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Abstract 
Active Radio Frequency Identification (Active RFID) is a wireless automated 
technology used to identify, track, process and share information about an object 
or from the environment.  As microcontrollers and radio frequency transponders 
are smaller in size, more power efficient, and less expensive, this technology is 
growing and starting to expand significantly through all the industries.  
 
This thesis is the continuation to the master project done by Joakim Gustafsson 
who developed a fully functional active RFID system based on an already 
designed hardware. The main purpose of continuing with this project was to 
reduce the power consumption of the active tags for them to last at least one and 
a half years.  In this master project there were no restrictions of changing the 
hardware, therefore the main protocol tasks were discussed and designed before 
the hardware, in that way the hardware was optimum for the protocol.  
 
This master thesis required a deep and extensive analysis of the old protocol. 
There was a need of go deep through the software and hardware in order to come 
with a better energy efficient solution, and still have the same functionality. This 
master thesis presents a functional TDMA based protocol which was designed 
and developed for a specific tracking system application. 
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Sammanfattning 
Aktiv “Radio Frequency Identification” (Active RFID) är en trådlös 
kommunikationsteknologi som används för att identifiera, spåra, processa och 
dela information om ett object eller från omgivningen. Eftersom 
mikrokontrollkretsar och radiofrekevens-transpondrar blir fysiskt mindre och 
därmed mindre energikrävande och billigare att tilllverka växer RFID-teknologin 
och tydlig expansion syns  inom de flesta industrisegment.  
 
Detta examensarbte är fortsättningen på ett magisterexamensarbete som gjordes 
av Joakim Gustafsson som utvecklade ett fullt fungerande RFID-system baserat 
på tillgänglig hårdvara. Huvudsyftet med att fortsätta projektet var att minska 
effektförbrukningen hos aktiva transpondrar (tags) så att batterilivslängden kunde 
bli ett och ett halvt år. I detta fortsatta magisterprojekt fanns inga restriktioner 
mot att förändra hårdvaran därför diskuterades kommunikationsprotokollet innan 
hårdvaran. Hårdvaran blev på detta sätt mer optimal för applikationen. 
  
En ingående analys av “det gamla” protokollet krävdes. Noggrann analys av 
befintlig programvara och hårdvara krävdes också för att komma fram till en mer 
energieffektiv lösning med bibehållen funktionalitet. Detta examensarbete 
presenterar ett TDMA-baserat protokoll som utvecklats för en speciell 
spårningsapplikation. 
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1 Introduction 
 

1.1 Prologue 
 
Human perception is the ability to sense, understand, and feel the surroundings in 
where the individual is involved. Thinking about machines to perceive could only be 
common in futurist movies where robots act as human beings, talking, feeling, and 
comprehending thanks to the ability of sensing or perceiving the environment. 
Machine perception is the next step for modern technology and will be achieved 
with the help of RFID, bringing science fiction to life.  
 
Radio Frequency Identification (RFID) is a technology used to identify an object, 
with a RFID tag, contact less and without line of sight.  The id of the object, which 
is a serial number in form of radio waves, is sent wireless to a reader which is up to 
some meters apart from the object. RFID can be used as an Automatic 
Identification and Data Capture (AIDC) System.  These AIDC systems are used to 
track and monitor physical objects wirelessly, without human interaction the system 
perceives, thinks and does everything by itself.  
 
In the twenty century machines were designed to think, the user had to input some 
data, and the machine would process the data and give a result. In the twenty first 
century, with the help of RFID the machines will input their own data, doing the 
whole process totally automatic, and without human interaction. The Sensor Age 
has arrived, machines will sense, transmit, process, and give a result, machines will 
know if a stock is low, if someone is inside a building, you will know the exact time 
when your daughter left the school bus, the machines will know the temperature, 
humidity and wind conditions to decide if the a house window should be open or 
closed.  With the help of RFID people will be able to know the best way to drive 
home, because it will detect traffic jams, in real time. These are just some of the 
possibilities that this technology will offer in the close future [4].   
 
This wireless Automatic Identification technology will bring positive benefits to our 
lives. It will improve the health care by having a better distribution system, it will 
make business more efficient specially the manufacturing and retail supply chain, it 
could also help the environment by having automatic sorting of garbage, it will 
improve education by detecting if a student is really attending to class, it will 
improve library service, and much more. These are some of the thousands of 
benefits that RFID will bring to people, as you can see this technology will reshape 
the society in a point that will be impossible to live without it. 
 
When talking of such an impact technology is also important to know how it is 
behaving in the market. RFID is one of the major growth industries in the world. 
This year the global sales will be around 3 billions $US and will be 8 times more by 
the year 2015 [3]. 
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1.2 Background 
CombiPort AB is a high tech company working with RFID development and 
applications. The company currently is developing a new generation RFID reader 
for UHF generation 2 passive tags and also for active tags. The company is also 
developing active tags for different applications; one of the most important 
applications will be used by the company SafeTool AB as an inventory and control 
system for tools in a construction site. 
 
Every year, expensive tools are stolen in construction sites in Sweden; there are 
around 6000 incidents every year and this represents around 1.5 billion SEK [2].  
Due to this big problem SafeTool AB was born and came with a solution. The 
company develops and delivers solutions which raise the standard for security in the 
building industry. Through combining innovative technology with information 
systems, SafeTool produces products and services which increase safety and security 
at construction sites. SafeTool’s solutions promote efficient use and secure storage 
of tools and machines. 
 
In Figure 1, the main SafeTool’s System is shown. The construction workers have 
an individual RFID which they use to enter to the containers. The containers send 
the information via GPRS so managers can access the information from any 
computer connected to the internet.  
 

 
 

Figure 1: SafeTool’s System [2] 
 
 

These solutions are based on active and passive RFID.  Passive RFID is used to 
identify people; giving access to certain parts of the construction site depending in 
the permissions that person has in the database. The use of passive RFID in the 
workers id controls the access to container where the tools are stored.  Active RFID 
is used in the expensive tools, like drills or chain saws.  The tools had to periodically 
report to a base station telling it that they are present inside the container, in that 
way the system will know when a tool is inside or outside the container, and at what 
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time the tool was taken out and in again. A whole active RFID system was 
developed by CombiPort AB to attend SafeTool’s necessity; the problem was that 
the system didn’t fulfill the active tags power expectancies.  The life expectancy of 
the system needed to be at least 1.5 years but the active tags could only manage 11 
months of life. 
 
Here is where this thesis gets involved; the main task is to change the 
communication protocol in order to increase the life expectancy of the active tags.  
 

1.3 Problem Description 
The main problem is to design an active RFID system which is capable of handling 
up a couple of hundreds of active tags.  The active tags or sensor nodes (SN) will 
have different behaviors depending if they are inside the reader or base station (BS) 
range. The BS has to be inside a special container where all the tools of the 
construction site are placed. Only people with special permission and properly 
identified can go inside the container an take any tool they need. This is why the 
Suns need to have different behaviors, one behavior when the tool is inside the 
container and a different behavior when it is outside the container. 
 
Figure 2 choose a typical tool container used in a construction site, the active RFID 
reader developed in this thesis will be installed in this type of containers, and the 
active tags will be installed inside the tools.  
 

 
 

Figure 2: Tool Container 
 
 

1. When the sensor nodes are outside the range of the BS, they should search 
for the BS, and when they know they are inside the BS they should transmit 
their id and report periodically. This period can be from 1 second to 60 
seconds and the BS should decide which is the reporting period depending 
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on the time of the day. The SNs have a limited power supply; they have only 
220 mAH of power, this is the reason why the protocol has to consider 
power saving as much as possible. Once the SNs report periodically the BS 
has to decide if a SN is inside or outside the container.  It also has to register, 
in the BS's database, the last report of each SN, in that way the BS knows the 
time when the SN left the BS.  

 
2. The SNs should sense in the tools how much time is the tool on; this 

information is transferred to the BS every time the BS makes a request.  The 
SNs can also activate or deactivate a tool if the tool has been out of the BS 
for more than a certain amount of time, and for enabling again the tool, it 
has to be returned to the BS. In this way the tools are better monitored and 
in case that they are stolen, the tools will not work for a long period of time.  

 
3. The SN should have a mechanism to know how much power is still left in 

the battery; this information should also be sent to the BS when it requests it. 
Also when the battery is too low the SN should report to the BS even if the 
BS does not request it. 

 
4. Another problem is to send all the information acquired by the BS to a 

central computer, which has a user program that shows in a friendly way all 
the information sent by the BS. A similar problem is that the BS has to 
receive instruction from the central computer through the user program. So 
for example the user can tell the BS that the SNs should change its reporting 
period, or that the BS should lower or increase the output power, or set a 
limit of SNs, etc.  

 
5. The final problem is to calculate in a reliable and non empirical way, the SN’s 

battery life expectancy. In this way the final user will know approximately 
when the battery should be replaced. 
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Figure 3: System Overview 
 
 
On Figure 3, we can get a better picture of the system that is required. There are 
several tools which each one has a sensor node in it. The Base station communicates 
wireless to them and the information obtained by the Base Station is sent to the 
central computer (PC). 
 
After discussing the main problems of this thesis work it is important to list these 
problems: 
 

1. To design and develop a communication protocol which increases the 
battery life expectancy. 

2. To develop a way of sensing the battery power.  
3. To develop a way of sensing if the tool is on or off, and to be able to put on 

or off the tool. 
4. To develop a GUI that can send and receive data from the BS. 
5. To make correct calculations about the SN’s battery life expectancy. 

 

1.4 Goal 
The goal of this master thesis is to implement an active RFID system that can 
handle a couple of hundreds of active tags simultaneously. The system needs an 
appropriate power efficient communication protocol that allows the active tag’s 
battery to last at least 18 months.  There was an already designed hardware but there 
was the possibility of changing it in order to increase the battery life expectancy.  
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The second goal, which is not as important as the first one, is to sense and control a 
tool from a GUI. This means that the user can turn off the tool from the central 
computer, and will be able to read some variables like the tools working time, and 
be able to enable or disable the tool.  
 

 
 

Figure 4: Protocol's battery life expectancy. 
 
 
As shown in Figure 4, the previous protocol had a battery life expectancy of 11 
months [1] and the new protocol should at least have a life expectancy of 18 
months, this is considering a report period of 4 seconds.  This means the new 
protocol’s battery life expectancy has to be 63% more than the old one. 
 

1.5 Limitations 
Is very important to specify the limitations of this master thesis, especially because it 
is such a big system there is a need to put some limits. This master thesis will not 
consider the EMC of the system. It will not consider the antennas design and their 
radiation patterns. Other physical phenomena will also be excluded like inductance, 
mutual inductance, field strength, etc.  
Part of the hardware was proposed by me, but the PCB design was done by Björn 
Hilliges, and for that reason the PCB design will not be considered in this master 
thesis, but the reason for choosing the main components will be explain in detail.  
 
