated such mobile phone support in our
testbed, currently running on Symbian over Bluetooth.

IV. SENSEI DESIGN

Sensei is designed around distributed sensor hosts with
attached sensor nodes. The sensor hosts communicate with
a site manager. An experimental user connects to Sensei via
the monitor, a control interface described in section IV-E. The
design is depicted in Fig. 1.

A. Site manager

The site manager is the gateway to a Sensei deployment.
The tasks of the site manager include to keep track of sensor
nodes, provide direct access to the hosts via the control channel
and to monitor and to log events.

Fig. 3: A mobile sensor host.

B. Sensor host and slots

The machines, where sensor nodes are attached, are called
sensor hosts. Most recent Linux machines could serve as
sensor hosts as long as they have USB interfaces for the sensor
nodes. The site manager software runs on the hosts. Hosts that
are Bluetooth enabled may connect Bluetooth sensor nodes
and support equipment like GPS receivers.

A sensor slot is the connection or interface point of a sensor
node to the host. A typical sensor slot is a USB port where
a sensor node is attached. When a sensor node is connected
to a host, it is automatically detected and the corresponding
sensor slot is initialized. For each sensor slot, a sensor slot
management software is running. The management consists
of power control, programming methods of the nodes, and
filtering and logging of sensing data and debugging data. The
experimenter configures what in the application output is of
interest with regular expressions. When a regular expression
matches, a log event is created. Log events can be pushed to
the site manager or retrieved on demand. Typically, the sensor
node logs events on the slot which are read and parsed by the
sensor slot management software. The software may convert
different events to a common format for presentation at the
monitor.

A sensor slot does not need to be a USB port but can also
monitor sensors connected in other ways, i.e. over Bluetooth.
When sensor nodes are connected over USB, the power to
the sensor nodes can be controlled. The possibility to turn the
power on and off on individual USB-hub ports is a feature in
the USB2.0 specification. The possibility to do power control
also makes it possible to emulate node failure or nodes joining
the network at different times.

C. Sensor host hardware

Although most recent Linux compatible machines could
serve as sensor hosts, there are some machine which are more
attractive for the testbed.

We use Asus WL-500G wireless access points which run
a minimalistic distribution of Linux called OpenWrt [2]. The



Fig. 4: A screen shot of the monitor. The monitor allows a researcher fine grained control of the testbed.

choice to use access points as sensor hosts are based on the
good price/performance, the appealing form factor, and the
fact that they have 802.11g/b. The access points also has USB
ports.

As mobile hosts we also use ordinary laptops. The laptops
are used when sensor nodes needs to be are carried by humans
because the display is used to give move commands to the
person when to move, how fast and where. These commands
are collected in movement scripts and presented in real-time
to the person.

Fig. 3 shows one robot that serves as a mobile sensor host.
During experiments, the sensor node is raised 1m by a tripod
to achieve proper antenna separation. This mobile robot use a
laser range finder attached, see figure. It is used to measure
distances to walls and other objects while the robot moves.
By measuring distances, the robots could position itself when
referring to walls and objects an in-scanned map of a building.
When there is no map available, the robot may build its own
map while moving.

D. Control channel

Sensei has two control channels. One is used for communi-
cation between sensor hosts and the site manager. The other
is for communication between the monitor and site manager.
All sensor nodes are attached to the control channel via their
slots and can be addressed and controlled individually.

Currently 802.11g/b is used as the wireless backbone,
supporting the control channel. The design is not limit to
802.11g/b, 802.11a can be used as well as a wired Ethernet.
A requirement is that the reach of the wireless backbone is
beyond reach of the sensor nodes and that the backbone does
not interfere with the sensor radio characteristics. A practical
limitation is the power supply of the sensor hosts, i.e. if
batteries are needed to power the hosts.

The range of 802.11 b/g is often good enough to cover a

small deployment. This is often the case since sensor hosts
do not need to communicate directly to each other, they only
need to reach the machine running the site manager. The site
manager is therefore preferably positioned in the center of
a star topology. Of more importance is the interference of
the stronger 802.11 radio on the sensor node radios. That
interference depends on the distances between the sensor
nodes and the sensor hosts as well as overlap in frequencies.
It is of paramount importance to understand and control this
interference. Below we study the impact of this interference.

