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Resumo 
A constante evolução da tecnologia conduziu-nos à actual enorme necessidade de 

energia. Devido à escassez de materia prima e à poluição originada no processo de produção 

de energia, as energias alternativas têm visto um forte crescimento a nivel mundial. Em 

particular, a energia eólica, foi aquela em que se verificou o maior desenvolvimento. A 

construção de parques eólicos conduz, por sua vez, a um imprevisto impacto ambiental 

negativo sobre vida animal, provocando anualmente a morte a centenas de milhares de 

morcegos. 

Esta dissertação foca-se no desenvolvimento de uma solução que facilite o trabalho de 

monitorização de morcegos actualmente desempenhado por biólogos. Esta solução é 

complementada por um mecanismo que permite a repulsão destes mamíferos. Foi 

desenvolvido um modelo e arquitectura recorrendo a redes de sensores e actores sem fios. 

Este modelo baseia-se num mecanismo de detecção e reacção e de monitorização periódica. A 

utilização de um algoritmo de coordenação entre os dispositivos intervenientes permite uma 

reacção local aos eventos detectados. 

Foi implementado um protótipo recorrendo a motes Crossbow IRIS 2.4GHz, modem 

Siemens TC65T e um servidor. Foram realizados testes preliminares em que o sistema permitiu 

a periódica captura remota de dados, reagindo também em tempo real a eventos detectados 

pelos sensores. Os resultados da avaliação sugerem que as redes de sensores e actores sem 

fios podem simultaneamente melhorar significativamente a forma como a monitorização 

ambiental é actualmente conduzida, bem como apresentar uma tecnologia relevante na 

resolução de problemas ambientais onde a solução resida num mecanismo de detecção e 

reacção. 

Palavras-chave: energia eólica, morcegos, monitorização ambiental, rede de sensores e 
actores sem fios
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Abstract 
The current need for energy is consequence of the continuous technological 

development. Due to resources’ scarcity and the pollution caused by the energy production 

process, alternative energies are being heavily adopted worldwide. Wind energy is the fastest 

growing of the alternative energies. However, the construction of wind farms has its own 

negative impact on wildlife, causing death to hundreds of thousands of bats every year. 

This dissertation focuses on developing a solution to assist on the bat monitoring task 

currently performed by biologists. The solution is complemented with a bat deterrent 

mechanism. We developed a model and architecture using wireless sensor and actor networks. 

This model is based on a detection reaction as well as a periodic monitoring mechanism. We 

used a coordination algorithm between the composing devices in order to geographically react 

to detected events. 

We implemented a prototype of the model using Crossbow IRIS 2.4GHz motes, a 

Siemens TC65T GPRS modem and a server. We conducted preliminary tests where the system 

remotely periodically captured data from the environment, also reacting in real-time to events 

detected by sensor nodes. The evaluation results suggest that wireless sensor and actor 

networks can significantly improve the development of environment monitoring tasks, as well as 

provide an important possible solution to environmental problems where the key is in a 

detection reaction mechanism. 

Keywords: wind energy, bats, environmental monitoring, wireless sensor and actor network
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Chapter 1 

1. Introduction 
“I'm not sure what solutions we'll find to deal with all 

our environmental problems, but I'm sure of this: They 

will be provided by industry; they will be products of 

technology. Where else can they come from?” 

 

GEORGE M. KELLER, Nation's Business, 12 June 

1988. (S&S) 

1.1. Motivation 

Energy is today a primary need. Most of Its production is based on natural exhaustible 

resources and highly polluting processes. The current environmental condition and natural 

resources’ scarcity encourages the use of alternative types of energy production. Both non-

polluting and renewable mechanisms are being widely adopted. Wind power is the fastest 

growing alternative energy having tenfold from 1997 to 2006 and nowadays responsible for 

about 1,3% of global electricity production. [1] The theoretical total wind energy potential is over 

five times the current world energy consumption. [2] 

The installation of wind power turbines used for wind energy production inherently 

creates wildlife impact. The large amount of deaths due to lung damage, caused by barotrauma 

[3], and collision of migratory birds and bats with these turbines is considered alarming and is 

subject to much research work. [4] Research is currently being conducted in order to both 

understand the reasons for these fatalities and to develop mechanisms to prevent them from 

happening. Bat fatalities have been registered worldwide with a reported average mortality rate 

of 2 to 69,7 bats/turbine/year for U.S. wind farms. [5] 

Bats are long-lived and have low reproductive rates making them especially vulnerable 

to such high death rates. The high mortality rate means they are being pushed into endangered 

status. Every existing animal is irreplaceable in the food chain playing an essential role for the 

equilibrium of species and the stability of the environment. Bats are the most important predator 

of night time insects. A single small bat can eat 600 mosquitoes in just one hour and up to 3000 
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in one night being important for pest control. Bats are also crucial in seed dispersal or 

pollination activities being responsible for 95% of forest regrowth. There are several plant 

species which rely exclusively on bats for pollination and so depending on their existence. [6]  

Monitoring bat activity is already mandatory before, during and after wind farms 

installation in many countries. Tools to assist biologists in monitoring and understanding bats’ 

behavior exist but can be considered primitive when compared to already available 

technologies. Existing bat detectors are handheld devices equipped with a special microphone 

to capture bats’ ultrasound signals. These echolocation and social waves are then either 

transformed into human audible sounds and reproduced or stored for later analysis. Nowadays 

monitoring is performed using these bat detectors in field trips. 

In 2003 the Bat and Wind Energy Cooperative (BWEC) was formed from an association 

between several organizations related to both wind energy and wildlife or bats. BWEC’s 

objective is to develop solutions to minimize or prevent bats’ mortality at wind power turbines. 

An ultrasound emitting device has already been developed and tested. Although it isn’t yet 

possible to guarantee its success, it has already shown promising results influencing bats’ 

behavior. [7] [8] 

Wireless Sensor Networks (WSN) are wireless networks formed by small low cost 

autonomous devices called motes, with the ability to sense the surrounding environment. An 

extension to WSN that adds the ability to act besides sensing over the environment is called 

Wireless Sensor and Actor Networks (WSAN). Both WSAN and WSN are a possible solution for 

several problems. Their main characteristics are easy deployment and low cost, having the 

ability to sense and act without human intervention making their usage highly attractive in many 

applications. They are being adopted in several fields of work: to create effective irrigation 

systems, fire alarms, health structure monitoring and medical or military surveillance. 

In times where technology evolves on a daily basis, new inexpensive solutions can be 

created. These new tools overcome the existing ones by requiring less work while achieving 

better results and offering more functionality. These new technologies also allow the conception 

of new tools to previously unsolvable problems. 

Imagine a wind farm where bat-detecting devices are spread across wind turbines’ 

surrounding area, registering bat presence and avoiding bat’s death by triggering an expelling 

mechanism every time a bat is detected. Such a system would automate monitoring fieldwork 

allowing it to be done remotely and accurately. This would also relieve wind farms’ owners by 

reducing expensive costs due to monitoring and would prevent bats from death caused by wind 

turbines. 

1.2. Solution 

The project presented throughout this section proposes an innovative bat monitoring 

and repelling system using some of today’s already existing technology. We briefly present a 



 3 

complete solution for the problem previously described and which served as motivation to this 

project.  

The system here proposed consists of a WSN deployed in the wind farm surrounding 

area. Each mote of the WSN is equipped with a microprocessor, memory, an ultrasonic sensor, 

a RF transceiver and a battery. Some of the nodes are equipped with actuators, devices that 

repel bats by emitting specific ultrasonic frequencies.  

A few central nodes equipped with a GSM/GPRS modem are also distributed in each 

network. These will receive all data collected by the WSN and forward it using GPRS data 

communication to send all information to a central server located elsewhere where everything is 

stored. 

The central system is permanently waiting to receive data from WSNs and storing it in a 

central database. A running application allows a user to manage both the data and the sensor 

networks. 

The solution is based on both WSNs and WSANs. These are deployed according to 

monitoring or repelling objectives. Being all connected to a central system creates a remote 

monitoring solution, which can be fully controlled from the central system application. 

1.2.1. Bat Monitoring 

Each monitoring site has a WSN with nodes distributed throughout its area. When a 

node senses a bat ultrasound wave, saves it locally. It then sends the recorded signal to the 

WSN sink. The sink connects to the central system using a GPRS connection through which it 

sends the captured signal.  

The central system may be located anywhere. It receives captured data from every 

WSNs deployed on the existing monitoring sites. The data is organized and stored in the central 

system, which provides a web interface enabling a user to access it from anywhere. The system 

provides easy graphical access to every recorded sound. It is possible to work with stored 

signals analyzing, processing and reproducing them at human audible frequencies. Accessing 

the application allows controlling every node of each WSN, individually defining its sensing and 

sleeping time. The state of every node is also viewable being easy to understand when a node 

is running out of battery or entered a failure state. The history of every sensor node, from 

installation to technical interventions is stored in the central system’s database and accessible 

from the application. 

1.2.1. Bat Deterrent 

Based on BWEC’s research results and their deterrent device, actor nodes are 

equipped with ultrasound emitting actuators. The actor nodes are attached to wind turbines. 

 When a sensor detects a bat nearby a wind power turbine, transmits the event to the 

actor node, which starts emitting ultrasound waves. These waves are received by the bat who 

tries to avoid them. By moving away from the signal the bat is moving away from the 

threatening turbine and saving his life. 
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FIGURE 1.1: SOLUTION 

 

1.3. Objective 

As a first step towards the previously described solution to the presented problem, the 

work presented throughout this document intends to evaluate the feasibility of such a system. 

The main question addressed by this thesis is: 

 

Can wireless sensor and actor networks be applied to environmental 

problems valuably improving currently existing systems and methods? 

 

Focusing this question on the previously described bat-monitoring problem, the 

hypotheses to be proven are: 

 

If wireless sensor networks are used in order to extend the capabilities of 

currently existing bat detectors and all the captured data can be 

automatically transmitted into a central system, this new solution will add 
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autonomy and remoteability characteristics to existing devices, reducing 

the work load and costs usually required when conducting bat monitoring 

studies.  

 

If actor nodes are added to the previous wireless sensor network, creating 

a wireless sensor and actor network, and a coordination algorithm is used 

to control their activity, actuators can be activated and deactivated in real-

time based on events and their proximity to the detected event.  

 

Software allowing the wireless transmission of data from sensor nodes to a sink node 

will be developed. A coordination algorithm will be created allowing coordination between 

sensor and actor nodes in the described scenario. A different version of the software receiving 

data wirelessly and sending it through the serial port will be developed for the sink node. An 

application for a GPRS modem will be created receiving data from the serial port and sending it 

using GPRS communication. A central server application will be developed to receive data from 

the network, store it in a database and provide a frontend allowing graphical confirmation of the 

received data. The developed software will be installed and configured in sensor nodes, sink 

node, GPRS modem and computer. A preliminary evaluation will be conducted in order to 

determine the feasibility of a bat monitoring system based on wireless sensor networks and to 

evaluate the efficacy of the algorithm created to coordinate actor nodes’ activity based on 

events captured by sensor nodes in the wireless sensor and actor network. 

1.4. Outline 

This document is organized in six chapters: 

Chapter 2 (Related Work) presents a brief literature review on the fields of WSN, 

WSAN, monitoring, bats and ultrasounds. A section of concluding remarks resumes and 

discusses presented technologies and solutions. 

Chapter 3 (Architecture) presents the conceptual model for the proposed system, 

followed by its architecture and each of its composing subsystems. Concluding remarks discuss 

the presented architecture. 

Chapter 4 (Implementation) presents some of the implementation details adopted in the 

development of the system’s prototype, such as the components implementation, messages 

exchanged as well as their structure and the coordination algorithm. A final section of 

concluding remarks discusses the implementation options. 

Chapter 5 (Evaluation) presents the methodology and results achieved while conducting 

a brief evaluation of the prototype presented in chapter 4. A discussion section examines the 

result of each conducted test. 
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Chapter 6 (Conclusion) provides a brief review of this dissertation, starting with the 

initial problem and finishing with the proposed solution. Some possible improvements are 

discussed in the future work section. 
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Chapter 2 

2. Related Work 
This dissertation addresses an environmental problem by making use of WSN.  In this 

chapter, we present a brief state-of-the-art on wireless sensor networks, wireless sensor and 

actor networks, bat monitoring and exclusion. 

This chapter is organized as follows. Section 2.1 introduces sensor nodes, wireless 

sensor networks and wireless sensor and actor networks. Each topic is briefly presented 

describing essential aspects such as architecture and research challenges. Section 2.2 

provides a definition for monitoring and some related concepts, and presents some of the 

existing monitoring systems which are based on WSNs. Section 2.3 shortly describes bats’ 

morphology and habits, followed by an overview on bat monitoring and exclusion techniques. 