Due to the fact that empirical tests will take too much time, only small test can be 
done in order to prove that the system is working correctly. An empirical test of the 
battery lifetime will take around 2 years to really be sure it works; therefore that test 
will be excluded from the master thesis.  
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The RFID system will not be ready for the market because many tests need to be 
performed before we know the system is fully functional and no errors are detected, 
and those tests as I said before will not be performed in this thesis. 
 

1.6 State of the art in Automatic Identification Systems 
The main purpose of an AID System is to obtain information about people, 
animals, goods, and products. The systems are used mainly by the industry to give 
information about specific goods or services and it is important to know what type 
of systems are used nowadays to be able to notice the advantages of using RFID. 
 
The Barcode system has been used for the last 20 years and is the most known AID 
System, and the main advantage of this system is the cost, it is really cheap. The 
Barcode is starting to be inadequate because it has a low storage capacity and can 
not be reprogrammed. A Barcode system is used nowadays for example in the super 
market, where each item has a barcode, the system can distinguish between a box of 
cereal from a box of chocolate, but it cant identify the difference between to cereal 
boxes of the same type due to the low storage capacity problem.  Another AID 
System is the optical character recognition; this system can recognize numbers that 
are printed in a special font that can be read by the system the same as humans do.  
 
The next types of AIDS are the biometric procedures, for example voice, 
fingerprinting and retina recognition. These readers are very expensive and are used 
only to identify people and the reading speed is very low.  
 
Another technique to identify people is the use of smart cards. There are many 
different types of smart cards; the most common ones are memory cards, and 
microprocessor cards. The drawback of these systems is that they need to have 
contact with the reader, and this makes the process a little bit slower in comparison 
with a wireless reading. The smart cards have the possibility to store and to 
exchange information with the reader. 
 
RFID is also an AID System that does not need to have physical contact with the 
reader like a smart card system; it also does not need a line of sight like the bar code, 
making this system a lot more versatile. RFID systems are less expensive than 
biometric systems and the reading speed is much faster. There are mainly two types 
of RFID, passive and active. In passive RFID the reader sends power wirelessly to 
the tag, and the tag uses this power to send back an id in form of an electromagnetic 
wave. An active RFID system is slightly different because the tag has its own power 
supply. Active tags can store, process and exchange information and have a longer 
reading distance.  
 
Nowadays, RFID systems are starting to be used in all kind of industries, soon we 
will reach a point where RFID tags are so cheap that every single product in the 
world will use them replacing the old barcode technique, is just a matter of time for 
this to happen. See [3] [4]. 
 



Introduction 

 
- 8 - 

1.7 Disposition 
This thesis is divided into 10 chapters. Chapter one gives a brief introduction to the 
thesis, explains briefly what is RFID and what are some of the benefits of it. It also 
explains the problem that has to be solved and the goals of the thesis. Chapter two 
gives an introduction to wireless technology, explaining a little bit more deeply 
RFID systems and some of the standards and protocols. Chapter three provides a 
background to lithium batteries, what are their normal behaviors and some electrical 
characteristics. Chapter four shows the first analysis of the previous protocol that 
did not fulfill the battery lifetime expectations. In this chapter it is explained what 
were the main problems with the previous protocol and some proposals are made in 
order to improve the battery life expectancy. An extensive analysis of the battery 
lifetime is done in this chapter that leads to the final protocol design. Chapter five is 
the actual implementation which is divided into three main sections which are the 
protocol, the hardware and the software. Chapter six shows the results obtained in 
the thesis and compare the results with the actual thesis goals. Chapter seven shows 
the conclusion, chapter eight references and nine the appendixes.  
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2 Wireless Technology 
Before starting the design of the new protocol it is important to describe the 
technology that is going to be used in this project. It is important to mention about 
radio communication, wireless sensor networks, RFID systems, and some existing 
protocols.  
 

2.1 Radio Communication basics 
 

2.1.1 Definitions 
 
Carrier wave – It is a RF signal that carries information; it is usually of a much 
more higher frequency than the information itself. It is normally a sinusoid wave.  
Carrier wave frequency – It is the central frequency of the carrier wave. 
Bandwidth – Is the width of the range of frequencies in a signal.  
Modulation – Is the technique is used to modify a signal in order to be able to send 
it by radio waves, there are many types of modulations, some of the most important 
ones are AM, FM and PM. 

• AM (Amplitude Modulation) – It is done by varying the amplitude of the 
carrier wave with respect of the amplitude of the information signal. For 
example TV (picture) uses this type of modulation.  

• FM (Frequency Modulation) – It is done by varying the frequency of the 
carrier with respect of the amplitude of the information signal. For example 
TV audio uses this type of modulation.  

• PM (Phase Modulation) – It is done by changing the phase of the carrier 
wave with respect of the amplitude of the information signal, this type of 
modulation is a little bit more complicated than AM or FM, specially the 
reception part. 

• Digital Modulation – Is done by varying a carrier wave with respect of a 
finite and discreet signal. There are many techniques for modulating a digital 
signal for example ASK, FSK, GFSK, PGK, QAM. In this thesis project 
there will be a need to modulate a digital signal so it is important to know the 
different techniques to achieve this. 

o ASK (Amplitude Shift Keying) – It is done by varying the 
amplitude, when a “1” is transmitted a fixed amplitude is transmitted 
and when a “0” is transmitted, no signal is transmitted. 

o FSK (Frequency Shift Keying) - It is done by varying the 
frequency, and basically two frequencies are used, f0 and f1, f0 is used 
to transmit a “0” and f1 is used to transmit a “1”. 

o GFSK (Gaussian Frequency Shift Keying) – Has the same 
principle of FSK but a “1” is a positive shift from the base frequency 
and a “0” is a negative shift from the base frequency. 

o PSK (Phase Shift Keying) – Different phases represent different 
combinations of 0s and 1s.  
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o QAM (Quadrature Amplitude Modulation) – Combination of AM 
with PSK, and different combinations represent different sequences 
of 3 bits (8 different values). 

 

2.2 Wireless Sensor Networks 
Wireless sensor networks have very small and efficient power consumption nodes 
that transmit information from the environment.  The information is sensed and 
sent wireless through the network to finally arrive to a management center where all 
the information is displayed.  This information can then be analyzed and take 
appropriate decisions of what needs to be done.  WSN can be used for example in 
monitoring temperature, pressure, moisture, pollution, sound, vibration, and many 
other variables that need to be known. An important aspect of a WSN is the power 
management, the network needs an appropriate protocol in order to take care about 
the energy consumption; this point is very important because a SN has a battery as a 
source of energy and needs to last as long as possible. In this part of the chapter it 
will be discussed some network configurations, protocols, and other important 
considerations about WSN. See [11]. 
 

2.2.1 Communication Networks 
 

2.2.1.1 Network topology 
There are different ways of connecting nodes in a network, some of the typical 
topologies are listed below and shown in Figure 5. 
 

 
Figure 5: Network Topologies [11] 
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Fully connected topology – This network type suffer the problem that as more 
nodes are added the number of connections increase exponentially, and this is the 
reason why large networks can simply not use this topology type.  
Mesh topology – In this network type the nodes are connected to their nearest 
neighbors, usually nodes are evenly spread, and are used to connect large networks.  
This topology type is very useful for WSN where the nodes are spread over a 
geographical area. 
Star topology – all the nodes are connected to a hub, this hub has routing 
capabilities and knows where it receives and where should send the data, if one of 
the connections is cut, the rest of the nodes will not be affected and that is a big 
advantage compared with the ring topology. 

 
Figure 6: Self Healing Ring topology [11] 

 
Ring topology – This topology is connected as it name indicates, in a ring, the 
problem with this topology is that if one link is cut the whole communication is lost, 
this topology can be improved if a secondary ring is installed like a back up, so if the 
primary ring is lost the back up can be used. The name of this modified ring 
topology is self healing ring topology and is shown in Figure 6. This type of 
network has a lot of traffic because the information goes through many nodes 
before the information reaches the destiny. 
Bus topology – Every node is connected to the same bus, the nodes will only pay 
attention to messages that are sent to it, if the message is for another node, it will 
discharge it. No decisions are taken by the bus, only each node takes the decision of 
which packet to read. 
Tree topology – There is a central “root” node where all the connections are 
started. The nodes that are connected to this central node are also the “root” to 
other nodes.  
 

2.2.2 Network Characteristics 
Headers – Each packet that is transmitted through a network has a header. There 
are many different types of headers but they normally have the same information. A 
header contains the source and destination address, the packet length, a protocol 
header, etc. The headers help the nodes to identify which packet should they read 
and which not and also helps to properly route a package to the final destination.  
Switching – There are several types of switching techniques, one of the most used 
techniques is “store and forward”, in this case the whole package is received and 
stored in the nodes local memory and then retransmitted to the next node. Another 
technique is called “wormhole”, in this technique the package is split up into smaller 
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pieces called flits, the header flit is send and the rest of the flits follow the header in 
a pipeline. Another technique is called “virtual cut-through”, and in this case the 
header is read but the node does not wait for the whole package, once it reads the 
header it forwards it to the destination. 
Multiple access protocols – Networks nodes need to know some rules to avoid 
collisions with other nodes and therefore loose data. These rules are called 
protocols. ALOHA is a simple protocol where a node sends a package and waits for 
an acknowledgement, if this acknowledgement does not arrives the node waits a 
random time and then retransmit again the package. This process will repeat until an 
acknowledgement arrives. This technique is good when there are not so many nodes 
or not so much data transfer between nodes, as the transmissions increase the 
network will be slower. There are other anti-collision procedures used in networks 
the most common are FDMA, CDMA, TDMA, and CSMA. In Frequency Domain 
Multiple Access (FDMA), different nodes have different carriers at different 
frequencies, in that way two nodes can transmit at the same time because they use 
different frequencies. In Code Domain Multiple Access (CDMA) every node has its 
own code; data is coded and decoded in every transmission and reception. This 
technique requires very complex transmitters and receivers. In Time Domain 
Multiple Access (TDMA) every node has its reserved “piece” of time to transmit, if 
a node has to send a package it has to wait for its time slot to be able to send the 
package. In Carrier Sense Multiple Access the node basically senses the carrier 
before talking if the carrier is used by another bye someone else the node will wait 
and transmit when the carrier is free.  
Open Systems Interconnection Reference Model (OSI/RM) – This model was 
created by the International Organization for Standardization. The model was 
created to make it easy to understand how communication networks and 
applications interact with each other and to be able to interconnect different types 
of networks and systems. The OSI model is divided into seven layers: Physical layer, 
Link layer, Network Layer, Transport Layer, Session Layer, Presentation layer, and 
Application Layer.  The first three layers are the ones important to networks. The 
physical layer defines the hardware characteristics to connect networks. The Link 
layer handles error correction and flow control. Routing and more complex flow 
control are performed by the Network layer. 
Routing – A distributed system usually has many nodes and deals with many 
packages, therefore many decisions need to be made. It is important that these 
decisions are optimum to avoid unwanted conditions like deadlock or livelock. 
Dead lock is when for example all the memory in the nodes is full and therefore the 
nodes cannot receive any other package and also cannot send because the 
neighbor’s memory is also full. Livelock is when a package is going from node to 
node without reaching the final destination. The main performance measurements 
in a routing protocol are average package latency and throughput.  
 