In case all hosts can not reach the site manager, the hosts can
be connected in a mesh network fashion with the site manager
as the sink/source. For longer distances, hosts could be used
as relays or WAN technologies could be used to connect to the
site manager. Sensei can use OLSR[4] or AODV[12] for multi-
hop routing. They are included in the OpenWrt distribution for
Asus WL-500.

E. Control and monitoring interface

The testbed management software used to visualize testbed
events and control experiments is Vendetta[13]. Vendetta is a
framework for managing distributed testbeds.

With Vendetta we can to push new code to sensor nodes,
start measurement data collection, power sensor nodes up or
down, and ”move” a mobile host. These tasks can either be
scripted for a batch type of experiments or performed interac-
tively, for example during code development and debugging.

The monitor is a Java application and it can control and
follow the progress visually of an experiment (Figure 4).
Control and monitoring tasks are defined in configurations files
and implemented as buttons in the user interface.

Measured data, such as packet moving between nodes and
real-time energy levels, are visualized in the monitor. The
visualization is done in a Java3d canvas. The 3D environment
is for example useful to visualize indoor experiments spanning



multiple floors. The graphical representation of the testbed is
also useful when deploying new nodes, as the position of a
sensor node can be set by moving the node in the graphical
interface. The position will be pushed to the sensor slot and
incorporated in the logging of the sensor node.

F. Sensor node mobility

Mobile nodes introduces new challenges for WSN testbeds.
A mobile sensor node may do relative small micro movements
as well macro movements. Our interest in this paper is macro
movements where the sensor nodes move distances several
time their size. Vibrations or rotations, where the movement
is very small compared to the size of sensor node we consider
micro movements that may need other approaches which are
out of scope for this paper. We also restrict ourselves to two
dimensional movement as humans or vehicles move around
in a building or outside. A typical scenario is that a person
with a cellular phone moves through the sensor network, while
tapping the sensors of data. Macro mobility also implies that
the sensor host needs to be mobile and follow the mobility
scenario.

A challenge for a WSN testbed with mobile nodes is to cre-
ate repeatable movements needed for repeatable experiments.
This requires that sensor nodes both move to the same way
points from one experiment to another but also that the same
speed and timing are used. Core to this problem is the ability
to localize these nodes in real time to ensure the movement
pattern. A testbed user can easily mark stationary sensor nodes
in a building on a map or use GPS coordinates outside. The
user can calculate the coordinates of the waypoint positions
and push the node to these positions, both indoor as well
as outdoor. This ”nomadic” type of movement is feasible,
accurate but also obviously time consuming and may not
capture roaming situations.

Sensei takes the approach to let every sensor host keep
track of its own position and push the coordinates to the
site manager. This approach is more general than an external
position systems, such as cameras in the ceiling, and makes
it easier to use different positioning techniques depending on
type of node and location. A differentiator between different
positioning techniques is the accuracy. The required accuracy
depends on the application, the sensed environment and the
changes in radio characteristics that depends on the position.
For practical experiments, e.g. to mimic a human movement,
a 1m accuracy may be enough while for other situations
centimeter precision may be needed.

Sensei currently support two types of repeatable move-
ments. First, it supports movements carried out by humans
who follow real-time mobility scripts presented on their lap-
top displays. The scripts describes a mobility scenario with
predetermined and known waypoints. Different persons may
get different instructions to create a choreographed mobility
pattern. The method is used in the APE testbed[11]. The
accuracy of the positioning is depending on the ability of the
persons moving the nodes to follow the scripts.

Second, in Sensei autonomous robots can carry mobile
sensors. The robots, or mobile sensor hosts, can either act
out mobility scenario files with movements, or autonomously
calculate their paths. Autonomous mobile sensor hosts allows
roaming nodes or nodes doing random walks within the testbed
area.

G. Outdoor/Indoor localization

When operating outdoors, Sensei supports GPS positioning
of sensor hosts. GPS receivers can either be connected through
the USB slots or over Bluetooth. Since GPS receivers have
limited functionality indoors, they are not enough to solve
localization for mobile nodes in Sensei.

The current technique used to position robots indoors
in Sensei is a modification of a simultaneous localization
and mapping (SLAM)[16] approach used in a rescue robot
system[3]. The robots are equipped with laser range finders
which measures the distance to objects in the surrounding. In
the rescue robot scenario, the robot has no previous knowledge
of the surrounding environment. The problem is then to
build a map from sensor data and at the same time identify
robot position coordinates in the map. This process is called
simultaneous localization and mapping.

