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Abstract

In this document the design considerations and compo-
nent choices of a testbed prototype device for wireless sen-
sor networks will be discussed. These devices must be able
to monitor their physical environment, process data and as-
sist other nodes in forwarding sensor readings. For these
tasks, five basic parts are necessary in a sensor node: sen-
sor interface, computational unit, memory, communication
interface and energy source. Hardware choices for these
components will be discussed, as well as an additional de-
bugging interface.

The design has been verified by implementation of a few
example applications. The testbed includes a tiny preemp-
tive real time operating system.

1. Introduction

In a recent copy of BusinessWeek [6], Robert Hof did
a quest for the next big thing. One next big thing he came
up with, was the technology that lets tiny and smart devices
create their own network, allowing them to transport sen-
sor data while requiring little power and transmission range.
Recent advances in sensor technology, low power analog
and digital electronics and low-power radio frequency de-
sign have enabled the development of these cheap, small,
low-power sensor nodes, integrating sensing, processing
and wireless communication capabilities.

Embedding millions of sensors into an environment cre-
ates a digital skin or wireless network of sensors. These
massively distributed sensor networks, communicate with
one another and summarize the immense amount of low-
level information to produce data representative of the over-
all environment. From collaboration between (large) groups
of sensor nodes, intelligent behavior can emerge that sur-
passes the limited capabilities of individual sensor nodes.

Sensor nodes collaborate to be able to cope with the envi-
ronment: sensor nodes operate completely wireless, and are
able to spontaneously create an ad hoc network, assemble

the network themselves, dynamically adapt to device failure
and degradation, manage movement of sensor nodes, and
react to changes in task and network requirements. Despite
these dynamic changes in configuration of the sensor net-
work, critical real-time information must still be dissemi-
nated dynamically from mobile sensor data sources through
the self-organizing network infrastructure to the applica-
tions and services.

Sensor network systems will enhance usability of ap-
pliances, and provide condition-based maintenance in the
home. These devices will enable fundamental changes in
applications spanning the home, office, clinic, factory, vehi-
cle, metropolitan area, and the global environment. Sensor
node technology enables data collection and processing in
a variety of situations, for applications, which include en-
vironmental monitoring, context-aware personal assistants
(tracking of location, activity, and environment of the user),
home security, machine failure diagnosis, medical monitor-
ing, and surveillance and monitoring for security.

These kind devices and their energy efficient commu-
nication algorithms are the research topics of the Euro-
pean research project EYES (IST 2001-34734, [4]). In this
project, we investigate –besides the communication proto-
cols at many layers– also the effects of mobility and failure.
Implementation of the designed algorithms is also an impor-
tant aspect of the project and therefore we are in the need of
testbed hardware, that will be comparable to real-life wire-
less sensor nodes. This document describes the design of
such hardware and presents a real time operating system and
a few application examples that verify the prototype design.

2. Wireless sensor node requirements

2.1. Tasks of a wireless sensor node

We envision that a wireless sensor network consists of
two types of network devices:

• Sensor nodes – These devices monitor their physical
environment, process their measurement data and as-
sist other nodes in transporting data to gateway nodes.



There are two operational modes to fit the possible ap-
plications arising from the wireless sensor networks:
1) active polling; and 2) passive detection and notifica-
tion. For a reading of a sensor, the node acting as sink
can actively ask for the information (active polling), or
request to be notified when an event is detected by one
of the nodes, e.g. if a pre-determined threshold on a
sensor reading is passed (passive notification).

Nodes can even be used to combine measurement data
of multiple nodes. In this way, the total data transport
volume in the network will be reduced and the net-
work becomes ”smart”. Data combining makes from
low level sensor readings, a high level description that
is representative of the overall environment. This de-
mands that a sensor node has enough processing power
and memory.

Another important aspect nodes must be able to, is de-
termining their location.

• Gateway nodes – These devices are used to connect a
wireless sensor network with an control system that
uses the high level description of the environment.
These devices are currently outside the scope of the
EYES project.