2.2.3 Power Management 
One of the most important aspects that must be considered in WSN is the power 
management. Normally a sensor network has its own power supply, and this power 
supply is finite, therefore it has to take care of how it uses the available power. This 
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is why the generation, conservation and management of energy is an essential aspect 
that must be taken in consideration. There are systems that can generate and 
conserve power, for example systems that uses rechargeable batteries with solar 
panels. There are other systems like for example passive RFID where the energy is 
transmitted to the tag and the tag uses the same received energy to transmit its id up 
to 96 bits. 
Proper selection of a communication protocol will increase the battery life 
expectancy of the whole WSN. A good technique used to save power is TDMA, it 
saves energy because the SN sleeps for a whole period and wakes up exactly in the 
time slot that needs to transmit or receive.  
 

2.2.4 Applications 
 
WSN have many varied commercial and industrial applications, and they are mainly 
used when cabled sensors are too expensive to install. Imagine that a forest wants to 
be monitored, to see how much moisture is in the air. It would be impossible to put 
wired sensors all over the forest and would affect the forest itself. It is easier to just 
put some self powered wireless sensors to do the same task. Some of the 
applications that WSN are listed below: 
 

• Process Monitoring 
• Habitat monitoring 
• Acoustic detection 
• Military surveillance 
• Inventory tracking 
• Medical monitoring 
• Environmental monitoring 
• Smart spaces 
• Structural health monitoring 

 

2.3 RFID Systems 
Radio Frequency Identification is a technique to identify an object in an automatic 
way using radio waves. The id of the object is a serial number that is transmitted 
wireless to a reader. An RFID system basically consists of a reader and several tags. 
There are 3 types of tags, passive, active and semi active. An RFID system can 
operate in different frequencies that go from 100 kHz up to 24 GHz. The reading 
range can go from 10 cm to 30 meters, depending on the application. The cost of a 
tag can go from € 0.06 to € 100.  
 

2.3.1 Passive RFID tags 
The main characteristic of a passive RFID tag is that it does not have a power 
supply. Actually it is fascinating the way a passive tag works because it gets its power 
wireless from the reader in order to be able to send its id.  The reader sends energy 
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at a maximum power of 2W and then waits for the replay of the tag. The reading 
range of a passive tag goes from 10 cm to 6 meters. Passive RFID tags are very 
cheap € 0.06 but still not cheap enough to replace the bar code system. In the future 
when the price is reduced around € 0.015 every single product will have a passive 
tag and the bar code will disappear. Thanks to collision avoidance protocols a bunch 
of products in a bag can easily be read all together in a couple of mili seconds. It is 
estimated that passive tags will replace the bar code by the year 2013. See [3]. 
 

2.3.2 Active RFID tags 
Active RFID tags can also be considered like sensor nodes. This type of tags have 
its own power supply, it can be a rechargeable battery, alkaline battery, or lithium 
battery. Active tags have a microcontroller, a RF chip, an antenna and battery. The 
reading range of an active tag can go from 10 cm to 30 meters. An active tag also 
has a serial number which is stored in program or data memory. Active tags can 
process information and are able to take decisions; that is why they can also be 
considered like sensor nodes.  A very important aspect of active tags is the power 
management, it is important that the power modes of the microprocessor are used 
in a proper way in order to make the battery life as long as possible. See [3]. 
 

2.3.3 Semi Active RFID tags 
Semi Active RFID tags is a combination between active and passive tags. This type 
of tags have also a battery and a microcontroller like the active ones but they don’t 
use the batteries energy to send the carrier wave, but it uses it to modulate the signal 
and also for the microcontroller. The battery life time in these systems can be longer 
than the active tags. 
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3 Battery Investigation 
 
A battery has the property to change chemical to electrical energy; this energy can 
then be used by electronic systems to power up them. A battery consist of at least 
one voltaic cell, each cell consists of two half cells connected each other with a 
conductive electrolyte. Each cell consists of a positive and negative electrode, a 
positive electrode is known as the cathode and a negative electrode as the anode. 
The anode and the cathode are not connected to each other, but when a resistive 
load is connected to each of them a current will flow from the anode to the cathode. 
 
A classification of batteries separates them in two groups, primary and secondary 
batteries. Once the power of a primary battery finishes it can not be restored 
electrically, it can only be restored if the chemicals are changed.  The secondary 
battery group characterizes for being able to be recharged by supplying electrical 
energy to the cell. 
 
As the main goal of the master thesis is to have a longer battery life, an analysis of 
different types of batteries should be done. It is important to know why some 
batteries are better for different applications and what considerations should take 
when working with a certain type of battery. 
 

3.1 Lithium Batteries 
 
Lithium batteries are classified in the primary group, so they can not be recharged. 
These batteries can produce voltages from 1.5 to 3 volts and this is double that what 
a carbon-zinc battery or an alkaline can produce. Lithium or a lithium compound is 
used as an anode, and depending in this compound use it can produce different 
voltages.  
 
Lithium Batteries are used in many long life critical devices like for example cardiac 
pacemakers that can last as long as 15 years.  
 

3.2 Alkaline Batteries 
An alkaline battery uses zinc powder as anode and Manganese dioxide (MnO2) 
powder as a cathode. Alkaline batteries are also classified in the primary group.  
 

3.3 Resume 
It is important to choose the correct type of battery, as we can see in Table 1; 
lithium batteries have almost three times more power than alkaline batteries. It is 
important to notice that an alkaline battery can give up to 1.5 volts and that will not 
be enough to satisfy the majority of small microcontrollers. The price of an alkaline 
battery is cheaper than a lithium battery, but considering that the lithium battery has 
almost three times more power then the total “power” cost is more expensive in the 
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alkaline one. After analyzing roughly some batteries characteristics we notice why 
lithium batteries are more used in WSN and active RFID tags. 
 
  
 Lithium Alkaline 
Operating 
Temperature Range 

-55° C to +200° C -20° C to +54° C 

Energy Density 14.7 Wh/in3 / 900 Wh/L * 5.2 Wh/in3 / 320 Wh/L ** 
Nominal Voltage 3.9 V / 3.6 V 1.5 V 
Watt Hours 
(for D size cell) 

59.0 22.5 

Advantages - Ideal in high shock and vibration 
environments 
- Very high open circuit & nominal 
load voltages 
- Lighter weight than alkaline (lower 
pack weight, easier field service, 
easier handling) 
- Internally fused 
- Possibly lower “total” cost 

- Low unit cost 
- Easier to transport 
- Easier to dispose 

Disadvantages Requires knowledge of appropriate 
safety and handling. 

- Limited temperature range 
- Short life cycle 
- Low power density per cell 
- Not hermetically sealed – 
potential leakage hazard 
- No internal safety fuse 

Applications MWD/LWD 
Pressure Measurement 
Pipeline Inspection 
Seismic Surveying 
Mobile Asset Tracking 
EPRIBS 
Sonar Devices 
Fleet Management 
Electronic Toll Collection 
Automated Instrumentation 
Oceanographic Buoys 

Satellite Systems 
Surveillance 
Aerospace 
RFID & M2M 
GPS Systems 
Memory Backup 
Sensing Devices 

Cameras 
Electric shavers 
Electronic calculators 
Electronic door locks 
Fire detectors 
High-power flashlights 
Pagers 
Strobes 
Tape recorders 
Toys 
Other cordless products 

*Based on 3.3 average loaded voltage 
**Based on 1.2 average loaded voltage 
 

Table 1: Lithium and Alkaline batteries comparison [10] 
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4 Design options and decisions 
 

4.1 Approach 
It is important to mention that a system that was almost fully functioning was 
developed before. In this section the old system will be described and analyzed in 
order to get a better solution. After describing and analyzing the already existing 
protocol, some solutions will be discussed, and at the end of this chapter the chosen 
solution will be described roughly, but will be described more detailed in chapter 6.  
It is also important to mention that there was an already designed hardware but 
there were no restrictions to make a completely new implementation or to do just 
some small adjustments. 
 

4.2 Old System 
 

4.2.1 Old Protocol Description 
The old protocol was designed by Joakim Gustafsson [1]. In this case the hardware 
was already designed so the protocol had to be based in the available hardware. It 
was a stochastic protocol, where every sensor node didn’t have a hard schedule, so 
the report periods where not exact and where not synchronized with the base 
station. 
 
The system consists of two channels, one channel for the beacon signal and one 
channel for sensor nodes report, base station’s acknowledgement and data packages.   
 
The base station send one beacon packet as broadcast so all the sensor nodes can 
read the package, this package is sent every 12 ms and the main purpose of this 
package is to inform to the sensor nodes that the base station is near them and that 
they can communicate with it. 
 
The sensor nodes had basically three modes; the first mode is the registration mode, 
when the sensor nodes are registered in the base station. The second mode is when 
the sensor node is out of the range of the base station (outside the network) and the 
third mode is when the sensor node is inside the range of the base station (inside the 
network).  
 
When the sensor node is inside the range of the base station the sensor will send a 
report package telling the base station that the senor node is inside its range.   The 
base station then acknowledges and sends the report period for the sensor node.  
After receiving this acknowledgement the sensor node will sleep the report period.  
When the sensor node wakes up, it will check if some other sensor node is sending 
a package, if not, it will try to send a report package, then it will receive an 
acknowledge package from the base station and the cycle starts again. 
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If when the sensor node wakes up, it detects that someone else is using the channel, 
the sensor node will sleep a random time between 1-255 ms and then wake up and 
try to communicate again with the base station. If again the sensor node wakes up 
and the channel is still being used then the sensor node will sleep another random 
time and try to communicate finally with the base station. 
 
When the sensor is outside the range of the base station, it will search for a beacon 
package every certain amount of time.  So the sensor node sleeps a certain amount 
of time, then wakes up and is active for 12 ms trying to reach a beacon package.  If 
it reads a beacon package then the sensor node will send a package to the base 
station and the whole cycle begins again. 
 
There are some power features considered in the protocol. When the sensor node 
detects the beacon signal, it will register. After registration it will start transmitting a 
report package with the smallest possible output power. If the SN does not receives 
an acknowledgement it will transmit again with the same output power. If again the 
SN does not receive an acknowledgement it will raise the output power. This will 
happen 4 times and if no acknowledgement is received then the SN will change to 
outside of network mode. 
 
There is a much more detailed explanation about this protocol in Joakim 
Gustafsson thesis report [1]. 
 