2.1. Sensor nodes and Sensor Systems 

This section is divided into two subsections, beginning with an overview over motes, the 

technology that supports WSNs and WSANs, its architecture and capabilities. The other two 

subsections introduce WSNs and WSANs respectively, defining important concepts and 

presenting the main research challenges of both systems. 

2.1.1. Motes, Sensors and Actuators 

A sensor node (also known as mote) may be described as a small low-cost device with 

the ability to sense and act upon its surrounding environment. Its main components are: 

microprocessor, memory, power source, communication, sensors and actuators.  
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FIGURE 2.1: CROSSBOW IRIS 2.4GHZ MOTE 

 

While microprocessor and memory provide some computation power, programming and 

data storage, the power source - usually a battery - provides autonomous energy supply to the 

mote. The mote captures data through the acquisition system composed by a set of sensors. 

These may be connected either directly to the mote or through a data acquisition board. 

Sensors of any type (e.g. temperature, humidity, light, vibration) can be connected depending 

on the type of data we intend to capture. Through actuators the system is able to interact with 

the environment by triggering the actuators to induce some action upon the environment. Using 

a radio frequency transceiver, the communication module allows data to be wirelessly 

transmitted and received between nodes. [9] [10] Appendix A shows a comparison of several 

different existing motes. 

 

 

FIGURE 2.2: MOTE'S ARCHITECTURE 

 

2.1.2. Wireless Sensor Networks 

Wireless sensor networks (WSN) are wireless networks formed by motes. The wireless 

and routing technologies in motes allow them to be deployed creating a WSN, where each node 

may capture environmental information and share it with all other motes. The system’s cost can 

be highly reduced by avoiding cabling and using wireless technology. This also allows both a 

more flexible deployment and lower maintenance costs. 
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FIGURE 2.3: WIRELESS SENSOR NETWORK 

  

WSNs intend to provide a low cost solution to problems such as monitoring large areas, 

difficult access or hazardous environments. These networks can replace expensive active 

monitoring (defined in chapter 2.2.1) with cost effective passive monitoring (defined in chapter 

2.2.1). It is possible to leave the motes capturing data for long periods and transmitting it to be 

stored in a central node called sink, while remotely accessing it and monitoring the captured 

information. WSNs create several challenges namely energy efficiency, routing, localization and 

security. These main issues, which are still under investigation and development, are presented 

in chapter 2.1.2.2. [9] 

2.1.2.1. WSN Challenges 

In this section we briefly introduce each of the five main areas in which research for 

WSNs is currently being developed. 

2.1.2.1.1. Energy efficiency 

Energy management and consumption are critical challenges for WSNs as motes both 

require energy to operate each of their composing parts and being autonomous. The main 

objective of studies conducted in this field is to maximize motes’ lifetime. All motes’ components 

require some energy to operate, even when in small amounts. The connection of motes to a 

power source such as a power socket implies the use of cabling nullifying the benefits of 

wireless technology. 

Nowadays motes are battery powered allowing them to be autonomous and wireless 

but condemning them to be lifetime limited. Minimizing hardware energy consumption 

maximizes their lifetime. This power usage can also be reduced by switching off some of the 

mote’s components when not in use (e.g. switch off RF transceiver) or turning motes into sleep 

mode – a state where all mote’s activity stops and turns power consumption to the minimum by 

switching off each of its composing parts – and reducing their duty cycle – the proportion of time 

during which the mote is working. 
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FIGURE 2.4: HELIOMOTE 

 

Research is being done to find alternative or complementary systems to batteries. 

Energy harvesting is being studied as it allows the mote to collect energy from the environment. 

Some of the energies being considered include solar power – the conversion of sunlight to 

electricity through solar panels - and piezoelectric – the conversion of environment vibrations 

into electricity. The use of energy harvesting techniques turns perpetual lifetime a possibility. 

Some commercially available solutions already exist such as the heliomote result of UCLA’s 

research and commercially available from atlalabs or eko, an environment monitoring WSN 

solution developed by Crossbow. [9] [11] [12] [13] [14] Other companies such as 

AdaptivEnergy, Cymbet, EnOcean,  KCF, Konarka and Perpetuum are also working on energy 

harvesting solutions in order to enable truly autonomous solutions. 

 

  

FIGURE 2.5: PMG37 MICROGENERATOR   FIGURE 2.6: JOULE-THIEF 

 

2.1.2.1.2. Routing 

Routing collected information between sensor nodes in WSNs presents several 

challenges. The different kinds of network topologies and their requirement for different routing 

protocols, the possibility that nodes are randomly deployed and the large quantity of nodes a 

WSN may hold are some of the faced problems. 
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Energy and computation constraints also impose new requirements to routing 

algorithms. A node failure or energy solutions discussed in the previous chapter may turn off 

nodes requiring new routes to be calculated maintaining network connectivity between all 

working nodes. Requirements such as low energy and memory consumption mean limited 

routing tables and new algorithms. 

Several routing protocols have been specifically designed for WSNs in order to 

appropriately fulfill these special needs. 

The existing routing protocols are categorized according to the network structure where 

they operate in and the protocol operation. Depending on the network structure they can be 

classified as flat, hierarchical or location-based routing. According to their operating they can be 

multipath-based, query-based, negotiation-based, QoS-based or coherent-based. [9] [15] 

2.1.2.1.3. Localization 

The necessity for self-localization awareness of each node may come from both the 

need to associate data to the physical location where it was captured, and for routing purposes. 

Collected data may be useless without its source information. A fire monitoring system is 

useless if we can detect the fire but cannot identify its location. The use of localization 

information may provide significant improvements in routing protocols. 

 

FIGURE 2.7: CROSSBOW CRICKET (INDOOR LOCALIZATION) 

 

Due to energy constraints and the interest in preserving the low cost characteristic, 

global positioning system (GPS) devices can’t be included on each node. Manually inserting 

each node’s physical location is also undoable in large WSNs. 

Localization algorithms use known location information to determine each node’s 

location that is initially unknown. These calculations are based on known absolute positions, 

manually introduced to specific nodes or by connecting these to a GPS device. These nodes 

maintaining absolute positioning information are called anchors and are used to determine all 

other non-anchors positioning information. 
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Several localization techniques may be used such as angle-of-arrival measurements, 

distance related measurements and received signal strength profiling techniques. [9] [16] 

2.1.2.1.4. Security 

The use of wireless technology in WSNs, as previously presented in chapter 2.1.2.1, 

has several benefits but it also introduces several security threats that need to be considered. 

Motes’ characteristics of limited computing power and low energy resources represent a 

challenge in producing an effective security solution. 

Attacks against WSN include two types: against the security mechanisms, against basic 

mechanisms. Some of the common WSN attacks are denial of service, attacks on information in 

transit, sybil attack, blackhole/sinkhole attack, hello flood attack or wormhole attack. Most of 

these attacks are caused when a malicious node sends false information to other nodes thus 

compromising the system. Detecting mechanisms to solve these attacks are still being 

developed. [17] 

2.1.3. Wireless Sensor and Actor Networks 

Although WSN provide powerful monitoring systems, their use doesn’t enable 

interactivity with the environment. Some problems might require the triggering of an action or 

mechanism after detection or based on previously captured information by the sensors of the 

monitoring system. A fire monitoring system would be much more effective if it triggered some 

fire extinguishing mechanism instead of just detecting the fire. To satisfy this scenario, acting 

nodes need to be introduced in WSNs. A node that can perform an action over the environment 

is called actor. The devices it has attached and uses to perform the task are called actuators. 

Introducing actors in WSNs creates a new type of sensor network known as wireless sensor 

and actor network (WSAN). Actors in WSANs add interactivity to WSNs allowing interaction 

over the monitored environment.  

Actors are resource richer nodes with more computing and energy requirements. 

Usually a WSAN has much more sensor nodes than actor nodes.  

This coexistence of sensor and actors is the source for new challenges. This WSN 

extension proposes challenges such as the need to coordinate actors and sensors bringing new 

communication requirements and real-time requirements or new WSANs specifically proposed 

architectures. WSANs possible architectures and new challenges are briefly introduced under 

sections 2.1.3.1 and 2.1.3.2. [10] [18] [19] 

2.1.3.1. Architectures 

In WSANs two types of architectures exist: automated and semi-automated. The 

difference between them relies on the coordination between actors and sensors. While in semi-

automated WSAN sensed information is transmitted to the sink which coordinates and decides 

which actor will act upon the environment, in automated architectures sensor nodes directly 

communicate to sensor nodes.  
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FIGURE 2.8: SEMI-AUTOMATED ARCHITECTURE 

 

The main advantages in using a semi-automated architecture are its similar architecture 

to WSN, not requiring new algorithms and protocols and the use of the sink’s resources, which 

usually has higher computing power and a better global vision over the system. A disadvantage 

of this architecture is having a single point of failure. Sensor nodes located around the sink 

experience higher power drain because all the activity involved in this architecture requires data 

to be passed to the sink nodes and back to actor nodes thus rapidly exhausting the energy of 

nodes located around the sink. 

 

 

FIGURE 2.9: AUTOMATED ARCHITECTURE 

 

Automated architecture has the advantage of having lower latency because the 

information is directly transmitted to actors, longer network lifetime as the nodes around the sink 

don’t need to perform as much work as in semi-automated architecture, although sensor nodes 

located around actors might have higher load. 
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FIGURE 2.10: HYBRID ARCHITECTURE 

 

A third architecture has been proposed which combines both direct sensor-actor 

communication and the use of a sink for critical decisions intending to provide higher 

performance. [19] 

2.1.3.2. WSAN challenges 

The introduction of actor nodes to WSNs raises a new set of challenges previously 

unaddressed. These new research topics are presented throughout this section. 

2.1.3.2.1. Real-time 

Real-time communication has proven to be a very important requirement in WSANs. 

Depending on the application, the action performed by actors might only be valid or required 

during a short period of time after its triggering activity is detected. In a fire detection system, an 

extinguish mechanism is only useful if it acts as soon as the fire is detected or an alarm system 

is only useful if the sound rings as soon as some movement is detected. The monitored 

information must then be valid at each instant, providing real-time information for the decision 

mechanism.  

For these same reasons, decision mechanisms also need to provide real-time decisions 

as the acting can be time dependant. Using the same fire detection system example, an 

extinguish mechanism is only useful if it acts when the fire occurs. [10] [20] 

2.1.3.2.2. Communication 

When using an automated architecture, coordination between sensors and actors 

(sensor-actor) or between actors (actor-actor) is needed, as there’s no central node 

coordinating actors. This coordination and the communication it involves is the source for 

several requirements.  

Low power is an intrinsic requirement for every node in a WSAN and so this 

communication must respect this constraint. 

Ordered delivery and synchronization are also desired features as several events might 

be sensed resulting in different actions taken. These actions might require being fulfilled in the 

same order the events were sensed. Different sensors may detect the same event but the 
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action taken will probably need to be executed only once requiring synchronization between 

different information. 

Problems such as the number of sensors that should report the event or the number of 

actors that should act following the report of that same event must be carefully studied. Energy 

limitations and the event of undesirable overlap of the acting area of each actor must be 

considered. 

The transmission of any message can be either single-hop or multi-hop depending on 

the distance between sensor nodes and actor nodes for each event. [10]  

2.1.3.2.3. Coordination 

 

Sensor-actor coordination is essential. After perceiving an event, sensors need to send 

the notification to the appropriate actor or group of actors, which will act accordingly. After 

receiving the event actors need to coordinate with each other in order to decide the action to be 

taken. Depending on the application, both multi –actor and single-actor is possible. In the first 

case each sensor node decides independently which actor should receive the event notification. 

In a single-actor scenario sensors are grouped in clusters that, for each event, chose the best 

actor to be activated.  

 

 

FIGURE 2.11: SENSOR-ACTOR COORDINATION ALGORITHM BASED ON CLUSTERING 

 

In the multi-actor case described, actor-actor coordination is necessary to determine if 

the task is being executed by a single actor, performing a single actor task, or by multiple 

actors, called a multi-actor task. This can be decided by using either distributed decision, where 

every actor node take part in deciding for the type of task and involving actors, or a central 

decision where one single actor makes the decision and informs other actors. 
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All aspects presented here due to their importance in assuring the correct coordination 

thus the correct decision are subject of research for effective algorithms. [10] [20] 

2.1.4. Operating Systems 

Due to the specific requirements and constraints of sensor nodes and wireless sensor 

networks, operating systems have been created specifically targeting these platforms needs 

and their objectives. Reconfiguration, energy awareness and usage optimization, self-

organization, multi-hop ad-hoc communications, memory and computation constraints are some 

of the requirements these operating systems try to address. Existing operating systems are 

Nano-RK developed at Carnegie Mellon University, SOS developed at University of California 

Los Angeles, BTNut developed at ETH Zurich, MANTIS at the University of Colorado, Contiki at 

Swedish Institute of Computer Science and, the most widely used, TinyOS created at the 

University of California Berkeley. 