Sensor nodes will be deployed by the millions, with high
redundancy and high spacial density. The reason for this
is that nodes in a wireless sensor network have to operate
in a challenging environment. Besides a dynamic network
topology, nodes have to cope with failure. There are many
reasons to failure:

1. The communication between entities takes place
through the radio channel, which is subject to noise,
distortion and interference of other devices.

2. The nodes operate on batteries or ambient energy, like
solar power. The energy source can be depleted or tem-
porarily unavailable.

3. Due to mobility of nodes may move outside the trans-
mission range during communication.

4. In certain situations communication can be unidirec-
tional instead of often wished bi-directional.

Since all these devices have the same capabilities, tasks can
easy be transfered to other nodes, when a node ceases oper-
ation.

The redundancy in the network also allows nodes to go
into dormant mode to save energy, without jeoparding the
functioning of the network. Virtually, the redundancy en-
larges the life time of a wireless sensor network.

The interested reader can find more on collaborative net-
working protocols in [9].

Sensor interface

Wireless
communication

interface
Computational unit

Storage

Debugging and
programming interface

E
nergy source

I/O


A
D



RS232

Prog

Figure 1. Basic node architecture

2.2. Sensor node architecture

A wireless sensor node prototype consists in our vision
of six basic parts (see Figure 1):

1. Energy source;

2. Wireless communication interface with power control;

3. Sensor interface, including analog to digital converter
(AD) and I/O ports;

4. Computational unit, that processes sensor readings and
networking algorithms and is able to store a small
amount of intermediate data;

5. Memory, that stores program code, intermediate data,
queries and networking data;

6. Debugging interface, i.e. serial interface (RS232) and
programming interface.

The debugging interface can be omitted in a final sensor
node product. Some special nodes –the gateway nodes– will
also have an interface to the sinks of sensor data. The de-
sign of these essential parts of a wireless sensor network are
outside the scope of this document.

Current advances in technology allow the components
that built these parts to be small and reasonable energy effi-
cient.

2.3. Hardware considerations

In the EYES project we do not intent to design devices,
which will be comparable to real-life wireless sensor nodes
in every detail. Where in a real product size and costs do
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matter, we tend to design a system that is easy to program,
robust yet easily to expand with a number of sensors.

In general the following design considerations come into
play when designing hardware for a wireless sensor net-
work testbed:

• Energy efficiency – The hardware must be energy ef-
ficient. The hardware should be able to estimate what
energy is left, so that algorithms can adapt to the avail-
able power.

• Wireless communication – Since the data rate
in wireless sensor networks is low, a short range
transceiver is a license free band will suffice our needs.
Today there are several integrated transceivers avail-
able on the market, which current consumption is in
the range of 4 mA to 20 mA.

• Size – Size is of less importance in our testbed de-
sign, although for demonstration purposes the devices
should be reasonable small. The largest components in
the design will probably be the antenna, the batteries,
and programming connectors.

• Costs – Wireless sensor networks will be deployed in
large number of nodes, hence the price per node must
be at a minimum.

• Easy programmable – In development phase of com-
munication protocols and applications for the wireless
sensor nodes, they will be often reprogrammed. Hence
the programming must be easy.

• Easy expandable – The hardware design must be ex-
pandable with a number of sensors.

3. Components

In this section the component choices of our hardware
design will be discussed. Figure 2 depicts the assembled
wireless sensor node prototype. As can been seen in the
picture, most of the size of the prototype is consumed by
connectors and the antenna.

3.1 Components for communication

The communication function between nodes is realized
by a RFM TR1001 hybrid radio transceiver [2] that is very
well suited for this kind of application: it has low power
consumption and has small size. The TR1001 supports
transmission rates up to 115.2 Kbps. The power consump-
tion during receive is approximately 14.4 mW, during trans-
mit 16.0 mW, and in sleep mode 15.0 µW. The transmitter
output power is maximal 0.75 mW.

Like many other transceivers, the RFM transceiver per-
forms best when DC-balanced data is transmitted. In prac-
tice this means that the transmission rate is reduced to
57.6 Kbps, but when choosing code words wisely, some er-
ror correction properties can be added at the same time.

For antenna design, we choose a folded monopole inte-
grated on the PCB board. This design performs worse than
a normal whip antenna, but it reduces the size and costs of
the prototype.