4.2.2 Old System Hardware 
The old hardware consists of one Base Station and 254 sensor nodes. The Base 
Station consists of two RF chip CC2500, two antennas, one ATmega128 and one 
Max3232, and the 254 sensor nodes (active tags) consists each node in one 
ATtiny45, one battery CR2032, one radio chip CC2500 and one on-PCB antenna. 
In both, the Base Station and the sensor nodes (active tags) the interrupt pins of the 
CC2500 were not connected to the microcontroller. Figure 7 shows the old 
hardware.  The ATmega1281 microcontroller is connected to a PC through a RS232 
interface.  All the user commands are sent from the PC to the BS through the 
RS232. The two CC2500 Radio Chips are connected in the same SPI port; each chip 
will use a different frequency channel.  The SNs ATtiny84 microcontroller is 
connected through a SPI to the CC2500 Radio Chip. Both the SN and the BS 
communicate wirelessly using the CC2500 Radio chips.  
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Figure 7: Old System Hardware. 
 

The most important change of the new hardware should be to connect the CC2500 
interrupt pins to the microcontroller, in that way the microcontroller can detect an 
event form the CC2500 exactly when it happens, and don’t need to wait unnecessary 
time to attend any petition.  
 

4.2.3 Old System Software 
The old software in the BS was a Cyclic Executive Schedule and that presented 
some problems when talking about power. The round consisted on basically two 
tasks: 
 

1. Check if there is an incoming packet from the RS232. 
2. Check if there is a packet coming from the CC2500. 

 
If a packet from the RS232 was received, the microcontroller will immediately 
attend the packet command, and it will not pay attention to the CC2500 for some 
time. If at the same time a report packet was sent from a SN, the SN will have to 
wait the normal processing time of the microcontroller plus the processing time of 
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the RS232 command, so the software was not optimized for the SNs power 
consumption because the SN had to wait for a longer time in RX mode.  
 
As said before in the Old Hardware section, one of the most important changes 
should be to connect the CC2500 pin interrupts to the microcontroller in that way 
the software could be interrupt driven instead of a Cyclic Executive Schedule. If we 
consider the last example but now with the CC2500 pins connected, the SN would 
not have to wait so much time. The microcontroller reads the RS232 packet and 
starts processing the command, suddenly a packet from the CC2500 arrives and is 
detected in the interrupt pins, the microcontroller will stop whatever it was 
processing and go to the ISR and send an acknowledgement to the SN as soon as 
possible so the SN do not have to wait in RX mode, in this way we can save a 
considerable amount of energy in the SNs. 
 

4.2.4 Old Protocols results 
The battery lifetime calculation was done considering several factors. These factors 
were the range between the base station and the tag, reporting interval, output 
power, and the number of SNs in the system. Here are the factors used to calculate 
the battery lifetime. 
 

• Number of SNs: 250 
• Reporting interval: 8 seconds 
• Two different channels for beacon signals 
• 12 ms beacon signal interval. 
• 250 kbps data rate with PER 1%. 
• Time outside the container (25%) 
• Time inside the container (75%) 
• Beacon search 30 seconds. 

 
The result of the battery life expectancy was of 11.1 months. 
 
The reading range was of 25 meters, this was tested indoors in a long hallway but 
future tests should be performed outdoors in a large field to avoid EM reflections.   
 
The anti-collision feature could not be tested since only two tags were 
manufactured.   
 

4.2.5 Old Protocol Analysis 
The first thing that was detected is that the most expensive part of the protocol, 
talking about energy consumption, was when the sensor node was outside the base 
stations range. Let’s compare one report cycle inside the network and one outside 
the network. Let’s consider a 4 seconds interval. In this part of the analysis some 
parts of the Radio Chip states where omitted because in this point of the study this 
states where unknown but as the thesis was developed they where discovered. These 
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states will be considered in the final analysis in the results chapter. The 
unconsidered states were, Cristal Oscillator Stabilization (first thing that happens 
when the RC chip wakes up) this takes around 350 µs, Calibration that should not 
be done very often and takes 809 µs, and finally RC oscillator calibration which 
takes 150 µs. In the old protocol the Calibration was done every 4 period (Rx or 
Tx). 
 
Active Time:   
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∑
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The different behavior analysis of the SN will use the following data (current 
consumption in different modes) in order to calculate the total current 
consumption. 
 
Current consumption in different states or modes 

• Radio Chips Tx output power (max) 21.6 mA. 
• Radio Chips Rx output power (min) 15.6 mA. 
• Radio Chip at Sleep mode 0.0004 mA. 
• Radio Chip changing from Tx to Rx 8.5 mA. 

 
• Microcontroller Sleep mode 0.004 mA. 
• Microcontroller Active mode 2.5 mA. 

 
The following analysis for the SN outside Network behavior was made considering 
that the SN will never find a beacon signal and that is why the SN has to search for 
12 ms (BS beacon period). 
 
SN Outside Network behavior 

• 4000 ms report interval (100%) 
• 3988 ms sleep time (99.7%) 
• 12 ms searching for beacon (0.3%). 

 
Calculations: 
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Average current: 
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The Average Current for the total report interval should be calculated considering the 
current consumption in different states (ex. Rx, sleep, etc) and also considering the 
active time of those states as follows: 
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Charge: 
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Charge percentage: 
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 Time Time % Average 

Current 
Charge Charge % 

Report interval 4000 ms 100.0000 % 0.0587 mA 58.69 nAH 100.0000 % 
Sleep time 3988 ms 99.7000 % 0.0044 mA 4.39 nAH 7.4799 % 
Beacon search (Rx) 12 ms 0.3000 % 18.1 mA 54.30 nAH 92.5200 % 

Table 2: Old Protocol outside Network energy analysis 
 
The following analysis is considering that the BS will receive the SN report package 
in the first attempt, and that the SN will receive the BS's acknowledgment also in 
the first attempt with only considering the delay from Tx to Rx (0.021 ms). 
 
SN Inside Network behavior 

• 4000 ms report interval (100%) 
• 3998.86 ms Sleep time (99.9647%) 
• 0.696 ms Transmission time (0.0174%) 
• 0.021 ms change from Tx to Rx (0.0005%) 
• 0.696 ms Reception time (0.0174%) 
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Calculations: 
 
 
Time percentage: 
 

%0174.0100
4000

696.0100%

%0005.0100
4000

021.0100%

%0174.0100
4000

696.0100%

%9647.99100
4000

587.3998100%

%100%

Re

Re

Re

Re

Re

=×=×=

=×=×=

=×=×=

=×=×=

=

ms
ms

Time
Time

Time

ms
ms

Time
Time

Time

ms
ms

Time
Time

Time

ms
ms

Time
Time

Time

Time

port

Rx
Rx

port

TxtoRx
TxtoRx

port

Tx
Tx

port

Beacon
Sleep

port

 

 
 
Average current: 
 

mAmAmAIIAvgI
mAmAmAIIAvgI

mAmAmAIIAvgI

mAmAmAIIAvgI

eCActiveModRxCCTx

eCActiveModTxtoRxCCTxtoRx

eCActiveModTxCCTx

CSleepModeeSleepCCSleep

1.185.26.15
115.25.8
1.245.26.21

0044.0004.00004.0

2500

2500

2500

mod2500

=+=+=

=+=+=

=+=+=

=+=+=

µ

µ

µ

µ

 

( ) ( )
( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) 0.011795mA0.003149mA0.000055mA0.004193mA0.004398mA

1.180174.0110005.01.240174.00044.0999647.0
%%

%%Re

=+++
=×+×+×+×

=×+×

+×+×=

mAmAmAmA
AvgITimeAvgITime

AvgITimeAvgITimeAvgI

RxRxTxtoRxTxtoRx

TxTxSleepSleepport

 

 
 
Charge: 
 

( )
( ) ( )

( ) ( )
( ) ( )

( ) ( ) nAHHHAvgITimeeCh
nAHHHAvgITimeeCh

nAHHHAvgITimeeCh

nAHHHAvgITimeeCh

nAHHHAvgIeCh

RxRxRx

TxtoRxTxtoRxTxtoRx

TxTxTx

SleepSleepSleep

portport

15.310.003149mA1%arg
06.010.000055mA1%arg

19.410.004193mA1%arg

40.410.004398mA1%arg

80.1110.011795mA1arg ReRe

=×=××=
=×=××=

=×=××=

=×=××=

=×=×=

 

 
 
 
 
 
 



Decisions 

 
- 24- 

Charge percentage: 
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 Time Time % Average 
Current 

Charge Charge % 

Report interval 4000 ms 100.0000 % 0.0118 mA 11.80 nAH 100.0000 % 
Sleep time 3998.587 ms 99.9647 % 0.0044 mA 4.40 nAH 37.2881 % 
Tx time 0.696 ms 0.0174 % 24.1 mA 4.19 nAH 35.5084 % 
Tx to Rx 0.021 ms 0.0005 % 11 mA 0.06 nAH 0.5084 % 
Rx Time 0.696 ms 0.0174 % 18.1 mA 3.15 nAH 26.6949 % 

Table 3: Old Protocol inside Network energy analysis 
 
Table 4 shows a resume of the SN behaviors, the values presented were calculated as 
follows: 
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Charge: 
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 Time Time 

% 
Average 
Current 

Charge Charge % 

Outside 4000 ms 50 % 0.0587 mA 58.69 nAH 83.2600 % 
Inside 4000 ms 50 % 0.0118 mA 11.80 nAH 16.7400 % 
Total 8000 ms 100 % 0.0353 mA 70.49 nAH 100.0000 % 

Table 4: Old Protocol energy analysis resume 
 
 

1. The first thing we can notice is that the outside behavior of the sensor 
network is 4.97 times more expensive (in terms of energy consumption) than 
the behavior inside the network even that outside the network it does not 
transmit any information.  In theory the outside behavior should be a lot less 
expensive (energy consumption) than the inside behavior because the 
processor and radio chip have a lot more things to do inside the network 
than outside, so the first thing to try to change is the beacon search (Rx) 
energy consumption. The only way of reducing the energy consumption is 
reducing the Beacon search time. 

 
2. The protocol had another big problem, the MCU of the base station had to 

attend two different but important things concurrently, the beacon signal and 
the acknowledgement packages. If both things are needed to do at the same 
time, what is more important to do first? Transmit the beacon or transmit 
the acknowledgement package?  If the beacon is delayed then a sensor node 
that was searching for a beacon package possible could not get the package 
because it was too late or would have to spend more time searching for the 
beacon. But if the acknowledgement package is delayed then the package 
that is waiting for the acknowledgement has to wait longer time in Rx mode 
and this represents more energy consumption. So both activities are 
important, beacon and acknowledgement packages, and should be done 
exactly at the same time, without delay. 
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3. Another problem that this protocol presented was that the report intervals 
could not be very precise because of the random times it uses. For example, 
lets consider a report period of 4000 ms.  Imagine that a tag wakes up exactly 
when it has to send the report package but it notices that the channel is being 
used, then it has to wait a random time between 1- and 256 ms, imagine that 
this random time is 200 ms, but again the channel is being used by another 
tag then it will have to wait another random time, imagine 240 ms. Then 
instead of sending the report every exactly every 4000 ms it will have a delay 
of 440 ms. So what should happen in this 440 ms? Should the base station 
affirm that the sensor node is missing or it is just delayed? Can the base 
station confirm that the sensor node was stolen or was taken out of the 
network? 