TinyOS is an open source operating system featuring a component-based architecture 

minimizing memory usage and providing an event-driven execution model allowing fine-grained 

power management and scheduling flexibility. Software programs developed in TinyOS are 

programmed using nesC, an extension to the C programming language. 

2.1.5. Simulators 

Simulators are software platforms specifically designed to simulate WSNs’ behaviour. 

These platforms allow testing a developed program without having to install the software in the 

actual nodes or without even having any physical sensor node (which could be impossible for 

solutions involving hundreds or thousands of nodes).  

 

 

FIGURE 2.12: SIMULATION OF WSN WITH AVRORA 
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Using a simulator, it is possible to monitor and analyze every mote in a simulated 

network and its response during his life cycle. Energy consumption, packets received, sent or 

dropped and the leds’ status are some of the variables usually controlled. Several simulators 

exist, some of them are: TOSSIM from TinyOS, Avrora developed at the University of California 

Los Angeles, J-Sim developed at the Ohio State University and EYES developed at the 

University of Twente.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

2.2. Monitoring 

Monitoring can be defined as the act of continuously observing something. We use 

monitoring when we need to control an environment capturing or detecting variations on the 

characteristics we are observing. 

 

 

FIGURE 2.13: PASSIVE (LEFT) AND ACTIVE (RIGHT) MONITORING 

 

When we refer to monitoring we can differentiate two types: active and passive. The 

difference between these two types is that while active monitoring necessarily involves human 

presence, being performed through field visits to the monitored environment, passive monitoring 

is done by autonomous systems not requiring human intervention. In this case, the monitoring 

system is placed in the environment, automatically acquiring desired data and either storing it 

locally for later retrieval or sending it to a remote system. 

2.2.1. Monitoring Applications 

Both WSNs and WSANs due to their characteristics allow us to build passive monitoring 

systems that require little or no human intervention after deployment being cost effective 

solutions. From medicine to agriculture, systems using these technologies are being created to 

support work in many different fields. 

Several applications of WSNs in monitoring exist such as animal monitoring used by 

biologists to study animals in the wild, structure health monitoring used to ensure buildings or 
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bridges condition or environment monitoring used to collect environment data such as 

temperature, humidity or wind.  

WSANs usage can also be found in applications such as fire monitoring used to detect 

fire and trigger a mechanism to extinguish it, microclimate control in buildings used to detect 

high or low temperatures and trigger an audio alarm or battlefield applications used to detect 

mines and deactivate them. 

2.3. Bats 

Bats are mammals belonging to their own group Chiroptera. Bats are divided into two 

subgroups Microchiroptera and Megachiroptera depending on their size. There are about 1100 

bat species, which represents a quarter of the total number of mammals. Bats can be found 

living almost anywhere except in deserts or Polar Regions but most species are concentrated in 

tropical forests. Bats exist in many sizes ranging from 30mm to 1,75 meters and exist in several 

different colors – yellow, white, black, red or pink. 

 

 

FIGURE 2.14: MICROCHIROPTERA (LEFT) AND MEGACHIROPTERA (RIGHT) 

 

Like dolphins, bats use high frequency sound to navigate or communicate with each 

other. Using ultrasonic pulses in the range of 12KHz to 160KHz they can detect obstacles as 

thin as a human hair and are wrongly thought to be blind. Bats have very long life expectancy, 

having been found to live up to 40 years old. Bats are the primary predator of night-flying 

insects, eating about half their body weight in insects every night. They play an essential role in 

both controlling the number of night time insects and in seed dispersal or pollination activities 

being responsible for 95% of forest regrowth. [6] 

2.3.1. Bat Monitoring 

Bat monitoring is currently done through either acoustic or non-acoustic methods. 
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Non-acoustic methods include visual observation, infrared cameras, thermal imagers or 

radars. These methods aren’t the most adopted due to bad results obtained, expensive material 

costs or inadequate to required monitoring conditions. 

Acoustic methods allow bat detection by capturing their ultrasonic echolocation waves. 

These methods have shown some efficacy problems related to acoustic waves being absorbed 

by the air resulting in low distance ranges, which is intensified in humid environments and 

higher frequencies. 

Several detectors exist, all of them fitting one of three categories: heterodyne, frequency 

division or time expansion. All three types of bat detectors use the same principle of shifting 

captured ultrasonic waves to human audible frequency range being distinguished by the 

process used in this operation. Heterodyne shifts the captured wave down to a human audible 

frequency using a constant interval. Frequency division, as stated by its name, first converts the 

captured wave into a square wave and then divides it by ten. Time expansion detectors capture 

sounds at high sample rates and replay them at lower sampling rates. Each of these types has 

its own advantages being heterodyne the most commonly used. 

 

    

FIGURE 2.15: ANABAT II     FIGURE 2.16: PETTERSON D1000X 

   

Some of the most well-known bat detectors are ANABAT, Petterson or Batbox. Most bat 

detecting solutions rely on active monitoring being small devices requiring specialist direct 

intervention. These devices capture bat’s echolocation waves and reproduce them at audible 

frequencies. They can be connected to computers or other devices for information storage. 

Existing passive monitoring devices include Anabat CF-ZCAIM which allows leaving detectors 

in the field and configuring them to monitor at certain times. The readings are then stored in a 

CF card. [21] 
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FIGURE 2.17: ANABAT II AND ZCAIM (PASSIVE BAT MONITORING) 

 

2.3.1. Bat Exclusion 

Currently existing bat exclusion methods are mainly used to prevent bats from entering 

houses. Several ineffective methods exist such as ultrasonic emission devices or the use of 

naphthalene balls. The only bat exclusion method nowadays approved as effective is bat-

proofing the affected building. This is done by finding the holes through which bats can enter the 

building and covering them with special nets which will allow them to safely get out of the 

building while preventing their reentrance. 

Bats & Wind Energy Cooperative (BWEC) is developing an ultrasonic emission device 

to repel bats but it is still under early development. Although testing results were positive, 

BWEC claim not having sufficient results to conclude its effectiveness. [22] [23] [24] 
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FIGURE 2.18: BWEC'S BAT DETERRENT DEVICE 

 

2.4. Ultrasound 

Human hearing frequency range is approximately 20Hz to 20KHz. The sound emitted 

below the human hearing limit, below 20Hz, is called infrasound whereas sound emitted above 

20KHz is called ultrasound. Both infra and ultrasound waves are inaudible to the human ear, but 

still they can be perceived by the organism in other ways. 

2.4.1. Applications 

Ultrasounds have been used in several areas for many years. The most common and 

well-known application is probably medical sonography, a diagnostic exam that allows the 

visualization of muscles, tendons, internal organs and commonly used during pregnancy as a 

routine exam that permits checking for existing physical anomalies, monitoring fetal growth or 

determining the sex of the baby. Another application recently becoming widely used is car 

parking sensors based on ultrasound ranging. Other applications include ultrasonic therapeutic, 

the use of ultrasound sources to generate local tissue heating; ultrasonic cleaning, the cleaning 

of jewelry, lenses, dental instruments and other using ultrasounds through the release of 

energy; or ultrasonic testing, the inspection of materials such as plastic, metal, wood or cement 

in order to measure their thickness and detect flaws using a nondestructive method. Ultrasonic 

disintegration is used for cleaning sewage by killing bacteria and sonic weaponry is also under 

research as it may be used for crowd control or to incapacitate or kill an opponent. 

 

Figure 1.  The ultrasonic bat deterrent during the mounting procedure (left) and installed (right). Each 

device contains three arrays of four transducers each (right), and treated turbines received two devices 

installed at two heights along the towers. (photos, Jason W. Horn and Scott Appleby) 

 

 

Sampling Design 

To test the effect of the deterrents’ emissions on bat behavior and activity near the 

turbines, we conducted two 10-night experiments wherein we compared bat activity at turbines 

treated with ultrasonic emissions with activity at control turbines with no emissions.  We 

selected treatment turbines using two criteria.  First, we favored turbine sites with both 

surrounding forest edges and adjacent open fields and sites where higher numbers of bat 

carcasses had previously been reported (Jain et al. 2007).  We selected control turbines that were 

sited in areas that were as similar in vegetation structure, wind exposure, and physical landscape 

features to the treatment sites as possible.  Deterrents were turned on at the beginning of each 10-

night test, and left running continuously.  

Horn et al. 2008   -   Bat Deterrents at Maple Ridge  10 of 30 
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2.4.2. Applications in WSNs 

Some applications of ultrasound in WSNs have already been developed or are currently 

being researched. Ultrasound communication in environments where radio or optical 

communication isn’t possible has been under development for several years in the Underwater 

Sensor Network (USN) paradigm. [25] Several projects using a combination of RF 

communication and ultrasonic emission to determine relative positioning and localization as well 

as distance measurement using time of flight between an ultrasound pulse and its echo have 

been developed in the WSN domain.  

2.4.3. Health Risks 

Health risks caused by the exposure to ultrasonic waves are still unknown. However, 

scientists believe that long exposure might have negative consequences based on experiences 

conducted with mice. In 2006 a study showed that mice fetus exposed to continuous ultrasound 

scanning during more than 30 minutes had their brain development affected. However human 

testing has never been made. Furthermore the fetal scanning is a very common medical exam 

performed during pregnancies as it usually takes less than 30 minutes. 

Hypersonic effect is used to describe the human psychological reaction to the presence 

and absence of ultrasound waves in the environment although not being heard. [26] 

2.5. Concluding Remarks 

This chapter presented an introductory literature review about WSNs, WSANs, bat 

monitoring and bat exclusion methods. Some examples of existing monitoring systems based 

on sensor networks were provided. 

The fields of WSN and WSAN are in the early stage of development and aren’t yet 

being widely used although the range of application is very wide. Nevertheless this technology 

is undeniably an area of future development and investment as it provides highly desirable 

features, such as autonomy and remoteability in small low cost devices. Moreover it provides a 

technological platform, which could be used to create solutions in an interdisciplinary 

framework, as it may be the basis of new tools in any field of work. Very few systems are 

currently commercially available although many test cases and research work has already been 

conducted applying sensor networks to many areas such as medicine, aerospace engineering, 

civil engineering, agriculture and even music or art installations. The area of sensor networks 

still needs research both in hardware, to develop more powerful motes with less energy usage, 

and software, to develop new and better algorithms in the areas described as research 

challenges. 

Nowadays biologists use bat detectors in order to detect and capture bats’ ultrasonic 

waves thus conducting bat monitoring. These devices can either be left in the field and later 

collected or manually operated by a biologist. These methods can be considered primitive when 
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compared with currently existing technology. Besides being very expensive, they require the 

continuous or periodic presence of a specialist to operate the device or collect the data. 

Bat exclusion isn’t yet possible as there aren’t any effective methods; nevertheless a 

device developed by BWEC has already shown encouraging results and is still being tested and 

improved.  
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Chapter 3 

3. Architecture 
This chapter describes the architecture of a system developed as an approach to the 

problem presented in chapter one. First, the conceptual model is presented offering an overview 

of the system functioning followed by four sections where each of the components is described 

in higher detail. The chapter ends with a final section of concluding remarks where the 

characteristics of the proposed solution are briefly summarized.  

3.1. Conceptual Model 

The problem previously described in chapter 1, comprehends two independent sub-

problems: bat monitoring and bat exclusion. The solution to both problems was developed and 

is presented throughout this section.  

 

 

FIGURE 3.1: BAT MONITORING SOLUTION 

 

The bat monitoring solution’s objective is to capture the ultrasonic sound emitted by 

bats, and transmit the recorded sound to a remote server where the sound is stored for later 
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analysis. In this system, the sound is captured by what we called the Data Acquisition 

Subsystem, a wireless sensor network composed by sensor nodes capable of detecting and 

recording such sound waves, and forwarded using GPRS to the Central Storage Server where 

the sound is stored in a non-volatile database. The Central Storage Server provides a front-end 

to the final user, an interface that allows viewing the captured data.  

 

 

FIGURE 3.2: BAT EXCLUSION SOLUTION 

 

The objective of the bat exclusion part of the system is to detect when a bat enters the 

area where the system is installed and activate actuators that will repel bats, keeping them 

away from the desired area. This solution can be divided into two subsystems: Event Detection 

Subsystem and Event Reaction Subsystem. 