The RFM TR1001 allows its transmission power to be
adjusted by its input current. A digitally controllable re-
sistor is added to the design to modulate this input current.
With a few extra components, an indicator can be made for
the received signal strength.

Controlling transmit power and measuring the received
signal strength has many advantages:

• It allows a node to adjust the number of neighboring
nodes it can reach and hence it allows the network to
be scalable;

• It can reduce the energy that is used to communicate
to relatively close neighbors;

• It assists in detecting collisions in the wireless channel;

• It can be used to determine the relative position of a
node in the network.

3.2 Components for computation

The processor used in the EYES sensor node is a MSP-
430F149 [3], produced by Texas Instruments. It is a 16-
bit processor and it has 60 Kbytes of program memory and
2 Kbytes of data memory. When running at full speed (5
MHz), the processor consumes approximately 1.5 mW, but
it also has several power saving modes.

Besides the on-chip memory and various low power
modes, the micro controller also facilitates many AD and
I/O lines, that can easily be controlled by software. We will
use these lines as interface to sensors.

The processor IC includes two UARTs as well. One of
the UARTs will be used to drive the transceiver, the other
will be shared between a serial memory (see 3.3) and an
RS232 interface for debugging (see section 3.6).

3.3. Extended memory

Many networking and data processing algorithms require
large amounts of data to be stored. The available RAM in
the micro controller is limited1 and therefore we added a se-
rial EEPROM for secondary storage. With the ST M25P40

1In the first quarter of 2004 a comparable TI micro processor will be in
the market that has 10 KBytes of RAM.

3



Figure 2. Assembled sensor node for the
EYES project

[1] we found a serial flash memory that is fast and that can
be switched to a low power mode when it is not used. In
that mode it consumes 30 µW at 3V.

3.4. Components for sensing

During the development of basic sensor node hardware,
we also developed a sensor board2, which contains several
sensor and that can be controlled by the microprocessor.
The following sensors are added to the design: compass, ac-
celerometer, temperature sensor, light sensor, pressure sen-
sor, microphone and push button.

The sensor board also contains a small serial EEPROM,
that is used to uniquely identify the board and list sensors
that are connected to it. The sensor board can easily be
connected to the sensor node and allows the microproces-
sor to control the power lines to the sensors. The board also
provides reference voltages for the AD converter in the mi-
croprocessor.

3.5. Energy source

As energy source for the wireless sensor node prototype,
is chosen for two AA batteries. These batteries are reason-
able cheap and have a typical capacity of 2 Ah at 3V.

3.6. Debugging

For debugging two LEDs are added to the prototype de-
sign, as well as a RS232 interface that can setup bidirec-
tional data exchange with the microprocessor.

The programming and debugging of the microprocessor
takes place through a JTAG interface.

2Although the development of sensors and sensor interfaces is outside
the scope of the EYES project.

Internal
Communication

Radio
Communication Tasks

Task Scheduler

Command Shell

Module
Manager

Serial
Communiation
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4. Real time operating system

The Preemptive EYES Real Time Operating System
(PEEROS) we implemented, is made up of a number of
components (see Figure 3). This section gives a brief de-
scription of all of them. For more details on any of the
components, please refer to [8].

The operating system is been written in the C language
except for some hardware specific operations like flash
memory control.

4.1 Task Scheduler

PEEROS uses the notion of task to describe a piece of
code that needs to be executed. Usually, there are several
tasks active at the same time and a task scheduler decides
the run order. We use a preemptive scheduler based on the
EDFI algorithm (see [7]). This algorithm gives guarantees
on the execution of the scheduled tasks while keeping the
resource demands and switching overhead to a minimum.

The task scheduler is built according to the following
constraints:

• Interrupt routines are used for communication with
hardware only, they should not perform complex tasks;

• All tasks have a deadline or priority defined, which in-
dicates the relative importance of the task compare to
the other tasks;

• Application tasks do not use infinite loops (event
driven system) except the lowest priority task.