 
4. Another problem with the old protocol was that there were no 

synchronization tasks to synchronize the clock of the sensor node with the 
clock of the base station,  this could lead to problems for the base station 
when it has to decide if the tags are still in the range (in the network) or they 
are out. 

 

4.3 First Protocol Solution 
 

4.3.1 Protocol Description 
The main goal of the protocol is to reduce the energy consumption of the network 
sensors. So the first thing that had to change was the beacon package period, instead 
of being every 12 ms, sends one package after another with no delay between 
packages. If the beacon takes 0.6 ms then the beacon search period would be double 
that time, around 1.2 ms, this is a reduction of 90 % of the time that the sensor 
node has to search for the beacon and therefore a huge reduction of energy 
consumption outside the network.  
 

Old Protocol

time

Beacon Search
12ms

Beacon Tx
0.6ms

Beacon

New Protocol

time

Beacon Search
1.2ms

Beacon Tx
0.6ms

Beacon

 
Figure 8: Beacon search time 
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The new protocol analysis considering this change is shown in Table 5. All the data 
shown in Table 5 to Table 8 were calculated in the same way as shown in section 
4.2.5. 
 
Outside network: 
 

 Time Time % Current Charge Charge % 
Report interval 4000 ms 100.0000 % 0.0098 mA 9.8286 nAH 100.0000 % 
Sleep time 3998.8 ms 99.9700 % 0.0044 mA 4.3986 nAH 44.7530 % 
Beacon search (Rx) 1.2 ms 0.0300 % 18.1 mA 5.4300 nAH 55.2469 % 

Table 5: First Proposal inside network energy analysis 
 
In Table 6 we can see an enormous energy consumption reduction, it went from 
58.69nAH to 9.83nAH, it is a reduction of 83.25 %. The next table shows the 
comparison of both protocols considering its outside behavior. 
 

 Time Time % Current Charge Reduction % 
Old Protocol 4000 ms 100 % 0.0587 mA 58.69 nAH - 
New Protocol 4000 ms 100 % 0.0098 mA 9.83 nAH 83.2509 % 

Table 6: Comparison between the two protocols outside the network 
 
But if instead of being in Rx mode in the Radio Chip the RSSI is read (use of Wake 
on Radio WOR), then we can know if a BS is near.  If the RSSI is not above the 
level then the sensor node would not try to read the beacon. This will help to reduce 
even more the energy consumption. 
The RSSI only takes around 270 µs to be read. To be able to read the RSSI the radio 
chip should be in Rx mode. 
 
 

 Time Time % Current Charge Charge % 
Report interval 4000 ms 100.0000 % 0.0056 mA 5.63 nAH 100.0000 % 
Sleep time 3999.73 ms 99.9933 % 0.0044 mA 4.39 nAH 78,1404 % 
Beacon search (Rx) 0.27 ms 0.0068 % 18.1 mA 1.23 nAH 21.8595% 

Table 7: First Proposal outside network energy analysis 
 
 

 Time Time % Current Charge Reduction % 
Old Protocol 4000 ms 100 % 0.0587 mA 58,69 nAH - 
New Protocol 4000 ms 100 % 0.0056 mA 5.63 nAH 90.4072 % 

Table 8: Comparison between the two protocols outside the network 
 
As we can see in Table 8, the total energy reduction is 90.4%, compared to the old 
protocol; this percentage will ensure that our goal of reducing energy consumption will 
be achieved. 
  
The next big change between both protocols is that the new one would not have 
random times at all; it will be total deterministic and perfectly scheduled.  But here 
comes a good challenge because the sensor node’s RC oscillator has a precision of 
1% and it depends in both temperature and voltage. The voltage of the sensor 
nodes will be varying between 1.8 to 3.3 volts and the temperature will be varying 
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between -20 C to 30 C. So how can we manage a perfectly scheduled system with 
such imprecise RC oscillators? Can we really guarantee that the system will meet all 
its deadlines and timings?   
 
Here is a graph where it shows how the frequency of the RC oscillator may change 
depending on the voltage. When the RC chip is on the voltage of the lithium battery 
will go down and therefore the frequency will be reduced up to 7.3 MHz. When the 
radio chip is off the frequency should be 8.0MHz.  
 

 
 

Figure 9: RC oscillator frequency 
 
If we manage to make the system total deterministic then there is no need to use the 
CCA and therefore save more energy. 
 
It is not so easy to calculate the energy savings caused by not using CCA, and by 
avoiding any collision. But we will try to make an analysis to determine the energy 
savings product of these changes. The results will be shown and discussed further 
on. 
 
For managing with all this timing problems we have to add an important routine to 
the system, specially referring to sensor networks.  When a sensor network is 
outside the network searching for a beacon and suddenly it reads one beacon 
packet. The sensor network will sleep for only one second (1000 ms) and then will 
wake up and again read a beacon packet.  The beacon packet will have the report 
time clock and then the tag will be able to compare with the Base Station’s clock 
and finally be able to synchronize. After the sensor node reads the second beacon it 
will wake up exactly in its corresponding time slot. Then it will send the report and 
sleep the corresponding sleep time, the next time it wakes up and transmits a report 
package the Base Station will acknowledge how accurate was the last sleeping time 
and the tag will synchronize again its clock with the Base Station. 
 
One important detail about the old hardware and its protocol was that in both, the 
Base Station and the sensor nodes radio chip CC2500, the interrupts where not 
used. Actually the interrupts where not connected in the hardware and this is very 
expensive in terms of energy for the sensor nodes.  Because instead of having with 
an interrupt when for example a beacon packet was found, the MCU had to ask 
every time if a new package was received during 12 ms.  So for 12 ms the SPI bus 
was used in 100% and this means a huge amount of energy wasted in that. The Base 
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Station had the same problem but it was not so critical because the Base Station 
doesn’t have energy problems.  
 
Then the energy reduction consists of: 

1. Reducing the beacon package period. (Greatest energy saving 92 % outside 
the network). 

2. Not using CCA. 
3. Totally scheduled (No collisions). 

 
Other improvements of the protocol apart for energy saving: 
The report times are exact. The Base Station always knows if the sensor node is 
present or not. 
 

4.3.2 Multi-medium access control (MAC) 
As explained in previous sections, the old protocol used a combination of ALOHA 
and CSMA (Carrier Sense Multiple Access) as a multi-medium access control. These 
techniques are mainly used for randomly generated traffic, such as e-mail, e-ticket 
ordering, systems with random events, etc. Another example of random event is 
when a new tool is registered, because no one knows for sure when a new tool will 
come to the BS.  So actually using ALOHA and CSMA in the old protocol was a 
good choice for the communication when new tools arrived for the BS.  These two 
MAC protocol techniques produce collisions and delays that can not be precisely 
predicted.  
 
TDMA (Time Domain Multiple Access) is a very efficient MAC protocol for regular 
traffic. In this application the tools in a construction site should report periodically 
to a BS, so the BS knows which tools are in the neighborhood.  TDMA is used for 
periodic packets without collision and time delay. TDMA is energy efficient as it 
does not have carrier sense, overhearing, waiting for the channel to be clear, or 
collisions. ALOHA and CSMA have a large overhead for the transmission of one 
packet. As the tools should report themselves periodically, it is obvious that the best 
solution is using TDMA at least when the SN is reporting periodically and not 
ALOHA and CSMA.  
 
So which MAC protocol should we use? Why?  The tool should only register once 
every time it enters the container and probably report itself hundreds of times 
before it is taken away, for that reason TDMA is the best solution for this 
application.  
 
TDMA requires more precise synchronization and special care should be taken 
especially in the SNs part, because the SN does not have a crystal oscillator, instead 
of it has a RC oscillator that is voltage and temperature dependant.  
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4.3.3 New System Hardware 
Considering the changes done to the old Protocol, the new protocol could not work 
with the actual hardware, so some changes had to be done.  First the changes in the 
Base Station will be discussed.  In the Base Station the beacon period was reduced 
from 12 ms to around 0.6 ms, only with the task of sending the beacon the MCU 
had a load of 10%. Also we mentioned before that there was a problem when a tag 
was waiting for a beacon and another tag was waiting for an acknowledgement. To 
solve this, an extra slave processor was added to the system. This extra processor 
would only be in charged of managing the beacon signal. That would be the only 
task of the slave microprocessor. 
 
The other important change in the Base Station was to connect the two external 
interrupts of each CC2500 to the MCU and the slave MCU. So the external 
interrupts of one CC2500 will be connected to the main MCU, and the external 
interrupts of the other CC2500 will be connected to the Slave MCU. Both MCU will 
be connected to each other by software SPI bus where the Master MCU will set the 
report period, channel number, and other important information that the Slave 
MCU will use.   
 
The Master MCU will send a 400 kHz signal to the Slave MCU. This signal will be 
used to synchronize both MCUs.  
 
The hardware had also to change in the sensor node. Both external interrupts of the 
CC2500 had to be connected to the MCU.  The MCU needed more general 
input/outputs to be able to do these connections, so the ATtiny45 was changed for 
an ATiny44 that has 12 input / outputs.   
 
Two resistances were added to be able to read the battery voltage, and be able to 
determine if the battery needs to be changed. Finally we have 3 general input / 
outputs. One will be used to enable or disable a tool, and the other one will be used 
to determine how much time was the tool being used. 
 

4.3.4 Protocol Timing Requirements 
The system should hold as many sensor nodes as possible. The system has a MAC 
restriction; because the MAC address of the radio frequency chips is only of 8 bits, 
this gives 256 different addresses.  If we take one address for the base station and 
one address to use as broadcast then the system can only hold up to 254 sensor 
nodes. The MAC address could also be of two bytes but the data filtration will have 
to be done by software in the microcontroller. 
 
The minimum report cycle is not specified, but we have to consider that as the 
minimum report cycle time gets smaller then the sensor nodes will have a smaller 
time slot to communicate. If this time slot is too small then the system could 
experience collisions between the base station and sensor nodes and we want to 
avoid that. 
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Here are some proposals for the minimum report cycle that the system can handle. 
Remember that the system needs two extra time slots which the base station uses to 
send data to new sensor nodes that want to register into the system.  
 
Report cycle: 1 second 
 
1/(254+2) = 3.907 ms 
 
Report cycle: 2 seconds 
 
2/(254+2) = 7.813 ms 
 
Report cycle: 3 seconds 
 
3/(254+2) = 11.719 ms 
 

4.3.5 Output power algorithm 
 
The SNs should be able to use the minimum necessary output power to 
communicate with the BS. Some factors should be considered in order to detect this 
minimal power. The RSSI value detected from the beacon signal could be used to 
set the output power, but remember that the beacon signal could be read when the 
tool is entering the container(in movement) and it probably will not be its definitive 
position. The RSSI of the acknowledgement package could also be used to detect 
the power, but the SN would also need to know with how much power the BS is 
transmitting, and that will give to much extra load each time the SN reports. 
  