In Sensei, robots can also navigate in an existing map of
the experiment area. A benefit of using a map is that it is easy
to vary the testbed area. The cost to increase the area is small
compared to extending infrastructure approaches like ceiling
mounted cameras.

A factor to keep in mind is that the range of the laser range
finder limits in how big open spaces the technique is useful.
This is due to the fact that the laser needs to sense walls. The
range of our finders is 4 meters so Sensei can currently handle
8 meters wide open areas.

In the rescue scenario when a map is not available, a
laser scan of the surrounding area is initially stored in the
constructed map. The robot control software makes a decision
where to continue exploration and issues a move command.
The motor control unit moves the robot according to the move
command. Unfortunately, the robot will in most cases not end
up exactly where intended because of incomplete information.

The localization method used is based on particle filters. The
expected position, calculated from the move command, is used
as the center of a swarm of possible robot poses (i.e. compare
with particles). A robot pose is a combination of position and
heading. For each pose in the swarm, a simulated laser scan
is performed in the map and compared to the real laser scan
collected at the current position. The pose with the best fit to
the new laser data is picked as the new pose for the robot.

How a pose is valued when it is compared to the scan is
calculated from the number of matching pixels in the two
scans. It is only the pixels that are walls in both scans that
will add to the points for a certain pose. This method is called
wall to wall matching. New objects in the environment, like
people moving in the testbed area, will then only reduce the
available points the mobile node can use for positioning.



In Sensei, we can provide the map of the building the robots
should operate in but otherwise they reuse the localization al-
gorithms. This approach is called Monte Carlo Localization[5],
[7]. The map is provided as a BMP-file which is quite simple
to create from for example floor plans.

V. USAGE AND OPERATION

In this section, we outline the process of setting up a
testbed environment at a new location and how the different
architectural components of the testbed communicate during
normal operation of the testbed.

A. Preparations and setup
Sensei consists of sensor nodes attached sensor hosts, one

server that serves as site manager and one server for the mon-
itor. In an extreme case, one could use one single computer
as sensor host, site manager and monitor as there is no formal
requirement that these reside on separate machines. In practise,
it is more likely to use several sensor hosts to cover larger
areas.

The sensor hosts should be able to communicate directly
with the site manager or in a mesh set-up with sensor hosts as
relays to the manager. Sensor nodes are recommended to be
placed at least 1 m from a sensor host to reduce interference
between the control channel traffic and the wireless sensor
network traffic.

The look and feel of the monitor GUI is defined in a
configuration file that defines the graphical objects to be
displayed on the screen - this file needs to be prepared. It
may also be necessary to convert the area map into a readable
format for screen viewing and possibly another format for a
robot. A user may also want to configure the task buttons in
the GUI.

B. Starting up the testbed
When a sensor slot on a sensor host is started, it begins

sending periodic ”ping” messages to the site manager to
indicate its presence. Each such ”ping” message also contains
the location of the sensor node for presentation in the monitor
GUI. It is also possible to define the location of each sensor
interactively as they show up in the monitor GUI - the user-
specified location will then be pushed from the monitor and
stored on the sensor host. As the location of a sensor node
is reported in each ”ping” message, a mobile node, e.g. a
robot-carried sensor host, can continuously report its current
position. The dynamic position information can then be used
to visualize a moving node. If a sensor node is removed, it
will disappear from the monitor GUI if not heard from after
a configurable time which by default is the time to send 4
subsequent ”ping” messages.

When the monitor GUI is started, it reads the configuration
file. In Fig. 4 we show a configuration that includes a floor
plan map, a list of sensor nodes, a log window and a command
button panel. As the site manager receives ”ping” messages
from the sensor slots, these are forwarded to the monitor. The
monitor displays the sensor nodes in the sensor node list and
on the map.

C. Controlling and monitoring the testbed

When Sensei is deployed, it is desirable to not only monitor
the activity in the testbed but actually control it in different
ways. E.g. by installing new software on the sensor nodes,
starting and stopping experiment scenarios, retrieving specific
data from the testbed etc. All this can be done by the user from
the monitor using the command button panel. When a button
is pressed the typical action is the establishment of a ssh
connection to selected sensor hosts where scripts or commands
are executed, alternatively copying data using scp. When
choosing to reprogram selected sensor nodes with the specified
binary file the associated action may be copying the file to
relevant sensor hosts and then on each sensor host execute
a program that reprograms the selected sensors. Execution of
commands on the sensor hosts are done in parallel.