The Event Detection Subsystem has to be capable of detecting ultrasound waves at the 

bat usage frequency range (12-160KHz). After detecting that a bat is present in the monitored 

area, the Event Detection Subsystem alerts the Event Reaction Subsystem, which activates the 

actuators to repel the detected bat by producing ultrasonic noise. Because the actuators in this 

system also emit ultrasonic waves to repel bats, the Event Reaction Subsystem must 

coordinate with the Detection Subsystem disabling it in areas where actuators are active in 

order to avoid triggering false positive detection events. 

The proposed system is composed by four interconnected subsystems identified by 

their main activity: data acquisition, event detection, event reaction and central storage. The 

global objective depends on the communication between these different subsystems. Each 

receives input and/or sends output to other in order to achieve partial solutions and ultimately 

the global system’s final goal.  
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A representation of the system and each subsystem is presented in figure 3.3 along 

with the interaction between them. 

 

 

FIGURE 3.3: GLOBAL SYSTEM ARCHITECTURE 

 

 

3.2. Bat Monitoring Solution 

Today, biologists travel to wind farms and use bat detectors to collect ultrasound waves. 

In Portugal they repeat this task at least once a month before, during and after the wind turbines 

deployment. This bat monitoring implies recording at specific coordinates that were previously 

determined during 15-minute periods. This solution intends to replace these unnecessary 

human field visits by automating the process while assuring at least the same amount and 

quality of information. 

As previously described, the main goal of this part of the solution is to capture 

ultrasound from the environment and store it in a central database that may be located in a 

different physical location. 
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FIGURE 3.4: BAT MONITORING SYSTEM'S ARCHITECTURE 

 

The following sections give more detailed descriptions of the two subsystems of the bat 

monitoring solution: data acquisition subsystem and central storage subsystem.  

3.2.1. Data Acquisition Subsystem 

The data acquisition component is responsible for capturing relevant data and 

forwarding it to the central system where it is later stored in non-volatile memory. The 

subsystem is a WSN composed by 3 types of nodes we named according to their tasks: 

recorder, sink and forwarder.  

The recorder node is responsible for periodically capturing and recording existing 

ultrasound waves from its surrounding environment. The state machine for this type of nodes is 

presented in figure 3.5. When not capturing sound from the environment, the node is in a sleep 

state reducing the energy consumption of the microcontroller and using low power listening for 

radio communication. This way the node acts as a forwarder node, forwarding received 

messages to other nodes in an energy efficient mode.  

An internal timer triggers the periodic recording task. The node captures the sound 

during a certain amount of time. After finishing the sound recording task, the recorder node 

sends the captured data to the sink node.  

In TinyOS two basic primitives exist: dissemination and collection. Dissemination refers 

to the act of reliably delivering data to all nodes of the WSN, being usually used in order to 

reconfigure or reprogram nodes. Collection is the complementary operation to dissemination, 

referring to the central collection at a base station of data captured by all nodes of the WSN. 

The general approach to this operation is to build one or more trees that have sink nodes as 
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roots. When a node wants to send data for collection it sends it up the tree until it reaches the 

sink node. In TinyOS 2.1 two collection protocol implementations currently exist: Collection Tree 

Protocol (CTP) and Link Quality Indicator (LQI). 

Our data acquisition system is a typical collection scenario where several recorder 

nodes periodically capture data and send it to the sink nodes. We selected the multi-hop 

protocol CTP because the LQI is only available for platforms equipped with the CC2420 radio 

thus posing a hardware limitation. [27] [28] [29] 

 

 

FIGURE 3.5: SIMPLIFIED STATE MACHINE OF THE RECORDER NODE 

 

CTP creates trees where all data is forwarded to the root of the created trees. The sink 

node is in this system defined as the root node of the tree, making sure that every node 

forwards received data to the sink. Several sink nodes may coexist in this system avoiding a 

single point of failure. In this case the data may be received by more than one sink. Because 

CTP does not ensure in-order packet delivery, a packet sequence number is included in each 

packet in order to ensure the later correct reassemble of the message. [27] [28] 

Each node is identified in the WSN by its unique identifier (TOS_ID). This identifier and 

a sequential message sequence number are added to every sent packet in order to identify the 

messages sent. The identifier and sequence number are also used to reassemble the data after 

being received by the central server.  
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FIGURE 3.6: SIMPLIFIED STATE MACHINE OF THE SINK NODE 

 

Sink nodes permanently wait for incoming messages and when data is received, it is 

forwarded to a remotely located central server using GPRS, as shown in figure 3.6. Sink nodes 

are equipped with a GPRS modem and are responsible for receiving the data sent by recorders 

and forwarding it to the Central Storage Subsystem. The data is sent for storage using a TCP 

socket and establishing a connection with the server. After establishing a TCP connection with 

the server, the sink node sends the International Mobile Equipment Identity (IMEI) thus 

identifying the WSN from where the data is originated as the central server may be receiving 

data from several different WSNs. 

 

 

FIGURE 3.7: DATA ACQUISITION TO CENTRAL STORAGE COMMUNICATION 

 

3.2.1. Central Storage Subsystem 

The Central Storage Subsystem receives the data captured and sent by the different 

WSNs that are part of the Data Acquisition System. The received information is stored in a 
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database and can be accessed and viewed using a user interface, which is also provided by the 

Central Storage System. 

The subsystem is formed by three components: Database, Data Management, DB 

Connector.  

The Database is installed in a database server and contains all the information captured 

by the WSNs. Maintaining a registry of the nodes that originated data and the associated IMEI 

that delivered it to the system it is possible to rebuild data with packets coming from different 

sinks, eliminate duplicate packets and organize the information by their origin.  

The Data Management is a simple web application installed in the application server. It 

allows users to access all the information already received and stored by querying the 

database.  

The DB Connector is an application that is permanently running in the server and 

interconnects the Data Acquisition Subsystem with the Database. It maintains a TCP socket 

listening for new connections from sink nodes. After successfully establishing a TCP connection 

with the sink, the DB Connector receives all data from that WSN storing it persistently in the 

Database.  

 Figure 3.7 represents the state machine of the central system without the Data 

Management component. 

 

 

FIGURE 3.8: SIMPLIFIED STATE MACHINE OF THE CENTRAL SYSTEM 

 

3.3. Bat Exclusion Solution 

This solution is composed by a WSAN and intends to keep bats away from its area of 

deployment with the final objective of preventing bats collision with wind turbines or death due 

to barotrauma.  

The problem of bat exclusion problem is still unsolved. The second chapter presents an 

ultrasound-emitting device currently being developed by BWEC with bat repelling purposes. 

Although this device is still being improved and tested, based on the positive results that have 

already been achieved, these are the actuators we are considering for this part of the solution. 
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The system approaches the bat exclusion goal by deploying a WSAN where sensor 

nodes are equipped with ultrasound sensors. These nodes detect bats’ presence by detecting 

the sound they produce at ultrasound frequencies. After detecting the presence of a bat, a 

sensor node sends the detection event to actor nodes around it. Receiving the bat-detected 

event, the actor node switches on the actuators, emitting ultrasound waves that repel bats from 

the area where they were detected.  

The sensor and actor nodes use a coordination algorithm that enables a sensor node to 

alert actor nodes based on their proximity to the event. The algorithm also permits the actor 

node, when activating the actuators, to inform the surrounding sensor nodes. The sensors 

alerted by actors will turn off their sensing to avoid triggering false positive detections. This 

coordination algorithm is explained in further detail in the next chapter. 

3.3.1. Event Detection Subsystem 

The Event Detection Subsystem is composed by sensor nodes, used to detect bats, 

and forwarder nodes, used to route the event to nearby actor nodes. 

The sensor node is permanently sensing the environment for bats. When a bat is 

detected it broadcasts a message alerting other nodes of the bat’s presence. Nodes receiving 

this message, broadcast it to other nodes spreading the alert using a multi-hop broadcast 

protocol. The message is forwarded within a limited number of hops. 

 

 

FIGURE 3.9: SIMPLIFIED STATE MACHINE OF THE SENSOR NODE 

After sending the alert, the node returns to the sensing routine to detect the presence of 

more bats. If a message from an actor node is received, the sensor immediately stops sensing 

the environment because a nearby actor node is going to start emitting ultrasound waves. The 

sensor stays inactive for a predetermined amount of time corresponding to the amount of time 

actor nodes maintain their actuators in an active state, and then return to their sensing cycle. 
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3.3.2. Event Reaction Subsystem 

The actor nodes of the solution form the Event Reaction Subsystem. These nodes are 

continuously waiting for event messages coming from sensor nodes alerting the presence of a 

bat. Upon receiving this message, the actor alerts the surrounding sensor nodes making them 

stop sensing because its actuators are being activated. The actuators are enabled for a 

predetermined period of time after which the actor returns to the previous state where it 

continuously waits for more event messages. 

 

 

FIGURE 3.10: SIMPLIFIED STATE MACHINE OF THE ACTOR NODE 

 

3.4. Complete system 

The complete solution is the composition of the monitoring and exclusion systems 

described in the previous sections working together in one single system.  

As it has been described, both recorders and sensors detect or capture ultrasound 

pulses. On the other hand, actors emit ultrasound pulses using actuators. To avoid noise during 

recording periods, a coordination algorithm is used. Actor nodes are signaled when a nearby 

recorder is starting a capture period. They disable their actuators avoiding generating noise that 

could overlap bat’s pulses thus capturing useless noise. The coordination between recorders 

and actors is introduced because actor nodes should not start the actuators when a nearby 

recorder is in a capturing period. Figure 3.10 shows the state machine of an actor node with the 

added synchronization with recorder nodes.   
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FIGURE 3.11: SIMPLIFIED STATE MACHINE OF THE ACTOR NODE 

 

3.5. Concluding Remarks 

In this chapter, the conceptual model for a bat monitoring and exclusion system was 

presented as well as the architecture for each of the components.  

The system has two purposes with different characteristics.  

Bat monitoring requires periodic sound recording and the transmission of large amounts 

of information to a central system. This involves transmitting the captured data to special sink 

nodes that are equipped with GPRS modems and responsible by forwarding all the data to a 

remote server where it is permanently stored. 

Bat exclusion requires permanent sensing of the environment and real-time response. 

When a sensor node detects a bat in the environment, an immediate response must be given 

by nearby actor nodes by emitting repellent noise through their actuators. A geographical 

coordination algorithm assures that detection events are broadcasted to actor nodes installed 

near the event. 

The coordination of both systems is necessary to assure that actor nodes do not 

interfere with the periodic monitoring or the bat detection. 
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Chapter 4 

4. Implementation 
This chapter describes some implementation details adopted during the development of 

the previously described architecture. In this chapter we provide descriptions on the 

implementation of each component introduced throughout the previous chapter. An overview of 

the structure of messages used for communication between devices is given and the algorithm 

used to coordinate the nodes’ actions is explained. 

4.1. Components 

Sections of chapter 3 presented several types of nodes: sensor, actor, recorder, 

forwarder and sink. These nodes were named according to their role in the system. The mote 

used for implementation of all these nodes was the Crossbow IRIS 2.4GHz, a mote providing 

8KB of RAM, 128KB of program flash memory. The datasheet is provided as appendix B. 

The entity in our solution referred to as Sensor Node can be compared to a mote 

connected to a common bat detector. It represents a device composed by a wireless module, 

the mote, and a sensor board equipped with ultrasonic sensors. This sensor board should 

present a behaviour similar to a common bat detector, being able to detect ultrasound in the 

same range as the emitted by bats. After receiving the detected signal indicating the presence 

of a bat nearby the node, the mote reacts by broadcasting an alert message containing the 

information that a bat was detected. 
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FIGURE 4.1: A SENSOR NODE IS COMPOSED BY A CROSSBOW IRIS 2.4GHZ AND A CROSSBOW MDA100CB 

SIMULATING A BAT DETECTOR 

 

In our implementation, because we didn’t have a sensor board similar to the one 

described, a Crossbow MDA100CB was used. This sensor board is equipped with a 

temperature and light sensor. The light sensor was used to simulate a detection event. Covering 

the board, a variation in the level of light occurs, and below a certain threshold, a detection 

event is triggered in the system representing the detection of a bat by the node.  

The Actor Node can be visualized as a mote connected to a deterrent mechanism. 