 
 

Figure 10: Output Power Graph 
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Another idea that could be implemented is that the SN starts sending at the highest 
output power, after some time the SN starts decreasing the power until it finds the 
appropriate power, this means one that stills gives an acceptable PER. 
 

4.3.6 Protocol Problems 
1. There can be considerable problems if the SNs are not able to synchronize 

correctly, therefore one of the most important tasks will be how to 
synchronize correctly. A good System clock should be designed in order to 
synchronize the master and slave in the base station and also the SN. 

 
2. The output power algorithm should detect an optimum PER. So this 

minimum PER should be calculated in order to find an acceptable 
functionality and a good energy saving. 

 
3. Another problem is how many retransmissions should the SN do before 

receiving an acknowledgement, how much power should the retransmissions 
use?  
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5 Implementation 
5.1 First Steps 
One of the problems with the old system was that the hardware was developed 
before the protocol.  If the protocol had been designed before, a better solution 
could have been found. That is the reason why in this thesis work, the protocol was 
designed before the hardware. After the protocol was analyzed and designed, the 
software was organized so the development of the system could be faster.  
 

5.2 Protocol 
 

5.2.1 General Description 
The designed protocol has two channels one channel is used for the beacon signal 
and the other is used as data channel.  The data channel has a TDMA round of one 
second divided in two parts.  The first part will be called Reporting section and the 
second part Registration Section.  The reporting section consists of 800 ms and is 
divided in 40 time slots of 20 ms each. The registration section consists of 200 ms 
and is divided in 10 slots of 20 ms each.  The number of sensor nodes allowed in 
the system depends on the reporting time. The reporting time is the period that the 
sensor node has to send a report package. Table 9 shows the number of sensor 
nodes allowed depending on the reporting time. The minimum reporting time 
depends on the number of SNs. 
 

Minimum 
Reporting time 

Number of SNs 

1 sec 40 
2 sec 80 
3 sec 120 
4 sec 160 
5 sec 200 
6 sec 240 
7 to 60 sec 250 

 
Table 9: Maximum Number of SNs 

 
The beacon signal is sent continuously one package after the other without pause. 
The system clock, the base station address, the report time, the current time slot and 
extra information telling which time slot is available is sent in every beacon package. 
Sending one package after another without a pause guarantees that the time that a 
sensor node waits for a beacon signal to arrive is the minimum and therefore the 
power consumption is reduced.  
 
Now the main parts of the protocol will be explained.  To explain this it will be 
considered only one base station and one sensor node.  In the beginning the sensor 
node is outside the base station range.  The sensor node is in WOR (wake on radio) 
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mode. This means that the Microprocessor is sleeping and will only wake up if the 
radio chip detects a high RSSI value on the air. If the radio chip detects a high RSSI 
it will go to Rx and search for a beacon signal.  When the beacon signal is received 
the sensor node will synchronize its clock with the base station (synchronization 
mode). Once the tag is synchronized it will ask the base station for a free time slot, 
the base station will assign a time slot.  The sensor node will now send a package 
depending on the report time sent by the base station in the beacon signal. Now 
that the sensor node is reporting periodically the sensor node will enter to a power 
saving mode.  In this mode the sensor node will detect which power is the optimum 
to transmit with, it will lower its power to the minimum possible.  If the sensor 
node detects a bad package error rate it will increase its power. 
 
Figure 11 shows the main modes of the SN and is divided basically in two different 
behaviors, the inside and outside behavior. In the inside behavior the SN is basically 
sleeping and checking for radio activity. This inside behavior is characterized for the 
use of Wake on Radio (WOR) and is one of the new features used in this protocol 
which reduces de power consumption drastically. 
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Figure 11: SN flow chart 
 
In the next part of this section all the different behaviors of the SN and the BS will 
be explained in more detail. 
 

5.2.2 Wake on Radio 
The wake on radio is one of the most important features of this protocol. Without 
this feature the sensor node wouldn’t be able to last much.  This functionality is 
built in the radio chip and it enables the chip to periodically wake up from deep 
sleep and listen for a configurable time for a radio signal.  The wake on radio is 
configured to just take a RSSI sample of the signal, if the signal is higher than a 
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configurable threshold then the radio chip will activate an interrupt to the 
microprocessor to wake it up from sleep and the radio chip will go to Rx mode.  
The microprocessor then has a timer that will count up to two times the beacon 
signal time, this is 576µs x 2 = 1.152 ms. If there is no beacon received the 
microprocessor will put the chip to WOR mode and will go to sleep.   In Figure 12, 
after the third RSSI measurement the RSSI is above the threshold and that is why it 
goes to Beacon Search Mode. 
 
The microprocessor has a watchdog timer that will wake it up after 8 seconds. The 
microcontroller will check if the radio chip is still in wake on radio by sensing the 
oscillator signal, if the radio chip is still in WOR the microprocessor will sleep again, 
if its not, it will tell the radio chip to go to WOR.  
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Figure 12: Wake on Radio 

 
As shown in Figure 12 the RSSI threshold can be configured from -60 dBm to -96 
dBm. The value selected depends on the range that the sensor nodes want to be 
detected. If a sensor node wants to be detected from a long distance then a low 
threshold should be used. If a sensor node wants to be detected inside a specific 
room then a high threshold should be selected. The default value of the system is -
85 dBm. 
 
Once the sensor node detects a high RSSI value and receives a beacon signal it will 
go to the synchronization mode and it is explained in the next section. It is 
important to say that the WOR is the most power efficient mode of the protocol, so 
if the sensor nodes are more in this mode than in others, the battery will last longer. 
 

5.2.3 Synchronization mode 
The synchronization mode is responsible to synchronize the sensor nodes clock 
with the base station.  It is a very important part of the protocol because it 
guarantees that every sensor node will exactly transmit in its corresponding time 
slot, not after not before, but exactly when it has to transmit.   
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It is important to mention that the sensor node does not have a crystal oscillator, 
just a RC oscillator of 1% of tolerance. This RC oscillator depends on the voltage 
and on the temperature, so it can be very inexact (1%). For example if the report 
period was of 5 seconds and we only trusted the RC oscillator, this means that the 
package could arrive ±50 ms. This means that we could not have a time slot of 20 
ms instead it need to have been of 100 ms, and that is not possible because we want 
to have as much sensor nodes as possible.   
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Figure 13: SN Synchronization Mode 
 
Now that it is known that we can not use the RC oscillator in a normal way the 
method implemented can be explained. As shown in Figure 13, after the WOR 
mode, a beacon signal has been received, in this point the microcontroller will tell 
the radio chip to sleep 1 second, and it will sleep it self and wait for the radio chip to 
wake him up. Once the radio chip sleeps 1 second and wakes up the 
microcontroller, the radio chip reads another beacon signal.  In this point the 
microcontroller has to two time stamps that are subtracted to get the real sleeping 
time of the radio chip.  
 

Real Sleeping Time = TimeStamp1 – TimeStamp0. 
 
Now that the real sleeping time is known, the relative time can be obtained. The 
relative time is the time in the sensor nodes point of view to count one second. And 
this is obtained like this. 
 

Relative 1 second = (1000 x 1000)/ (Real Sleeping Time) 
 

Relative 1 second = 1,000,000 / (Real Sleeping Time) 
 



Implementation 

 
- 37- 

This relative 1 second time will then be multiplied by the report time, and that is the 
time that the radio chip will have to sleep.  
 
A bad functioning of this task will severely affect the reliability of the system, it can 
cause that the tags collide one with each other and therefore the base station can not 
understand when several tags are talking at the same time. 
 
Once the tag is synchronized it will try to register. There are several ways that a tag 
can be registered in the base station and that will be explained in the next section. 
 

5.2.4 Registration 
Once the sensor node is synchronized with the base station, this means that we have 
obtained the relative 1 second time, the tag has to be registered in the base station.  
There are basically three ways of getting registered, this will be explained in order 
from the least complex way of registering to the most complex way. 
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Figure 14: Registration Mode 1 
 
The easiest way of registering a sensor node is when the sensor node has never been 
inside the base station.  The sensor node knows that it has never been in a base 
station.  When the sensor node detects a beacon signal, then synchronizes with the 
base station, and then it will generate a random number between 1 and 10.  This 
number represents the time slot in the registration TDMA part. Figure 14 shows this 
registration process.  
 
The sensor node then sleeps the appropriate time to wake exactly in the wanted 
time slot and transmits a registration package. This registration package contains a 
12 byte EPC which is unique and identifies the sensor node.  The base station will 
check if it has any available time slot, if it does (best condition) it will send an 
acknowledgement containing the time slot that the sensor node should use to send 
its report packages. 
 
After this acknowledgement is received the sensor node will sleep the necessary 
time to wake up in the appropriate time slot and then periodically transmit a report 
package. 
 



Implementation 

 
- 38- 

If the base station was completely full of sensor nodes, that is 250 nodes, then the 
base station will not answer the sensor node, so there has to be special care not to 
have more than 250 sensor nodes in the base station.  
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Figure 15: Registration type 2 night option. 
 
The second way to register a sensor node is a little bit more complicated but this 
feature helps when at night we want the sensor nodes to be in WOR mode and not 
in normal reporting mode. This feature will save a lot of energy and avoids collisions 
when many sensor nodes enter the base station at the same time. At night, as shown 
in Figure 15, the beacon signal will be turn off, and the sensor node will be asked to 
go to WOR mode. The sensor nodes will not find any beacon because it is shot off. 
Instead of transmitting a report package every x second the sensor node will be 
searching for a beacon signal and that is a less expensive in terms of energy 
consumption. In this case the sensor node has been registered before in the base 
station, therefore the sensor node remembers the base station address and its time 
slot. After the synchronization process the sensor node will go exactly to its 
corresponding time slot, it will once more read a beacon signal and check if the time 
slot is taken or it is not.  If the time slot is not taken the sensor node will transmit a 
registration package and its current time slot, if the current time slot is not taken 
then the base station will acknowledge the sensor node telling it which time slot to 
use.  This mode can only be used for lower security applications, when at night it is 
known that no one will take a tool or that a thief can not enter the container, 
because if the tool is taken the BS will not know when this happened until the 
beacon signal is switched on again. 
 
The third way that a sensor node can be registered is a combination of the other 
two registering procedures, is very similar to the last explained but the difference is 
that once it reads a beacon package and detects that the time slot is occupied, then it 
will calculate a random number from 1 to 10, as the first registering procedure, go to 
the selected time slot in the registering part of the TDMA round and send a 
registering package.  
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These are the three ways of registering a sensor node. After being registered in the 
base station the sensor node will periodically send a report package in its 
corresponding time slot.  In the next section, the normal report mode will be 
explained in detail. 
 

5.2.5 Reporting 
The reporting mode is the most active mode of a sensor node. This is because it is 
transmitting a report package every report period. The report period can go from 1 
second to 60 seconds.  
 