When a target application runs on the sensor nodes, it can
output status information to its sensor host. The software for
the sensor slot reads the serial port and matches the output to
a set of regular expressions.

The log events are defined before the start of an experiment.
The action taken when a certain log event occurs is dynami-
cally configurable for an experiment. The user can configure
log events to be reported over UDP, TCP or just stored locally
at the host for post mortem analysis.

VI. INTERFERENCE EVALUATION

A concern when using a radio based backbone is how the ra-
dio will interfere with sensor node radios and electronics. This
is especially a concern when overlapping frequencies are used,
e.g. with a IEEE 802.11g/b radio backbone and IEEE 802.15.4
(ZigBee). In this section we present this interference impacts
on the WSN communication as a function of distance between
sensors nodes and sensor hosts using 802.11 g/b.

Previous research[14], [15] suggest that both technologies
can co-exist if non-overlapping frequencies within the ISM
band are chosen. The interference by IEEE 802.11b on
IEEE 802.15.4 has been examined analytically and by sim-
ulation by estimating Packet Error Rate (PER), transmission
delay and throughput as metrics[14]. It is observed that both
technologies can co-exist if channels are assigned carefully.
Other empirical work also showed similar results[15].

Our specific Sensei concern is that the sensor nodes are
normally attached to the sensor hosts via a USB connection. A
question is how far from the host the sensor must be located to
not get significant interference? We vary the distance between
a transmitting sensor host and a sensor node for different
802.15.4 channels. A Sensei testbed was deployed to measure
the interference.

The general setup of our experiments is shown in Fig. 5.
Two sensor nodes are each connected to a sensor host. Sensor
node B will send packets to sensor node A, while the sensor
hosts create artificial traffic on the WLAN to potentially
disrupt the communication between the sensor nodes.

The IEEE 802.15.4 MAC layer was disabled on the sensor
nodes so that no acknowledgment or retransmissions were
performed to not hide collisions. The results can thus be seen



Fig. 5: Experimental setup

as a worst-case study and we believe that the IEEE 802.15.4
performance can be improved by using MAC layer technolo-
gies.

Fig. 6: WLAN and IEEE 802.15.4 channels

The WLAN was fixed to use channel 1 and the traffic was
UDP filling the link generated using Iperf[1]. The transmission
power of the WLAN was fixed to 19 dBm, and the transmis-
sion power of the IEEE 802.15.4 radio transmitter was fixed
to 0 dBm. Experiments were made at different time of the
day, but the presented data is all gathered during night time in
our university building. The reason to perform the experiments
during the nights was to limit the influence of other wireless
communications within the building to increase the probability
that measured interference were caused by backbone traffic,
rather than other WLAN networks.

Each run of the experiment was repeated 10 times. Every
run was repeated without WLAN traffic to serve as a base and
reference case. In each run, sensor node B send 200 packets
over the IEEE 802.15.4 radio to sensor node A. Sensor node
A logs every packet it successfully receives. We use a Contiki
[6] program to generate the sensor node communication.

The following parameters were varied for different runs:
The IEEE 802.15.4 channel - either 12 or 16. Channel 12
overlaps with IEEE 802.11b, channel 1 while channel 16 is
outside of the WLAN channel. All ZigBee channels have
previously been tested and channel 16 showed the most
interference of the non overlapping channels. Thus, in our set-
up channel 12 has the worst overlap and channel 16 represents
the worst non-overlap case.

The sensor host generating the 802.11 (WLAN) traffic
was alternated, so that either WLAN and IEEE 802.15.4
traffic was flowing in parallel or in opposite directions. The
reason to alter the direction of the interfering traffic was to
investigate the effects of close electronic interference of both

the IEEE 802.15.4 receiver and sender.
The distance dn between the sensor nodes to their sensor

hosts was set to 0 m, 1 m, 2 m, 3 m and 5 m. The distance
between the sensor hosts dsh was set to 5 m, 10 m and 15 m.