Although an effective bat deterrent device is still under development by BWEC, for 

implementation purposes, we consider that such a device exists and is connected to the mote to 

form the Actor Node. This device is the actuator of the node. The mote would be able to control 

and enable or disable the deterrent device. BWEC was contacted and confirmed that it is 

possible to enable and disable the deterrent using a simple switch thus proving that a mote 

could control the device. 
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FIGURE 4.2: AN ACTOR NODE IS COMPOSED BY A CROSSBOW IRIS 2.4GHZ. THE EXISTING LEDS ARE 

USED TO SIMULATE THE STATE OF THE BAT DETERRENT 

 

In our implementation, because we don’t have a bat deterrent device nor a sensorboard 

that can emit ultrasound pulses, we simulated the state of the deterrent by using led2 of the 

Crossbow IRIS 2.4GHz. Therefore, enabling or disabling led2 represents starting or stopping 

the actuator, so when led2 is on the system is in fact representing the emission of ultrasonic 

noise in order to push bats away from the location of the device. 

A Recorder Node is very similar to the Sensor Node, as it also needs the ability to 

detect ultrasound pulses. The difference is that while the Sensor, as previously explained, only 

detects the presence and uses it as the trigger to sending alert events, a Recorder stores the 

data obtained during a certain time period, and transmits it to a central node (sink) which then 

forwards the data for central storage. This node is composed by a mote connected to a typical 

passive bat monitoring station, incorporating a bat detector and a recording device with memory 

where the sound can be locally stored. The sound is then divided into small packets and sent 

with a message sequence number and the node’s id so that it can later be rebuilt. 
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FIGURE 4.3: A RECORDER NODE IS COMPOSED BY A CROSSBOW IRIS 2.4GHZ MOTE. A SOUND IS HARDCODED 

IN THE MEMORY OF THE MOTE IN ORDER TO SIMULATE A REAL SOUND STREAM. 

 

In order to simulate the real node, our implementation used a simple mote with a 

recorded sound hardcoded into a byte array stored in the internal memory. The array used was 

very small as the internal memory of a mote is very small, insignificant when compared to the 

real size of a captured sound but large enough to simulate the data structure and processing. 

To send the data, the sound array is divided into small parts of 24 bytes that can fit in the 

payload of a packet. Each packet is identified and numbered allowing to later reassembling the 

captured sound. 

A sink node was also presented in the previous chapter. In our system, this is a mote 

equipped with a GPRS modem in order to send captured data to the central system. The sound 

captured by Recorders is sent in packets to sink nodes. A new packet is created containing the 

received sound, the id of the Recorder node, the original sequence number and the IMEI of the 

GPRS modem in order to identify the sink and the network.  
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FIGURE 4.4: THE SINK NODE IS COMPOSED BY A CROSSBOW IRIS 2.4GHZ MOTE, A CROSSBOW MIB520 

INTERFACE BOARD, A SIEMENS TC65T GPRS MODEM AND A COMPUTER RUNNING AN APPLICATION THAT 

CONNECTS THE MOTE TO THE MODEM. 

 

The mote used in our implementation, the IRIS 2.4GHz does not have a GPRS modem 

built-in nor did we have a modem that could connect directly to one of its interfaces. We used 

an external GPRS modem Siemens TC65T (datasheet included as appendix C), a java 

programmable modem providing an rs232 port as interface. Another problem was that the 
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interface board used in our project to connect the mote to the computer, the Crossbow MIB520, 

has only a USB port. Although the Crossbow MIB510 has an rs232 interface, only the MIB520 

was available during the implementation. We used the following approach in order to connect 

the IRIS mote to the TC65 modem: first, the IRIS mote was attached to the MIB520, and the 

interface board connected to the computer using an USB interface. The TC65 modem was also 

connected to the computer using an RS232 to USB cable allowing the communication between 

the computer and the GPRS modem. Finally a console application was developed using 

C#.NET interconnecting the two USB ports allowing the communication between the mote and 

the modem. This application reads each byte from the port connected to the MIB520 and the 

IRIS mote and writes it to the USB port connected to the TC65 modem simulating a direct 

connection between the mote and the GPRS modem. 

 

 

FIGURE 4.5: CROSSBOW IRIS 2.4GHZ CONNECTED TO SIEMENS TC65T THROUGH A COMPUTER 

 

The TC65T is programmable using Java 2 Platform Micro Edition (J2ME), having 

Connected Limited Device Configuration 1.1 HotSpot Implementation (CLDC 1.1 HI) and 

Information Module Profile Next Generation (IMP-NG) available. J2ME is a subset of the Java 2 

Platform targeted at consumer electronics and embedded devices, providing a collection of 

Java APIs for the development of software for resource-constrained devices. The CLDC 

specification defines the most basic set of libraries and virtual machine that must be present in 

each implementation of J2ME and the Hotspot Implementation is an optimized version allowing 

faster application execution and more efficient resource management. The IMP-NG combined 

with the CLDC provides an application environment for network embedded devices with low 

graphical display capabilities. The application developed for the TC65T reads packets 
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containing sound data and its origin from the serial port and sends them to the application 

server using GPRS for central storage. 

The node we called Forwarder is a role that can be accomplished by any of the 

previously presented nodes. A Forwarder is a node that receives messages and forwards them 

to other nodes, acting as a wireless router, routing messages to their final destination. Any IRIS 

2.4GHz has the desired routing capabilities and may develop the Forwarder role. 

An application server and a database server form the Central System. The application 

server has two different components we called: DB Connector and Data Management. The DB 

Connector is an application that maintains an open TCP socket listening for new connections 

from the GPRS modems of the sink nodes. After receiving new connections, it will receive all 

the data from WSN and store it in the database server. The Data Management component is a 

web application developed to provide a frontend to the user in order to view the data received 

by the server and already stored in the database. The database server is a machine running a 

database management system (DBMS) that stores all the captured data in a relational 

database. 

 

 

FIGURE 4.6: THE DATA MANAGEMENT AND DB CONNECTOR APPLICATIONS FORM THE CENTRAL SYSTEM. A 

DATA ACCESS LAYER IS USED BY BOTH APPLICATIONS TO ACCESS THE DATABASE. 
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 Our implementation of the central server was developed by creating an application in 

C#.NET for the DB Connector and a web application in ASP.NET developed using C# for the 

Data Management. Both applications share an underlying data access layer also developed 

using C#.NET and T-SQL. Our server is running Microsoft Windows 2003 Enterprise Edition 

and the DB Connector is listening for new socket connections using the port 8000. The web 

server used was Microsoft IIS 6 listening for http connections at the standard port 80. The 

DBMS we used was Microsoft SQL Server 2005 Standard Edition, running in the same machine 

as the application server. The communication between the DB Connector and the database was 

done using TCP/IP at the default MS SQL Server port 1433. 

4.2. Messages 

Three types of packets are exchanged between the nodes: the messages sent from 

recorder nodes to sink nodes, the messages broadcasted by sensor and actor nodes and the 

packets sent from the GPRS modem to the central server. The messages sent from the mote to 

the GPRS modem through the cable connecting them is the same message received by the 

sink node. 

Messages produced by recorders and sent to sink nodes contain only a small portion of 

the recorded sound, the recorder node’s id and a message sequence number. Each message 

carries up to 28 bytes of data, the default payload size for TinyOS 2.1 packets. Although the 

payload size is configurable, being possible to increase its size up to 114 bytes, we performed a 

few tests that showed that increasing the payload size results in higher packet loss, thus lower 

packet receive rate (PRR). This 114 bytes limitation is imposed by the hardware, the RF230 

radio of the IRIS 2.4GHz mote has a memory buffer of 128 bytes, which with the headers of 

used protocols is reduced to a maximum payload of 114 bytes. When a recorder is about to 

send the captured sound, it first sends a message containing the total number of packets that 

will be sent.  

After reading a packet from the serial interface, the TC65T creates a new GPRS packet 

containing the received data (sound, message sequence number and node id) and adds its own 

unique IMEI number, allowing identifying the WSN it came from. Although the packets in our 

implementation are sent one by one as they are received, an alternative and probably better 

approach would be to join several consecutive packets and send them in a single GPRS packet 

minimizing the number of transmitted packets. The GPRS has a maximum transmission unit of 

1500 bytes theoretically allowing combining the data from 67 packets. 

Packets sent by sensor and actor nodes are simpler. They contain only the id of the 

mote that originated the message, a message sequence number used to ensure that only 

newer messages update the mote’s state, the type of the origin node (actor or sensor) identified 

by a number and the number of hops that is updated by each mote before forwarding it to the 

next node. This message structure will be better explained in the next section, where the 

algorithm that uses these messages is explained. 
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4.3. Coordination Algorithm 

In this section we describe the algorithm we developed to coordinate nodes in the 

system. The algorithm used between each pair of nodes requiring coordination is described in 

the following sections. 

4.3.1. SensorActor coordination 

Sensor and actor coordinate in order to assure a geographically real-time response to 

detection events. When a sensor node detects a bat, or in our implementation a low light 

intensity, it broadcasts a message with the structure indicated in section 4.2. This message is 

forwarded within a distance of a certain number of hops (3 hops were used in our 

implementation) creating a cluster of alerted nodes. When a packet is received, the node first 

checks if it should forward it to other nodes by checking the number of hop counts in the 

message, and before forwarding the packet, it increments the number of counts stored in the 

message.  

All nodes maintain a list containing the highest received sequence number from each 

sensor node. This list ensures that loops do not occur during the broadcast of these messages. 

The list is updated whenever a packet with a higher sequence number than the one stored for 

the same sensor node is received.  

While sensor nodes only forward messages from other sensor nodes, without triggering 

any action, actor nodes, enable actuators during a limited time period every time such 

messages are received. 

In our system, a sensor node detects ultrasound waves and an actor node emits 

ultrasound waves as well. If the sensor node were within the range of the actor nodes’ 

ultrasound waves and the actor within the cluster of the nodes alerted by that sensor, then an 

infinite cycle would occur. To solve this possible situation actor-sensor coordination is also 

needed. Our algorithm works as follows: when an actor node receives a message from a sensor 

node, besides forwarding the received message, it creates a new packet. This new packet has 

the same structure as the ones created by sensors, with a different value for the type of node. 

The packet is broadcasted within a cluster also determined by the number of hops, where 

sensor nodes receiving the message stop sensing the environment during the same time period 

an actor node enables the actuators. The process described to avoid loops in the broadcasted 

messages is also used in this situation. 

Using the described algorithm, we create both sensor-actor and actor-sensor 

geographical coordination. 
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FIGURE 4.7: SENSOR-ACTOR COORDINATION 

 

4.3.2. Recorder Actor coordination 

Recorders, similarly to sensors capture ultrasound waves. If a recorder is capturing 

sound waves in the same area an actor node is emitting ultrasound, the recorded sound would 

be full of noise produced by the actuators. Coordination between recorders and actors is also 

necessary. The decision on whether it is the recorder node that should stop capturing or the 

actor node that should stop emitting is certainly debatable. However, we decided that a recorder 

node should proceed capturing and the actor node should disable its actuators. This decision 

was based on the assumption that other sensor and actor nodes may exist and execute the 

deterring task while the recorders always need to capture sound at the same exact location and 

strict schedule maintaining data coherence.  

The coordination between these two nodes is achieved in an identical form as the 

described in the previous section. Before starting the capture period, a recorder node 

broadcasts a message with the same structure used in other coordinations and containing the 

same data. A sensor and recorder node receiving the packet will forward it, when still within the 

cluster, only updating its internal list and incrementing the hop count. An actor node besides 

forwarding the packet, will disable the actuators during a predetermined period of time 

(corresponding to time capturing time interval). During this period it will not enable its actuators 

if a message alerting a bat presence is received. 
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FIGURE 4.8: RECORDER-ACTOR COORDINATION 

 

4.4. Concluding Remarks 

In this chapter we described how the project presented in the previous chapters was 

implemented.  

The mote used, the Crossbow IRIS 2.4 GHz was selected due to its characteristics. A 

comparison between several motes was made and power consumption, radio communication 

range, memory and processing capacities were taken in consideration. Other motes could have 

been used, and the software programmed using TinyOS 2.1 and nesC could certainly be 

successfully installed in many other motes which support TinyOS 2.1. The application was 

developed using generic data types making it easily portable to other motes. 

The GPRS modem, the Siemens TC65T, was used because it was the only one 

available for this project. Although this modem is a device that connects to the mote using a 

cable, an ideal implementation would be to create a sensor board with a GPRS modem that 

would connect using the mote’s 51-pin connector. The TC65T is, as the mote, created to be a 

low power consumption device but it only provides the possibility to work connected to a plug. 

Nevertheless the TC65T’s hardware manual states it is possible to create a circuit board to 

power the modem using batteries. A real world implementation of the system wouldn’t be 

possible with a device that required being permanently connected to the power plug as the 

system is to be deployed in the wild. 