Each active task can be in one of the following states:
ready, running, preempted or sleeping. The task scheduler
modifies the state of the tasks according to the incoming
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events. By event, we understand message arrivals, time-
outs and more generally, any custom function that returns
a boolean value. The scheduling algorithm employed pre-
vents blocking to occur.

4.2 Messaging System

The messaging system enables communication between
the components of the operating system as well as the com-
munication between different sensor nodes. It consists of
three main blocks:

• Internal Messaging System – this component allows
the task scheduler to send small number of bytes of
data to any other task in the schedule;

• Serial Messaging System – this component allows
tasks to send and receive messages over the serial port.
The tasks using this service have to provide buffers
for the incoming and outgoing messages. The oper-
ating system provides both blocking and non-blocking
send/receive functions;

• Radio Messaging System – this component controls
controls sending and receiving messages to the UART
that is connected to the transceiver. The medium ac-
cess protocol is responsible for timing and data buffers.

4.3 Module Manager

The internal program memory of the EYES nodes has a
capacity of only 60 Kbytes. This space might prove itself
insufficient to hold all the drivers for various sensors con-
nected to the node. The module manager offers the user the
possibility to store the unused pieces of program code in the
external serial EEPROM (see section 3.3) and to load them
again in the sensor node when needed.

4.4 Command Shell

A simple command shell is also implemented. It is con-
nected to the serial interface so the user can type in com-
mands and receive responses from the sensor node (when
this is attached to the serial port of a computer). The im-
plemented commands allow inspecting the scheduler status,
launching and killing tasks.

5. Example applications

In the next sections two application examples will be dis-
cussed, which have been implemented on the EYES sensor
nodes. Both examples make use of the real time operating
system discussed in Section 4.

Figure 4. Screen shot of the resulting tem-
perature and light intensity measurements
(graph) and the network status

5.1. Communication protocols and sensing

To test the designed sensor node, we have implemented a
simple application that uses all basic parts of a sensor node
described in Section 2.2.

A small network of prototype nodes monitors tempera-
ture and light intensity in one of our laboratories (passive
notification, see Section 2.1). Five nodes are equipped with
temperature and light sensors and five other nodes assist the
transfer of data to a node that is connected to a desktop com-
puter via an RS232 connection. The display of the computer
is used to plot the sensor readings (see Figure 4).

The sensor nodes communicate between each other us-
ing the EMACS medium access protocol (see [9] and [10])
using the RF transceiver. A simple routing protocol has
been implemented.

The LEDs on the sensor node are used to debug the
medium access and physical layer. The memory IC is used
to store and retrieve an uniquely identification number for
each node.

5.2. Localization using ultrasonic sound

The previous application example showed that the sen-
sor node prototype is capable of performing tasks that we
envision nodes should be capable of. This active polling
(see 2.1) example shows, that besides sensing and commu-
nicating with other nodes, the nodes also can perform more
advanced calculations on data.
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In four corners of a room a sensor node equipped with an
ultrasonic receiver is placed. These nodes are able to mea-
sure time of flight of ultrasonic sound, that is transmitted by
a sensor node somewhere in the room.

Each of the four nodes communicates the measured
time to the node with unknown location using the EMACS
medium access protocol (see [9] and [10]). The node with
unknown location calculates its position using min-max
method (see [5]). This method is a simplification of tri-
angulation, but has comparable results.

The node showed to be capable of calculating its position
with a reasonable accuracy. Currently we are working on a
demonstration that uses the power control of the transmitter
to determine the relative position of nodes.

6. Conclusions

We have designed and verified a wireless sensor node
prototype, that allows us to test and demonstrate energy ef-
ficient networking algorithms that will be developed in the
European research project EYES. The prototype is capable
of performing all tasks we envision that a wireless sensor
node has to perform and it has the same limitations: re-
sources –like energy, memory and processing power– are
scarce.

Two application examples have been implemented that
both make uses of PEEROS, the preemptive real time op-
erating system which has been developed in the EYES
project. The two simple applications also demonstrate the
wireless communication capabilities of the prototypes.

We believe that we have developed a piece of hardware
that will be useful for us to perform our future research
on energy efficient networking protocols for wireless sen-
sor networks.
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