We used Tmote Invents from Moteiv featuring a CC2420
radio transceiver as sensor nodes and ASUS WL-500GP access
points featuring a Broadcom 4318 IEEE 802.11g WLAN card
as sensor hosts.

A. Results

The overall conclusion from our experiment is that when
certain precautions are taken, a sensor network using an
IEEE 802.15.4 radio and a WLAN can coexist. ZigBee can
co-exist with a WLAN control channel if non overlapping
channels are used and when sensor nodes are positioned more
than 1 m from the sensor host.

The measured PER for channel 12 and 16 when the senders
are co-located are presented in Fig. 7. The case when the
two traffic flows travel in reversed directions suffer less from
interference which is why we do not show that scenario. It
can be seen from Fig. 7a that the PER is not depending on
the distance between sensor hosts and sensor nodes. The two
points with a higher PER (when dsh is 10 m while dn is 1 m
and 5 m) also have a very high standard deviation (TABLE I).
From our measurements, we can see that the runs are divided
into two clusters. The first is at the PER of the surrounding
points of measurements, while the second is really high. The
runs with a high PER are in a sequence which leads us to
expect a interference source outside of our control. The extra
interference during those two measurements can also be seen
in TABLE I as PER is not 0 when we measured without any
WLAN traffic. We have not further investigated the origin of
that extra interference, nor have we made extra measurements,
as we do not plan to use overlapping channels for WSN traffic
and control channel.

The PER seen is Fig. 7b is quite surprising. The total
collapse of ZigBee communication when the sensor nodes
are positioned on top of the sensor hosts is hard to explain.
We have seen similar trends at other channels but ZigBee on
channel 16 creates the highest PER. We suspect that some
electronics on the Tmote Invent is suffering from interference
creating a high PER, rather than it being radio collisions.
Further investigation is needed to understand the phenomena
but for our purpose the existing evaluation suffice.

VII. MOBILE NODE LOCALIZATION EVALUATION

Two important properties of mobile nodes in Sensei are that
their movement should be repeatable and that the localization
error should not aggregate over time. Both properties make it
interesting to study the variance of the localization error in
an experimental set-up. We call the the distance between the
physical position and the waypoint for navigation error and
the difference between the physical position and the estimated
position localization error.
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(a) Overlapping channels (ZigBee channel 12 and WLAN channel 1).
The Senders are co-located at the same sensor host.
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(b) Non overlapping channels (ZigBee channel 16 and WLAN channel
1). The Senders are co-located at the same sensor host.

Fig. 7: How the Packet Error Rate varies with the distance between sensor nodes and sensor host, as well as the distance
between the sensor hosts.

Fig. 8: The path traversed by the mobile node. WP1-5 correspond to the waypoints in TABLE II

A. Experiment setup

To evaluate the accuracy of the robot SLAM/laser localiza-
tion method, we launched the following Sensei experiment. To
measure the quality of the localization, a simple mobility path
was laid out in a corridor (Fig. 8). The robot was positioned
at waypoint 1 and then got a series of move commands.
The mobile node traversed the path 10 times. The resulting
navigation and localization errors are presented in TABLE II
as well as in Fig. 9. When a move command was finished,
the actual physical position was manually measured and the
estimated robot estimated position was logged.

B. Results

The overall results from this experiments in a single office
environment is that the localization error is surprising small

given the large area covered by the robot. The localization
method used in Sensei offers localization within approximately
10 cm and more important, with a low variance. Although
other approaches have a higher accuracy, this approach fits
the needs of intended Sensei applications.

One interesting observation in table II is the big navigation
error in y on waypoint 4. When the error was investigated,
we found that it came from a 18 cm radiator that was not
included in the map. Even more interesting is that the variance
in localization is not suffering from the incorrect map. This
property of the localization algorithm is crucial to allow
repeatability.



Waypoint Distance Navigation stddev Navigation stddev Localization stddev Localization stddev Time [s] stddev
travelled [m] Error x [m] Error y [m] error x [m] error y [m]

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 7.15 0.01 0.02 0.0 0.03 0.01 0.06 0.02 0.05 25.83 0.63
3 6.87 0.06 0.08 -0.04 0.03 0.03 0.06 0.03 0.06 24.74 0.84
4 2.97 -0.01 0.05 -0.15 0.03 0.0 0.06 -0.03 0.05 19.55 0.76
5 12.1 -0.03 0.06 0.02 0.03 -0.03 0.07 -0.02 0.03 49.98 1.26

TABLE II: Navigation error, localization error, and time to move between waypoints, for a mobile Sensei node.
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Fig. 9: Navigation and localization positioning relative to the waypoints. The waypoints are at (0,0).