 The Crossbow MDA100CB was the only sensor board available for the project hence 

the available sensors (light and temperature) were used simulating the behavior of the system 

using different sensors. Real sensor boards need to be created in order to have a fully 

functional system. A sensor board with ultrasound sensors and memory capacity is needed for 

the recorder nodes, a sensor board with ultrasound sensors is needed for the sensor nodes and 
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a deterrent device, such as the ultrasound emitter developed by BWEC (assuming its efficiency) 

needs to be attached to actor nodes. 

The Crossbow MIB520 was used because it was the only available interface board. The 

use of a MIB510 that provides a serial interface would allow the direct connection of the mote to 

the modem, discharging the need of the computer currently used to connect these devices. 

The TC65T sends each message as it arrives. A better approach would be to receive 

several messages and combine them in one single message. This is possible because the 

GPRS MTU is much larger than the IRIS mote’s and it would reduce the GPRS traffic and 

probably the modem’s energy consumption. Although it would require processing the 

messages, the energy necessary for radio communication is usually higher. 
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Chapter 5 

5. Evaluation 
This chapter describes the tests made to the developed solution in order to understand 

the efficacy of the system in solving the problem that motivated this project. First the 

methodology section explains the approach taken, how variables are measured is explained 

and how each test was performed. Section 5.2 presents the results obtained in the evaluation 

as well as a discussion on the observed values. Finally, section 5.3 presents concluding 

remarks summarizing the evaluation results. 

5.1. Methodology 

Several tests were conducted on the fully developed prototype in order to evaluate 

different relevant aspects. First, we intended to test the maximum wireless transmission speed. 

The data transmission rate is crucial to understand how much time it takes for the information to 

be available to the system’s user since it was captured. The second group of tests evaluated 

the performance of the coordination algorithm in order to understand if actor nodes respond to 

detection events in an acceptable time. Finally, a third group of tests evaluates the power 

consumption and battery life of each node. 

5.1.1. Wireless Transmission Speed 

The monitoring solution needs to send all the recorded sound, substantial amounts of 

data, from the recorder node to the sink node and central server. This was evaluated by 

sending packets both from one or two nodes to the sink, which was connected to a computer 

and TC65T. Both the computer and the central server receive the packets containing the 

message sequence numbers being possible to observe if every packet is received or if packet 

loss has occurred. It is also possible to understand whether the packet loss occurred during the 

WSN communication or the GPRS transmission to the central server. 

The nodes were installed at a distance of 4 m from each other. Recorder nodes use 

CTP and B-MAC protocol, a medium access control protocol designed for wireless sensor 
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networks, to send data to the sink. In the 3 nodes trial the motes were deployed forming an 

equilateral triangle.  

This test was performed varying the packet size and the packet-sending interval in order 

to understand the influence of both variables in the packet receive rate (PRR). 

For each test, a table is presented to show the results obtained. Two different 

topologies were used, one with 3 nodes and another with 2 nodes. Both topologies have 

representative figures at the beginning of chapter 5.2.1. 

5.1.2. Coordination Algorithm 

The coordination algorithm defines how sensor and actor nodes coordinate with each 

other. The actor node’s bat detection response of enabling the actuators has to happen in real-

time guaranteeing the actuators are operating while bats are still near the node that triggered 

the detection event. An acceptable time response may be defined as a response from the actor 

nodes that is always faster than the bat flying away from the node’s range. 

The algorithm was evaluated using Avrora Beta 1.7.106, a WSN simulator developed by 

the University of California, Los Angeles. Because the simulator does not support the simulation 

of applications using the platform Crossbow IRIS 2.4GHz, and showed erroneous behavior 

when simulating Low Power Listening in Crossbow micaz platforms, we simulated the 

coordination algorithm using Crossbow mica2. Nevertheless the algorithm was developed and 

tested using the physical IRIS mote hardware. The need to perform tests using the simulator 

relates to the demand to quantify time measures that cannot be accurately done visually. The 

simulator was also useful to test the algorithm in WSN composed of more than 3 nodes, the 

number of available motes for this project. 

Different topologies and cluster dimensions were used. Each test identifies the cluster 

size used, identifying it using the variable MAHC (Maximum Alert Hop Count). The topologies 

used in the tests define square grids of nodes with equal vertical and horizontal distances.  

5.1.3. Energy Consumption 

Every wireless sensor node is equipped with two AA batteries that need to be replaced 

after depletion. Although batteries make sensor node autonomous, they also condition their 

lifetime. The systems’ continuous functioning depends on each node’s battery state. The 

system may work when a few sensor nodes run out of battery but a constant need for 

replacement makes the system unfeasible. Although not being formally defined, the periodicity 

of battery replacement is directly related to the system’s feasibility.  

The power usage of the nodes dictates the node’s battery lifetime. In order to assess 

the node’s lifetime regarding battery durability, we conducted energy consumption evaluation 

tests. This was evaluated by measuring the duty cycle of nodes in simulations conducted using 

Avrora. The values obtained were then used to calculate the duty cycle which was inserted into 

an Excel worksheet (appendix D) provided by Crossbow in order to evaluate the node’s lifetime. 
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Due to several limitations of Avrora in simulations making use of Low Power Listening, 

we were only able to evaluate a small and limited number of scenarios. We tested and present 

results for the following different situations: 

1. Sensor node detection: In this test we simulated the detection of a bat by a sensor 

node. The duty cycle of Sensor, Actor and Forwarder nodes is presented; 

2. Recorder node periodic capture: In this test we simulated the periodic recording of a 

Recorder node. We present the duty cycle for the Recorder and Sink nodes; 

For each test we present the duty cycle and a chart extracted from the worksheet 

showing the battery lifetime. The values we used for calculation were extracted from the 

Crossbow IRIS 2.4GHz mote and are presented in the following table: 

 

  state iris 
active 8 mA Micro 

Processor sleep 8 uA 
receive 16 mA 
transmit 17 mA Radio 
sleep 1uA 
active 5 ma Sensor Board 
sleep 5 ua 

TABLE 5.1: CROSSBOW IRIS 2.4GHZ ENERGY CONSUMPTION 

5.2. Results 

In the following subsections we present the results to the respective tests described in 

section 5.1. 

5.2.1. Wireless Transmission Speed 

As described at the end of section 5.1.1, two topologies were used to develop the test of 

the maximum wireless transmission speed. The deployment schemas are presented in the two 

following figures. 

 



 

FIGURE 5.1: 3-NODE TOPOLOGY USED IN THE 

WIRELESS SENSOR NETWORK TRANMISSION SPEED 

TESTS 

 

 

FIGURE 5.2: 2-NODE TOPOLOGY USED IN 

THE WIRELESS SENSOR NETWORK TRANSMISSION 

SPEED TESTS 

 

 

5.2.1.1. Test1 

This test was performed during a period of approximately 50 minutes, using packets 

with 28 bytes of payload and with a WSN composed by 3 motes. The nodes were installed as 

represented in figure 5.1. The two Recorder nodes send packets at a rate of 4 packets per 

second, being a packet sent every 250 milliseconds. 

 

 Node Type TOS_ID Packets Sent Packets Received Packet 
Receive Rate 

Recorder 2 6047 - 

Recorder 3 6047 - 

Sink 1 - 12071   
WSN 

Total - 12094 12071 99,81% 

Sink 1 12071 - 

Central 
Server 

- - 12071   GPRS 

Total - 12071 12071 100,00% 

TABLE 5.2: RESULTS FOR TEST1 
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5.2.1.2. Test2 

This test was performed during a period of approximately 60 minutes, using packets 

with 28 bytes of payload and with a WSN composed by 3 motes. The nodes were installed as 

represented in figure 5.1. The two Recorder nodes send packets at a rate of 2 packets per 

minute, being a packet sent every 30 seconds. 
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 Node Type TOS_ID Packets Sent Packets Received Packet 
Receive Rate 

Recorder 2 128 - 

Recorder 3 128 - 

Sink 1 - 256   
WSN 

Total - 256 256 100,00% 

Sink 1 256 - 

Central 
Server 

- - 256   GPRS 

Total - 256 256 100,00% 

TABLE 5.3: RESULTS FOR TEST2 

5.2.1.3. Test3 

This test was performed during a period of approximately 60 minutes, using packets 

with 114 bytes of payload and with a WSN composed by 3 motes. The nodes were installed as 

represented in figure 5.1. The two Recorder nodes send packets at a rate of 4 packets per 

second, being a packet sent every 250 milliseconds. 

 

 Node Type TOS_ID Packets Sent Packets Received Packet 
Receive Rate 

Recorder 2 2855 - 

Recorder 3 3070 - 

Sink 1 - 893   
WSN 

Total - 5925 893 15,07% 

Sink 1 893 - 

Central 
Server 

- - 893   GPRS 

Total - 893 893 100,00% 

TABLE 5.4: RESULTS FOR TEST3 

5.2.1.4. Test4 

This test was performed during a period of approximately 15 minutes, using packets 

with 114 bytes of payload and with a WSN composed by 2 motes. The nodes were installed as 
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represented in figure 5.2. The two Recorder nodes send packets at a rate of 4 packets per 

second, being a packet sent every 250 milliseconds. This test was performed twice with the 

same results observed. 

 

 Node Type TOS_ID Packets Sent Packets Received Packet 
Receive Rate 

WSN Recorder 2 446 - 

Sink 1 - 446   
  

Total - 446 446 100,00% 

Sink 1 446 - 

Central 
Server 

- - 446   GPRS 

Total - 446 446 100,00% 

      

 Node Type TOS_ID Packets Sent Packets Received Packet 
Receive Rate 

WSN Recorder 3 467 - 

Sink 1 - 467   
  

Total - 467 467 100,00% 

Sink 1 467 - 

Central 
Server 

- - 467   GPRS 

Total - 467 467 100,00% 

TABLE 5.5: RESULTS FOR TEST4 

5.2.1.5. Test5 

This test was performed during a period of approximately 60 minutes, using packets 

with 66 bytes of payload and with a WSN composed by 3 motes. The nodes were installed as 

represented in figure 5.1. The two Recorder nodes send packets at a rate of 4 packets per 

second, being a packet sent every 250 milliseconds. 
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 Node Type TOS_ID Packets Sent Packets Received Packet 
Receive Rate 

Recorder 2 6614 - 

Recorder 3 6476 - 

Sink 1 - 1405   
WSN 

Total - 13090 1405 10,73% 

Sink 1 1405 - 

Central 
Server 

- - 1405   GPRS 

Total - 1405 1405 100,00% 

TABLE 5.6: RESULTS FOR TEST5 

 

5.2.1.6. Test6 

This test was performed during a period of approximately 77 minutes, using packets 

with 66 bytes of payload and with a WSN composed by 3 motes. The nodes were installed as 

represented in figure 5.1. The two Recorder nodes send packets at a rate of 1 packet per 

second, being a packet sent every second. 

 

 Node Type TOS_ID Packets Sent Packets Received Packet 
Receive Rate 

Recorder 2 2977 - 

Recorder 3 2905 - 

Sink 1 - 1486   
WSN 

Total - 5882 1486 25,26% 

Sink 1 1486 - 

Central 
Server 

- - 1486   GPRS 

Total - 1486 1486 100,00% 

TABLE 5.7: RESULTS FOR TEST6 
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5.2.1.7. Discussion 

According to the Crossbow IRIS 2.4GHz datasheet, the maximum transmission speed 

for this mote is 250Kbps. If we use this to calculate the packet rate we see that 250Kbps = 

31,25KB/s and 31250/44bytes (default packet size) = 710 packets per second.  

In our tests we observed that the real packet-sending rates are much lower than 710 

packets per second. We contacted some developers of TinyOS that pointed out that some 

reasons for lower rates are the need for backoff time, time to switch between transmit and 

receive, synchronization, acknowledgement or upload and download packets to the radio chip. 

Currently B-MAC is the only MAC protocol available for the IRIS platform, a carrier sense 

multiple access with collision avoidance protocol (CSMA/CA) providing low power listening and 

acknowledgments. Two collision avoidance algorithms are available: the first consists in a 

simple random backoff and is the default B-MAC CA algorithm, and the second is a slotted time 

sync based algorithm called slotted MAC. We could find reports of packet-sending rates of 160 

packets per second using the B-MAC protocol with the default random backoff algorithm or 300 

packets per second using the slotted MAC collision avoidance algorithm. 