Once the sensor node is registered it will calculate once the time where it has to 
transmit for the first time, then it will only multiply the relative 1 second time times 
the report period.   
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Figure 16: Synchronization in Reporting Mode 

 
As the RC oscillator of the radio chip is temperature and voltage dependant every 
report cycle the sensor node has to make a small correction in the synchronization.  
Every acknowledgement that the base station sends to the sensor node will contain 
a synchronization error. This error should increase or decrease the relative 1 second 
variable and also should be added to the next sleeping time. For example using 
Figure 16, if the synchronization error was of 8 ms then the next sleeping time 
should be: 
 

Sleeping Time = Sleeping Time + Synchronization Error 
Sleeping Time = Sleeping Time + 8 
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The synchronization error is a singed variable so it can also be negative; this means 
that the report has been too late. If the synchronization error is of -7 ms; then the 
next sleeping time will be: 
 

Sleeping Time = Sleeping Time + Synchronization Error 
Sleeping Time = Sleeping Time + (– 7) 

 
This task of correcting the clock has to be done every time due to the RC oscillator 
considerations, and is critical when the sensor node has just arrived to the base 
station, it will take some minutes before the sensor node is completely synchronized 
with the base station. 
 
During the reporting mode the report period can be changed. But before the period 
is changed the sensor nodes need to know that the period time will change. In the 
next section the procedure of changing the time will be explained.  
 

5.2.6 Changing the Reporting Period 
The reporting period can change but special considerations must be taken. Before 
changing the report period in the beacon signal the sensor nodes need to know that 
the report period will change.  Once the base station knows that the report period 
must be changed it will tell the sensor nodes that the time is going to change, and 
will send the new time. This notice is done in the report acknowledgement. After all 
the sensor nodes know the new time they will sleep the corresponding time and 
start transmitting in the appropriate time slot. The beacon clock has to be restarted 
exactly when the new TDMA round starts. Figure 17 shows the behavior of the 
sensor node in a report period change.  
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Figure 17: Changing report period 
 

5.2.7 Sensing variables 
The main job of a sensor node is to sense the environment and transmit the 
information to a reader.  In this protocol this variables are not excluded.  We can 
sense if a tool is on or off, the temperature of the chip, the voltage of the sensor 
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nodes battery and the time that the tool has been working.  This information should 
only be transmitted when the BS asks for it. The base station can tell the sensor 
node to send any of this information. This is done in the report acknowledgement 
and the sensor node will transmit the information until the next report cycle. 
 

5.2.8 Sending data to the PC 
An important aspect of the system is to send all the information obtained by the 
base station to a PC.  This is done by RS232.  The base station can be configured to 
send updates every certain amount of time, by default the system looks out for any 
changes through the whole database every half a second, and sends the information 
to the PC. 
The data sent by the base station will only be the one that has changed, for example 
every time a sensor node sends a report package the base station will update the 
time when the sensor nodes send the information.  
There is a specific protocol to send this information,  
 
Frame Name Description 
0xB0 Database New EPC Sends 12 bytes of a new EPC 
0xB1 Database new item Sends all variables of a new item 
0xB2 Database last report (byte4) Sends byte 4 of the last time report 
0xB3 Database last report (byte3) Sends byte 3 of the last time report 
0xB4 Database last report (byte2) Sends byte 2 of the last time report 
0xB5 Database last report (byte1) Sends byte 1 of the last time report 
0xB6 Database last report (byte0) Sends byte 0 of the last time report 
0xB7 Database Synchronization error Sends the synchronization error 
0xB8 Database report period Sends the report period known by 

the sensor node. 
0xB9 Database temperature Sends the sensor nodes temperature  
0xBA Database battery voltage Sends the battery voltage of the 

sensor node 
0xBB Database port status Sends the port status of the sensor 

node 
0xBC Database base station RSSI  Sends the RSSI of the base station 

detected by the sensor node 
0xBD Database sensor node RSSI Sends the RSSI of the sensor node 

detected by the base station. 
0xBE Database sensor node in or out Sends a byte telling if the sensor 

node is in the base station range or 
not. 

 
Table 10: Database Control Frame 

 
Every time the base station checks for changes in the database it will check in the 
same order of the table above. 
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5.3 Protocol Details 
 

5.3.1 TDMA round 
As explained before the data channel of the system uses a TDMA round of 1 
second. This TDMA round is divided in two parts, the Reporting and the 
Registration sections. The Reporting part last 800 ms and it is divided into 40 time 
slots of 20 ms each. The Registration part last 200ms and is divided into 10 time 
slots of 20 ms each.  
 
Figure 18 shows the TDMA frame implemented in the system.  
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Figure 18: TDMA frame 

 

5.3.2 Beacon Signal 
 
The beacon signal will be sent one package after another without stopping at any 
time.  This means the beacon signal has a duty cycle of 100%. The Beacon frame is 
shown in Figure 19. It is important to mention that the beacon frame does not have 
a Control Frame; this is because it is the only package sent in Channel B so there is 
no need to identify the package with the Control Frame, and by not using it, the 
Beacon Search Time is also reduced and therefore power consumption is also 
reduced. The information send in a beacon signal will be the following: 
 

• 4 bytes Preamble 
• 2 bytes Sync word 
• 1 byte Length of package (Always 0x08) 
• 1 byte Destination (Broadcast address 0x00)  
• 1 byte Base station address  
• 3 bytes Current Time (in ms) 
• 1 bytes Report Time (in seconds) 
• 1 byte Current Time Slot 
• 1 byte Time Slot Description byte 
• 2 bytes CRC 
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New Beacon Signal Frame

Preamble- To synchronize receiver
SYNC- To detect the start of Frame
Packet Length – Number of data Bytes (0x08)
Destination- Broadcast address (0x00)
Source – BS Address.
Clock- Elapsed time of the cycle in ms.
Report interval- Actual report interval in seconds.
Current TS – Is the current time slot of the TDMA round.
Description TS – Describe if the TDMA slots are used or free.
CRC- Cyclic Redundancy Check.
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Figure 19: Beacon Signal 

 
 
The preamble bytes help the sensor node receiver to be able to detect and 
synchronize for reception. The Sync word is needed to be able to detect that what is 
reading is a real package.  The length of the package indicates the number of data 
bytes in the package; in this case it will always be 8 bytes. The base station address 
will help the sensor nodes to differentiate between more than one BS. The Actual 
time is the elapsed time since the beginning of the last change in the report period 
and it is expressed in ms.  The report time period indicates the time that all tags 
have to sleep. These two variables are the real important part of the beacon signal, 
these variables will be used by the sensor nodes to be able to synchronize with the 
base station, and be able to sleep the adequate time, and talk in their corresponding 
time slot. 
 
The last two bytes are used for tags that have already been registered and want to 
take the same time slot as they had before leaving the base station. The last byte of 
the beacon signal is the Description time slots byte. Each bit of this byte represents 
a time slot.  If the analyzed bit has a “1” it means that that time slot is already being 
used bye another sensor node. If the analyzed bit has a “0” then it means that the 
time slot is free and the sensor node can take that slot to communicate with the 
base station.  The sensor node knows exactly which time slot represents each bit 
due to the Current Time Slot also send in the beacon signal. This byte represents the 
time slot number of the bit number 3 of the Time Slot Description byte. 
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Figure 20: Current TS and TS Description byte 
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Figure 20 shows an example, if the Current Time Slot is equal to 158, then the times 
slots represented in the Description Time Slots byte are bit 0 = 155, bit 1 = 156, bit 
2 =  157, bit 3 =  158 (Current Time Slot) , bit 4 = 159, bit 5 = 160, bit 6 =  161, bit 
7 = 162.   
 
These two last bytes are used only for tags that where already registered, and helps 
the system in the situation when many tags want to come into the base station at the 
same time. Instead of all the tags going directly to the TDMA registration part, they 
will go to their specific time slots, and therefore they will avoid collisions, have a 
faster response and more reliability.  
 
The beacon signal power is programmable from 0dBm to -30 dBm. The power 
should be according to the size of the room where the base station is located. If the 
room is very big the power should be set higher than if it is only a small room.  If 
the base station is located in a small room and the output power is set high, then 
probably some of the sensor nodes that are not inside the room but are next to the 
room will detect the beacon signal, and they will think they are inside the base 
station while this is not true, so special care need to be taken with the beacon power 
output. 
 

5.3.3 Frame Structure 
The frame structure was exactly the same frame structure used in the old protocol. 
It is partly based on the CC2500 hardware supported features and also on the frame 
structure of the Zigbee protocol.  The frame structure will contain: 
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Figure 21: Frame Structure 

 
1. Header Field (MAC Layer) 
2. Payload (Application Layer) 

 
The header contains a packet length field, destination endpoint, source endpoint, 
and a frame control field. Figure 21 shows how the frame structure is constructed.  
 

5.3.3.1 Hardware features of the MAC layer 
The CC2500 Radio Chip has hardware support for the MAC layer. It controls the 
preamble bytes, which are used to synchronize the transmitter and the receiver, it 
also controls the sync bytes, which are used to identify that a package is going to be 
sent. The CC2500 also has a CRC check, if the data has an error it can be flushed 
automatically from the Rx FIFO, in this project that option was used in both the SN 
and the BS. The CC2500 also checks the destination address, if the package address 
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does not match the hardware address, which is programmable, the package will be 
discharged.  
 

5.3.3.2 Header Field 
The header field is used in every package sent. As shown in Figure 21 first it 
contains the Length Field, then the Destination Endpoint, Source Endpoint and at 
last the Frame Control. All of these fields will be explained next: 
 

• Length Field – It contains the length of the package, this length is not 
counting the CRC field, the preamble and sync bytes, and the length Field 
itself. As the Length is one byte long, it can take a minimum value of 0 and a 
maximum value of 255. In this project was established that the maximum 
value used was the same as the Rx and Tx FIFOs, this is 64 bytes.  Reducing 
the maximum length makes easier the way a package is transmitted. This field 
must be provided by the user. This field will be read in Reception to know 
how many bytes the receiver should read and will not be removed by the 
receiver.  

 
• Destination Endpoint – As explained before, this field has also hardware 

support, if the package address does not matches the programmed address, 
the CC2500 will discharge the package.  There are two broadcast addresses 
this is 0xFF and 0x00, Address 0x01 is assigned to the BS, and addresses 
from 0x02 to 0xFE are assigned to SNs.  

 
• Source Endpoint – This field is has the same addresses for broadcast; this 

field is used to know who send the package, this field has no hardware 
support.  

 
• Frame Control – This field is also one byte long. This field indicates what 

kind of packet it is and what action should be done.  It is important to 
mention that the Frame Control Field is different from the old protocol, and 
it is used to identify the type of packet. In the next section all the different 
frames will be explained in detail. As mention before, the beacon package is 
the only one that does not use a Control Frame, see section 5.3.2 for more 
details about the beacon frame.  