VIII. CONCLUSIONS

Our experience with Sensei is so far very positive. During
the design and development, we have configured and recon-
figured multiple Sensei deployments at different locations.
While working with Sensei, we have found the design highly
flexible and extensible. The wireless backbone has been very
useful during relocations, as well as the interactive control
offered by the monitor software. We have also found that
the distributed design, where much functionality is put at
the sensor hosts, makes it easy to incorporate different types
of sensor hosts within one deployment. An example of such

deployments is when mobile nodes are included. The design
then makes it easy to change which type of localization is
used. Therefore we think that Sensei meets the requirements
of being a ”Nomadic testbed in a box”.

From our interference measurements we conclude that the
interference between IEEE 802.11b and IEEE 802.15.4 can be
under control provided that not overlapping channels are used
and that the sensor nodes are enough separated from the sensor
hosts. Still we advocate that all Sensei experiments should be
proceeded by interference measurements since the interference
is highly depending on sensor hardware and possibly also on



dsh [m] dn [m] Traffic direction channel PER stddev
10.0 0.0 none 12 0.0 0.0
10.0 0.0 none 16 0.01 0.01
10.0 0.0 same direction 12 0.18 0.04
10.0 0.0 same direction 16 0.97 0.01
10.0 0.0 opposite direction 12 0.15 0.02
10.0 0.0 opposite direction 16 0.82 0.03
10.0 1.0 none 12 0.01 0.0
10.0 1.0 none 16 0.0 0.0
10.0 1.0 same direction 12 0.39 0.21
10.0 1.0 same direction 16 0.0 0.0
10.0 1.0 opposite direction 12 0.2 0.03
10.0 1.0 opposite direction 16 0.0 0.0
10.0 2.0 none 12 0.0 0.0
10.0 2.0 none 16 0.0 0.0
10.0 2.0 same direction 12 0.18 0.05
10.0 2.0 same direction 16 0.0 0.0
10.0 2.0 opposite direction 12 0.0 0.0
10.0 2.0 opposite direction 16 0.0 0.0
10.0 3.0 none 12 0.01 0.01
10.0 3.0 none 16 0.0 0.0
10.0 3.0 same direction 12 0.19 0.03
10.0 3.0 same direction 16 0.0 0.0
10.0 3.0 opposite direction 12 0.01 0.01
10.0 3.0 opposite direction 16 0.0 0.0
10.0 5.0 none 12 0.02 0.01
10.0 5.0 none 16 0.0 0.0
10.0 5.0 same direction 12 0.51 0.36
10.0 5.0 same direction 16 0.0 0.0
10.0 5.0 opposite direction 12 0.04 0.03
10.0 5.0 opposite direction 16 0.0 0.0

TABLE I: Packet Error Rates when the distance between
sensor node and sensor host and 802.15.4 channel is var-
ied.The sensor hosts are sending on 802.11g channel 1 which
corresponds to 802.15.4 channel 12.

the actual environment.
Our mobility approach based on robot localization looks

very promising with respect to location accuracy and variance.
To use a robot for predictable and repeatable movement is an
important step towards a testbed with mobile nodes for re-
peatable experiments. The fact that we use standard hardware
”in a box” means that the test-bed is easily relocatable to
in-situ experiments as well as to other research institutions,
simplifying comparable experiments.

Ongoing work is a robot based on Lego Mindstorm which
can follow a repeatable path in our office building. The
rationale for this work is that this robot can be reproduced
at other sites for a marginal cost. This will make our nomadic
testbed easier to reproduce.

Another ongoing direction of development is in the area of
federation of testbeds. Sensei is designed to support cooper-
ating deployments at different locations and under different
ownership. A deployment, or site, consists of the the sensor
hosts connected to one site manager. Although the basic
support for sites is implemented, there is still work left. A
vision for the future is to federate different testbeds rather than
multiple deployments of the same testbed implementations.
Such a vision brings problems like how to standardize control
and monitoring interfaces. Such efforts are as we understand
currently active in different projects.
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