Further investigation showed that the real cause for the low rate experienced in our 

tests is the use of the CTP. CTP documentation states it is designed to work with low rates and 

a discussion with the creator of CTP resulted in recognizing that low transmission rates are 

caused by the absence of flow/congestion control. Moreover he stated that CTP introduces 

several time delays that can reduce this packet-sending rate further. A possible workaround 

would be to tweak the protocol delays in order to obtain higher transmission rates. A better 

solution would be to create the missing flow/congestion control mechanism that would 

theoretically allow us to use CTP with high transmission rates.  

We tested the solution replacing the random backoff with the slotted MAC in order to 

understand if we could get better radio performance results. The outcome was similar to the use 

of default B-MAC CA algorithm revealing that it would be useless in terms of transmission rates 

to replace it with the slotted MAC. The slotted MAC is currently only implemented to support the 

IRIS mote reinforcing its non-usage due to portability issues. 

Based on the results obtained, we also noticed that both the packet-sending rate and 

the packet-size are inversely proportional to the packet receive rate. If we increase the packet 

size or the rate at which packets are sent the packet rate decreases. 

We can estimate, using our results, a maximum data transmission speed of 112Bps 

(sending 4 packets per second each with a payload of 28 bytes) or 896bps. A bat detector may 

capture sound with different characteristics. A Petterson D1000X bat detector capturing sound 

with 16bit and 768KHz sampling rate during a 15 minutes period would result in 1,5GB of data, 

needing at the calculated transmission rate approximately 5 months for complete data 

transmission. A lower resolution Petterson D240X bat detector capturing sound with 8bit and 

240KHz sampling rate during a 15 minutes period would result in 210MB of data, needing 

approximately 22 days to transmit. 
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Although we don’t have the sensor boards needed for the periodic bat sound capture, 

our research showed that the IRIS mote itself isn’t capable of acquiring signal at such high 

frequencies. The mote’s ADC can only sample at a maximum frequency of 70KHz. The sensor 

board would need its own ADC capable of acquiring signal at least at 320 KHz in order to 

acquire the bat signal without losing information.  

As we could observe through this maximum transmission speed test, another existing 

problem is the amount of captured information. The IRIS mote only provides 512KB of memory 

that are clearly insufficient to temporarily store the capture sound. Although the node may start 

sending data as soon as it starts capturing it, the speed at which it can transmit isn’t enough to 

allow the node to have just a small cache memory. The amount of necessary memory is of 

course related to the maximum amount of time we want to be abl. to capture. The memory can 

be represented by the function M = t.(CR – TR), where M is the necessary memory, CR 

represents the capture rate, TR the transmission rate and t is time. If we wanted to be able to 

capture 15 minutes of bat sound, we would need a sensor board with at least 1,3 GB of memory 

(M = 900 s (1536000 Bps – 112 Bps = 1382299200 B ≈ 1,3 GB)) in order to store the sound 

locally. This amount of memory increases if we intend to be able to capture during longer 

periods. The sensor board needs to temporarily store the signal locally which can be read by 

the mote and transmitted. 

5.2.2. Coordination Algorithm 

In this section we describe the results obtained from the tests performed in order to 

evaluate the coordination algorithm. For each test we present the network topology used in the 

simulation and the results obtained. Nodes that are marked with a green circle were given data 

input in order to trigger alert detection events. Actors marked with a yellow square responded to 

the event. Arrows show the packet routing observed. The timings are shown in the 

accompanying table.  
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5.2.2.1. Test1 

MAHC = 3 

 

FIGURE 5.3: WSN TOPOLOGY FOR TEST1 

 TOS_ID time (seconds) 

Event 1 3,000 

Event Alert 1 3,046 

Event 
Receive 12 3,280 

Reaction 12 3,324 

 
Time to 
React 0,324 

TABLE 5.8: RESULTS FOR TEST1
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5.2.2.2. Test2 

MAHC = 5 

 

FIGURE 5.4: WSN TOPOLOGY FOR TEST2 

 

 

 TOS_ID time(seconds) 

Event 1 3,000 

Event 
Alert 1 3,046 

Event 
Receive 9 3,375 

Event 
Receive 12 3,280 

Reaction 9 3,399 

Reaction 12 3,324 

9 0,399 Time to 
React 

12 0,324 

TABLE 5.9: RESULTS FOR TEST2 
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5.2.2.3. Test3 

MAHC = 4 

 

 

 

 

FIGURE 5.5: WSN TOPOLOGY FOR TEST3 

 

 

 

 TOS_ID time(seconds) 

Event 13 3,000 

Event 
Alert 13 3,050 

Event 
Receive 9 3,170 

Event 
Receive 12 3,050 

Event 
Receive 19 3,164 

Reaction 9 3,171 

Reaction 12 3,100 

Reaction 19 3,169 

9 0,171 

12 0,100 
Time to 
React 

19 0,169 

TABLE 5.10: RESULTS FOR TEST3 
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5.2.2.4. Test4 

MAHC = 20 

 

FIGURE 5.6: WSN TOPOLOGY FOR TEST4 

 

 

 

 

 TOS_ID time(seconds) 

Event 1 3,000 

Event Alert 1 3,046 

Event Receive 11 4,465 

Reaction 11 4,666 

Time to React 11 1,666 

TABLE 5.11: RESULTS FOR TEST4 

5.2.2.5. Discussion 

We know that the fastest bat, the Tadarida Brasiliensis, can fly at approximately 97Km/h 

(26,94m/s). [30] A common bat detector can detect a bat emitting ultrasounds at a distance of 

30 meters. 

Crossbow IRIS 2.4GHz mote’s datasheet states that the mote has an outdoor wireless 

communication range of over 300 meters, but we simulated using Crossbow mica2 mote, which 

according to its datasheet has a wireless communication range of 150 meters. 
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The results obtained showed that using the created coordination algorithm, the system 

effectively responds in real-time to occurring detection events. Furthermore we can observe that 

the time to enable the actuators is directly proportional to the number of hops. 

We know that several conditions such as temperature or humidity have influence on the 

wireless transmission speed, the node’s wireless range or the bat detector’s range. We can also 

assume that there is certainly a delay between the actor node’s request for activation and the 

real activation of the actuators. We don’t have a bat deterrent mechanism and cannot measure 

the delay having the actuators been simulated with a blinking led. We can also assume that 

delays in a real bat detection mechanism may occur than cannot as well be measured. 

If a sensor and actor are installed at 150 meters from each other, when a bat is 

detected, it is at 180 meters from the actor. The bat, flying at constant speed of 26,94m/s and 

flying in a straight line would take 6,68 seconds to reach the actor node. The results showed 

that an actor node located at the distance of 1 hop, could in our tests blink the light signaling a 

reaction after 0,1 seconds after the event occurred. Based on these calculations we can 

conclude that if the delays are lower than 6,58 seconds, the system can effectively respond to 

the event. 

The calculated maximum delay of 6,58 seconds is acceptably large enough to cover the 

delay introduced by both mechanisms. We can add the fact that bats don’t usually fly in a 

straight line and that their speed varies with their physical characteristics. These calculations 

were made using the fastest bat flying speed.  

Based on the results of the conducted tests and performed calculations, we can affirm 

that using the proposed coordination algorithm, the system can effectively respond in 

accordance with the time constraints. 

5.2.3. Energy Consumption 

In this section we present the results obtained from evaluating the sensor nodes’ energy 

usage. 
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FIGURE 5.7: PART OF AVRORA’S SIMULATION RESULTS USING THE ENERGY MONITOR 

5.2.3.1. Sensor node detection 

In this test, a bat was detected by one of the sensors and the alert messages were 

broadcasted through the network. 

 

  Duty Cycle (%) 
 state Sensor Actor Forwarder 
active 2,1 2,0 2,0 Micro 

Processor sleep 97,9 98,0 98,0 
Radio receive 5,8 5,8 8,1 

 transmit 5,2 5,2 3,1 
 sleep 89,0 89,0 88,8 
active 100,0 100,0 0,0 Sensor 

Board sleep 0,0 0,0 100,0 

5.12: BAT DETECTION ENERGY TEST RESULTS 
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FIGURE 8: ESTIMATED BATTERY LIFE OF ACTIVE AND INACTIVE SENSOR NODES 

 

FIGURE 9: ESTIMATED BATTERY LIFE OF ACTIVE AND INACTIVE ACTOR NODES 
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FIGURE 10: ESTIMATED BATTERY LIFE FOR ACTIVE AND INACTIVE FORWARDER NODES 

5.2.3.2. Recorder node periodic capture 

In this test a recorder node performed a periodic sound capture followed by the sound 

transmission to the sink. 

 

  Duty Cycle (%) 
 state Recoder Sink 

Micro Processor active 7,5 2,9 
 sleep 92,5 97,1 

Radio receive 12,3 19,0 
 transmit 69,9 3,7 
 sleep 17,8 77,3 

Sensor Board active 100,0 0,0 
 sleep 0,0 100,0 

5.13: PERIODIC RECORDING ENERGY TEST RESULTS 
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FIGURE 11: ESTIMATED BATTERY LIFE FOR ACTIVE AND INACTIVE RECORDER NODES 
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FIGURE 12: ESTIMATED BATTERY LIFE FOR ACTIVE AND INACTIVE SINK NODES 

5.2.3.3. Discussion 

The results obtained in this energy evaluation and presented in the previous sections 

can be heavily influenced by several variables. Low power listening toggles the radio between 

active and inactive state in order to save energy. The periodicity at which the radio is switched 

on and off can be determinant in the node’s power usage. In our tests we used a fixed Low 

Power Listening interval of 400 milliseconds due to some simulator limitations. However in our 

prototype we used a 2 seconds interval which would guarantee a much lower duty cycle. The 

distance at which nodes are installed does not influence their power usage in Avrora as the 

radio model is very basic. This may be unrealistic as distance may influence radio power 

consumption. The sensor board in Avrora is always active in simulations, even when it’s not 

being used. In a real environment the sensor board should toggle its state between active and 

inactive according to the systems usage thus saving energy. 

We cannot make any assumptions on the consumption of the sensor boards as these 

were completely simulated throughout the development of the prototype. The nodes’ lifetime is 

heavily influenced on these circuit boards’ energy consumption and so the results presented for 

Actor, Sensor or Recorder nodes’ lifetime may vary from a real life deployment situation. 

All tests had duration of 120 seconds. The total time of evaluation may have a big 

impact on the duty cycle calculation. The inactive system will only exchange configuration 

packets in the beginning of the simulation, so longer simulations will result in lower duty cycles. 

The periodic capture and sensor detection results depend on the frequency of the events. The 

duty cycle obtained increases if the number of bats detected increases. The same relation is 

true for the periodic capture: the more periodic captures per period of time, the higher is the 

duty cycle. 

 The results presented in sections 5.2.3.1 and 5.2.3.2 show energy consumptions of the 

active system. Biologists typically make periodic captures during 15 minutes in the first 3 hours 

after sunset. Following the same approach the system could be sleeping during the rest of the 

time. Also, this periodic recording is only performed once a month which could further reduce 

our system’s duty cycle thus heavily extending its battery life. Regarding the deterrent system, 

we could make similar assumptions. A bat is typically inactive during most of the day, only flying 

after sunset and at most during 7 hours. Based on this fact the system could be in a sleeping 

state during the remaining 17 hours. 

Although we could not present results regarding the system’s consumption during 

inactive periods due to Avrora’s limitations, we know that during these periods both the radio 

and the sensor board can be turned off while the microprocessors’ is also highly reduced. We 

calculated this low microprocessor duty cycle by simulating an isolated node without using radio 

or sensors. 

Based on these assumptions, we presented graphs of active and inactive nodes. We 

can observe that permanently active sensor and actor nodes would have a limited lifetime of 1 

month, while a forwarder could last about 3 months. We can as well observe that while an 
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active sink would have a lifetime of 2 months, a permanently active recorder would last only 0,5 

months. All inactive nodes could last about 50 months. 

Combining these results, we can calculate the sensor and actor nodes’ lifetime to be of 

about 3 months and 7 months for forwarder nodes if remaining active for 7 hours each day. 

Similarly, a recorder node working 15 minutes every month (the typical monitoring currently 

performed), could have an estimated lifetime of 80 months, while sink nodes with the same 

activity could remain functioning for up to 90 months. 

Although the presented results may provide some idea of the system’s lifetime it is 

important to notice that we did not have any information on the sensor boards and actuators 

real consumption. Similarly, the GPRS modem consumption was not considered as the modem 

used in our prototype works connected to the power socket. The sleep interval of 400 

milliseconds was imposed by the simulator limitations and increasing it would certainly reduce 

the energy consumption. We also considered an unrealistic 100% duty cycle for sensor boards 

during active periods, the real system could save large amounts of energy by switching the 

sensor board of while not in use. 
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Chapter 6 

6. Conclusion 
This dissertation presents a novel WSAN application in the domain of environmental 

monitoring and protection. The developed system aims at solving the known bat killing and wind 

energy problem and helping scientists study bats’ behavior. This project was motivated by the 

fact that the role bats’ represent in the ecosystems’ equilibrium is irreplaceable and on the 

responsibility we have to preserve every existing species.  

This dissertation covers the proposed research question “Can wireless sensor and actor 

networks be applied to environmental problems valuably improving currently existing systems 

and methods?”. We focused our research on the specific field of bat monitoring and bat 

deterring, a currently existing worldwide environmental problem. We conducted our research 

based on two hypotheses: first, that if we use wireless sensor networks to perform currently bat-

monitoring tasks, we will reduce the necessary workload and costs. Second, if we extend the 

system to a wireless sensor and actor network using bat deterrents as actuators, the system will 

be able to effectively deter bats in real-time.  

Starting with a literature review we covered wireless sensor networks, wireless sensor 

and actor networks, bat monitoring and deterring and ultrasound usage. We built a conceptual 

model and designed the architecture for the bat monitoring and deterring system as well as the 

composing subsystems. The bat monitoring system and the bat deterring systems were 

modeled independently and interconnected afterwards. Wireless sensor networks, wireless 

sensor and actor networks, GPRS communication and a central server were combined to model 

a single system where characteristics of each technology contributed to achieve the same 

purpose. We have then implemented our monitoring and deterring models using Crossbow IRIS 

2.4GHz wireless modules, a Crossbow MDA100CB sensor board, a Siemens TC65T GPRS 

modem and a server running Microsoft Windows 2003 and Microsoft SQL Server 2005. We 

used TinyOS2.1 and nesC to program the motes, J2ME CLDC 1.1 HI to program the GPRS 

modem and C#.NET to develop the web and console applications running in the central server. 

A preliminary evaluation of the model was performed. 
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The conducted evaluation showed that the monitoring system could perform 

autonomously and the captured information monitored remotely. However, a limitation was 

found regarding the wireless transmission speed of the monitoring solution. The Collection Tree 

Protocol used in the solution wasn’t able to support such high amounts of data as those that are 

captured during a monitoring period. These low performance results were mainly due to the lack 

of existing flow/congestion control mechanisms in the protocol used.  

The evaluation of the deterrent system proved that the proposed solution could respond 

in real-time to the detection events. The coordination algorithm could effectively geographically 

coordinate sensors and actors by broadcasting alert messages thus locally reacting to the 

detected events. 

The work developed in this dissertation highlighted the importance on the use of 

technology to the development of novel environmental systems. These innovative technologies 

may be used to build more effective systems and finding the solution to previously unsolvable 

environmental problems. We hope that this dissertation can establish some ground for future 

work of the combination of industry and technology with the environment overcoming the barrier 

between them.  

6.1. Future Work 

In this dissertation we showed that the use of innovative technologies can significantly 

improve existing environmental tools as well as create new mechanisms for environmental 

problems. Our system aimed at bat monitoring tools used by biologist to monitor these 

mammals’ life and to create a previously inexistent system to protect them by keeping them out 

of threatening areas. Based on the solution we modeled and the implemented prototype we 

present the following topics describing some of the relevant issues that can be subject to further 

research: 

• The Collection Tree Protocol used in our monitoring solution lacks 

flow/congestion control mechanisms making it unsuitable for high data rate 

systems. The development of such a congestion control mechanism for this 

protocol would solve our data transmission rate problem thus allowing CTP to 

be used as part of a wider range of solutions; 

•  The proposed model for the monitoring system allows the periodic capture of 

data that is then transmitted to a remote system for user analysis. Although we 

can easily change this periodicity in our prototype by reprogramming the motes 

locally, this is highly undesirable in real deployment scenario where the number 

of nodes may be very high and where motes are scattered in the wild. Using a 

dissemination protocol, such as DRIP or DIP provided by TinyOS, these values 

could be sent from the remote server to every node in the network. This would 

also require developing the GPRS modem and central server application to 

support this action; 
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• Similar to the previous is the need to update the software running on each 

mote. The need to correct a software bug or insert new functionality involves 

reprogramming all the motes falling down to the same consequences previously 

described. The implementation of Over The Air Programming (OTAP) in the 

motes and the GPRS modem, allowing to send new versions of software and 

auto-installing them to the devices would allow a completely remote update of 

the system; 

• The hardware components that were simulated in our implementation also 

require being developed: sensor boards equipped with ultrasonic transducers 

and memory to store the recordings, an interface to connect bat deterrents to 

the motes and a circuit board for battery powering the GPRS modem or a 

GPRS modem that could be directly connected to the mote instead of a serial 

connection; 

• The central system could provide a signal processing software with species 

recognition using a set of stored signatures for different species as comparison. 
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Appendix A 
Motes’ Hardware Survey 

Node CPU Memory I/O Sensors Radio 
CSIRO 
Fleck 

Atmega128L, 8MHz 512K external memory Temperature, Light, 
Screw terminal for 
4X digital i/o and 
2X analog 

Nordic 903 

NICTOR   2 Serial (RS-232) 
Ports, 4 Digital 
Inputs, 2 Digital 
Outputs, 2 
AnalogInputs 

2.4GHz 

Tmote 8MHz Texas 
Instruments MSP430 
microcontroller 

10k RAM and 48k Flash Integrated 
Humidity, 
Temperature, and 
Light sensors 

250kbps 2.4GHz 
IEEE 802.15.4 
Chipcon Wireless 
Transceiver 

BTnode Atmel 
ATmega128L(AVR 
RISC 8 MHz @ 8 
MIPS) 

64+180 Kbyte SRAM, 128 
Kbyte Flash ROM, 4 
Kbyte EEPROM 

UART, SPI, I2C, 
GPIO, ADC, Clock, 
Timer, LEDs 
Standard Molex 
1.25mm Wire-to-
Board and Hirose 
DF17 Board-to-
Board connectors 

Chipcon CC1000 
operating in ISM 
Band 433-915 
MHz) 

EYES MSP 430F149 (5 MHz 
@ 16 Bit) 

60 Kbytes of program 
memory , 2 Kbytes of data 
memory, 4 Kbyte 
EEPROM 

UART, AD and I/O, 
JTAG interface and 
sensor board with 
compass, 
accelerometer, 
temperature 
sensor, light 
sensor, pressure 
sensor, microphone 
nad push button 
lines 

RFM TR1001 
hybrid radio 
transceiver 

Rockwell 
Wins-Hidra 
Nodes 

SrongARM 1100 
(133MHz) 

4MB Flash 1MB SRAM seismic(geophone), 
acoustic, 
magnetometer, 
accelerometer, 
temperature and 
pressure 

Connexant's 
RDSSS9M 
(100Kbps) 

Sensoria 
WINS NG 
2.0 

SH-4 processor (167 
Mhz) 

 GPS and imaging Dual 2.4 Ghz FH 
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Sensoria 
WINS 3.0 

Intel PXA255 (scalable 
from 100 to 400 MHz) 

64MB SDRAM 32MB 
Flash 

GPS, USB(2 host 
ports, 1 device 
port), RS-232 
serial(5 generic + 1 
Linux 
console),Audio 
in/out(1 stereo 
input, GPS, USB(2 
host ports, 1 device 
port),PCMCIA/Card
Bus(1 external 
slot), 

Dual embedded 
802.11b modules 

Sensoria 
NetGate300 

32-bit, 300 MIPS SH-4 
processor 

64MB SDRAM 32 Flash RS-232 serial( 1 
Linux 
console)PCMCIA/C
ardBus(2 external 
slots) 

RF-adapter to 
interface a variety 
of radios 

Sensoria 
sGate 

32-bit, 300 MIPS SH-4 
processor 

64MB SDRAM 32 Flash RS-232 serial( 1 
Linux 
console)PCMCIA/C
ardBus(2 external 
slots) 

Dual embedded 
802.11b modules 

UCLA 
iBadge 

Atmel ATMEGA and TI 
DSPC5416 

 Temperature, 
pressure, humidity, 
magnometer,accele
rometer. Acoustic 
in/out+DSP 

Bluetooth radio 
(64kBPS) 

UCLA 
Medusa MK-
II Localizer 
Node 

40MHz ARM THUMB 1MB Flash, 136KB RAM ultrasound 
transceivers to 
perform high 
accuracy distance 
measurements 

RFM (the same 
as MICA) 

BWRC 
PicoNode 

Strong ARM 1100 4Mb DRAM, 4mB fLASH 2 sensor boards: 
Board #1- 
temperature, 
humidity, light, and 
sound. Board #2-
temperature, 
acceleration, 
magnetic fields and 
provisions for GPS. 

Multiple radio 
modules: 
Bluetooth, Proxim 

UAMPS MIT StrongARM SA-1100 16Mb RAM, 512KB ROM Seismic and 
acoustic sensor 

Interface to the 
SA-1100 ISM 
2.45 GHZ with 
1Mbps and range 
up to 15 meters 

SpotON MC68EZ328 
â€œDragonballâ€ � 
processor 

 Location sensing 
platform containing 
accelerometer and 
infrared detector 

RFMonolithics 
TR1000 916Mhz 
radio 

IpaQ UCLA 206MHz Intel 
StrongARM 

64MB RAM 32 Flash Acoustic: built-in 
microphone and 
speaker. RS232 
serial interface, 
USB 

IEEE 802.11 
compliant with 
11Mbps 

U3   Motion sensor, 
illuminometer, 
thermometer 

Wireless IrDA 
comm. 

Spec 4-8Mhz Custom 8-bit 3K RAM I/O Pads om chip, 
ADC 

50-100 Kbps. 



 79 

Rene ATMELL8535 512B RAM 8K Flash Large expansion 
connector 

916 Mhz radio 
with bandwidth of 
10 Kbps. 

weC Atmel AVR AT90S2313   RFM TR1000 RF 
Dot ATMEGA163 1KB RAM 8-16KB Flash   
Mica2 Atmel ATmega128L 4K RAM 128K Flash Large expansion 

connector 
315, 433 or 
868/916Mhz 
Multi-Channel 
transceiver with 
38 Kbaud. 

MicaZ ATMEGA 128 4K RAM 128K Flash Large expansion 
connector 

802.15.4/ZigBee 
compliant RF 
transceiver 

IRIS ATMEGA 1281 8K RAM 128K Flash Large expansion 
connector 

802.15.4/ZigBee 
compliant RF 
transceiver 

Telos Motorola HCS08 4K RAM USB and Etherner 250Kbps 
Ember node Atmel's ATmega128L-

8MI MCU 
 1 Power-over-

Ethernet Injector 
EM2420 radio 
transceiver 
ZigBee and IEEE 
802.15.4 
compatible 

Imote ARM core 12MHZ 64KB SRAM, 512 KB 
Flash 

USB, UART 
connector 

Bluetooth with the 
range of 30 m 

Imote 1.0 ARM 7TDMI 12-48 
MHZ 

64KB SRAM, 512 KB 
Flash 

USB, UART, 
GPIO,i^2C,SPI 

Bluetooth with the 
range of 30 m 

Stargate Intel PXA255 64KNSRM @PCMICA/CF, 
com ports, USB, 
Ethernet 

802.11 and serial 
connection to 
WSN 

Intrinsyc's 
Cerfcube 
255 

Intel PXA255 32KB Flash 64KB SRAM CF card, general-
purpose I/O, serial 
connection to WSN. 
Linux and Windows 
CE 

a compactFlash 
connector can be 
used to add 
Bluetooth, 
wireless WAN 
support with 
digital phone card 

Intrinsyc's 
Cerfcube 
405EP 

IBM 405EP 
microprocessor 

32MB Flash and 32MB of 
RAM 

10/100 Ethernet, 2 
serial ports, digital 
I/O, PCI connector, 
serial connection to 
WSN. Linux and 
Windows CE 

PCI anc be used 
to add Wi-Fi, 
Bluetooth, 
56Kbps modem 

Intrinsyc's 
CerfCube 
1110 

Intel StrongARM 1110 
microprocessor @ 
133/206 MHz 

16 MB FLASH (3.3V or 
5V); 32 MB SDRAM (100 
MHz) 

JTAG 
support,Ethernet, 
I/O: 16 digital lines 

 

PC104 
nodes 

X86 processor 32KB Flash 64KB SRAM PCI Bus,serial 
connection to WSN. 
Linux and Windows 

 

Source: [31] 
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Appendix B 
Crossbow IRIS 2.4GHz Datasheet 



 81 

 



 82 

 



 83 

 

Appendix C 
Siemens TC65 Datasheet 
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Appendix D 
Mote Battery Life Calculator 

 