 
Table 11 shows all the different headers that the system uses. Appendix D: Frame 
Format, shows how each package is built. 
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 Frame Name Control
Frame

Length Sent 
from 

Received 
by 

1 Beacon frame -- 0x08 BS SN 
2 Report Ack Error Sync16 frame 

 
0x61 0x05 BS SN 

3 Report Ack Error Sync8 frame 
 

0x62 0x04 BS SN 

4 Report Ack frame 
 

0x63 0x03 BS SN 

5 Report Ack Status Request frame 0x64 0x04 BS SN 
6 Report frame 0x30 0x03 SN BS 
7 Report Status frame 0x31 0x08 SN BS 
8 Registration frame 0x32 0x10 SN BS 
9 Registration Ack frame 0x65 0x10 BS SN 

Table 11: Frame Control types 
 

5.3.3.3 Frames 
 

1. Beacon frame 
The beacon frame is sent continuously through the beacon channel. It is sent 
only by the BS and the SN uses this beacon to identify the BS and to be able to 
synchronize to the system. The destination endpoint of the beacon must be a 
broadcast address, 0x00 or 0xFF. Refer to section 5.3.2 for more details about 
the beacon frame.  

 
2. Report Ack Error Sync16 frame 
Synchronization is a very critical procedure of the system; the SNs have to 
correct the synchronization error every time they receive an acknowledgement. 
This is needed because the RC oscillator of the SN is temperature and voltage 
dependant, if this two factors change then there will be a synchronization error 
that needs to be corrected.  The Report Ack Error Sync16 will be sent by the BS 
every time that the SN send a package with a synchronization error larger than 
128 ms. It will sent two bytes in the payload section containing the 
synchronization error. When the SN receives this package it will synchronize 
again with the BS. See section 5.2.5 for details about the synchronization 
procedure.  

 
3. Report Ack Error Sync8 frame 
This frame is almost the same as the previous one, the difference is that the 
synchronization error is smaller than 128 ms, so instead of sending two bytes in 
the payload the BS only sends one byte. When the SN receives this frame it will 
synchronize again with the BS. See section 5.2.5 for details about the 
synchronization procedure.  
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4. Report Ack frame  
This frame is sent by the BS when the synchronization error is less than 2ms.  
As the SN is synchronized good enough there is no need to send a 
synchronization error. The SN in this case will not do the synchronization 
routine and after receiving this package will immediately go to sleep. 
  
5. Report Ack Status Request frame 
This frame is used when the BS wants to know the status of the SN.  The status 
variables are temperature, battery life, tool port, working hours, and BS RSSI. 
This package is sent by the BS after a Report package is received. The SN will 
transmit a Report Status package the next time that wakes up. The Report Ack 
Status Request also contains a synchronization error of 1 byte, therefore if the 
synchronization error is larger than 128 ms this package can not be sent and 
instead of it a Report Ack ErrorSync16 should be sent. Next report when the 
SN is again synchronized then the status request can be sent.  
 
6. Report frame  
The report frame is sent by the SN every report cycle. This package will tell the 
BS that the SN is still in the area close to the BS. After receiving a Report 
package, the BS has to send an acknowledgement, this can be a Report Ack, a 
Report Ack Error Sync8, Report Ack Error Sync8 or a Report Ack Status 
Request. 
 
7. Report Status frame  
The report status frame will send the important variables of the SN to the BS. 
These variables are temperature, battery life, tool port, working hours, and BS 
RSSI. This package also has the same functionality as the Report frame because 
it will tell the BS that the SN is still in the area close to it.  

 
8. Registration frame  
The registration frame is sent every time the SN comes back again to the BS; it 
will send its own EPC and an extra byte requesting a specific time slot (or MAC 
address). See Section 5.2.4 for details about the registration procedure. 

 
9. Registration Ack frame  
This package is sent when the SN has been registered in the BS. It contains the 
SN’s EPC and the selected time slot or MAC address. See Section 5.2.4 for 
details about the registration procedure. 
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5.4 Hardware 
 

5.4.1 System 
The system consists of a base station or reader and 254 sensor nodes. The base 
station should be placed inside a room or container around 5 m x 5 m. The sensor 
nodes will be placed inside expensive tools like large drills, electric chain saw, etc. 
The sensor node should only communicate with the base station when the sensor 
node is inside the room or container. The system is operating at the free frequency 
license of 2.4 GHz, also called the Industrial Scientific and Medical (ISM). In the 
next section the base station and the sensor nodes will be described with more 
detail. 
 

5.4.1.1 Base Station 
The base station consists of two microcontroller units, a master and a slave µC.  
The master µC is an ATmega1281 and the slave µC is an ATtiny84, both 
microcontrollers are fabricated by AVR. It also consists of two radio chips CC2500, 
one RS232 interface using a MAX232. It has one Real Time Clock RTC DS1307 
and one EEPROM MP1200. The Base Station needs a 12 volts power supply for it 
to be able to work.  
Figure 22 shows the base station hardware, one CC2500 is connected to the master 
MCU and one to the Slave MCU, each one through a SPI bus. The two external 
Interrupts of the CC2500 are also connected to each microcontroller. 
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Figure 22: Base Station Hardware 
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5.4.1.2 Sensor Nodes 
The 254 sensor nodes consist of one ATtiny84 µC, one radio frequency chip 
CC2500, one battery holder, one non rechargeable lithium battery CR2023, 3.3 volts 
with 220mAH.  Figure 23 shows the SN hardware diagram. The CC2500 is 
connected to it through a SPI bus, and both external interrupts are connected to the 
MCU. The MCU has one available pin for sensing when the tool is on, and one pin 
to activate and deactivate the tool. 
 
 

ATtiny84 CC2500

Output: on/ off Tool

Channel A

SPI

Input: on / off Tool

Battery 
CR2032

Battery 
Reading 
sensor

GDO interrupts

ATtiny84 CC2500
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Input: on / off Tool
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CR2032
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Reading 
sensor

GDO interrupts

 
Figure 23: Sensor Node Hardware 

 

5.4.2 ATmega1281 µC 
The ATmega1281 µC [7] is the master µC of the base station. It is connected to the 
slave µC ATtiny44 by two normal i/o pins and one extra pin as a pin change 
interrupt. The master µC also is connected to one radio frequency chip CC2500 
which controls the data channel of the system.  The µC has an advanced RISC 
architecture and some of the most important features are listed next: 
 

• 128 Kb programmable flash memory 
• 4 Kb of EEPROM 
• 8192 bytes of SRAM 
• 54 input/outputs 
• 1.8 -5.5 voltage supply range. 
• 16 MHz maximum frequency 
• 4 16-bit timers 
• 2 8-bit timers 
• 9 PWM channels 
• 1 RTC 
• 1 SPI 
• 2 UART 
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• 10 Bit A/D converter channels 
• 58 interrupts 
• 17 external interrupts 
• 1 watchdog timer 
• Brown out detector 
• On chip oscillator 
• Analog comparator 

 

5.4.3 ATtiny84 µC 
The ATtiny84 µC [6] is used in both in the base station as a slave µC, and as the 
main µC in the sensor nodes. This µC was selected specially for the sensor nodes, 
and the original µC that was selected for the salve base station was the ATtiny2313 
because it has two SPI ports but if we choose the same µC then the total price of 
the system can go down. The most important characteristics of the ATtiny44 are 
shown next. 
 

• 8 Kb programmable flash memory 
• 512 bytes of EEPROM 
• 512 bytes of SRAM 
• 12 input/output 
• 1.8 -5.5 voltage supply range. 
• 20 MHZ as maximum frequency 
• 1 16-bit timer 
• 1 8-bit timer 
• 4 PWM channels 
• 1 USI 
• 8 Bit A/D converter channels 
• 17 interrupts 
• 12 external interrupts 
• 1 watchdog timer 
• Brown out detector 
• On chip oscillator 
• Analog comparator 

 

5.4.4 Radio frequency chip: CC2500 
The radio frequency chip CC2500 [5] is used in the sensor nodes and in the base 
station. It is the heart of all the wireless communication, and due to its low power 
consumption the system could be developed.  
 
Main characteristics: 

• Small size (QLP 4x4 mm package, 20 pins) 
• True single chip 2.4 GHz transceiver 
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• Frequency range: 2400 – 2483.5 MHz 
• High sensitivity (-101 dBm at 10 kbps, 1% packet error rate) 
• Programmable data rate up to 500 kbps 
• Low current consumption (13.3 mA in RX, 250 kbps, input 30 dB above 

sensitivity limit) 
• Programmable output power up to 0 dBm 
• Excellent receiver selectivity and blocking performance 
• Very few external components: Completely on-chip frequency synthesizer, 

no external filters or RF switch needed. 
• Programmable base band modem 
• Ideal for multi channel operation 
• Configurable packet handling hardware 
• Suitable for frequency hopping systems due to fast settling frequency 

synthesizer 
• Optional Forward Error Correction with interleaving 
• Separate 64- byte Rx and Tx FIFOs 
• Efficient SPI interface: All registers can be programmed with one “burst” 

transfer 
• Digital RSSI output 

 

5.4.5 Real Time Clock: DS1302 
The real time clock DS1302 [8] is used in the base station to know exactly what time 
it is, also to know when was the last time that a sensor node sent a report package. 
With the real time clock we can know when a sensor node did left the base station 
or when did it came in.  
 

• Real-Time Clock Counts Seconds, Minutes, 
• Hours, Date of the Month, Month, Day of the Week, and Year with Leap-

Year 
• Compensation Valid Up to 2100 
• 31 x 8 RAM for Scratchpad Data Storage 
• Serial I/O for Minimum Pin Count 
• 2.0V to 5.5V Full Operation 
• Uses Less than 300nA at 2.0V 
• Single-Byte or Multiple-Byte (Burst Mode) 
• Data Transfer for Read or Write of Clock or RAM Data 
• 8-Pin DIP or Optional 8-Pin SO for Surface Mount 
• Simple 3-Wire Interface 
• TTL-Compatible (VCC = 5V) 
• Optional Industrial Temperature Range:-40°C to +85°C 
• DS1202 Compatible 
• Underwriters Laboratory (UL) Recognized 
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5.4.6 UART interface: MAX3232 
This chip is used for the RS232 communication, is the interface between the 
ATmega 1281 and the PC.  The MAX3232 [9] works with a power supply from 3.0 
to 5.5 volts with a dual charge pump. The MAX3232 only need four external 
capacitors that work as a charge pump capacitors. The receivers convert RS-232 
signals to CMOS-logic output levels. Some of the characteristics of this chip are 
mentioned below: 

• Have 2 receivers and 2 drivers 
• ESD protected 
• Down to 10 nA 
• Up to 1Mbps 
• True RS232 transceivers 

 

5.4.7 Master-Slave Communication 
The master - slave communication is done by software. The main reason for making 
this communication software and not by hardware was to use exactly the same 
micro processor that it is used in the sensor nodes because that will reduce 
production costs. There is a drawback of choosing this solution because the 
communication bit rate is very low; it is of 3.3 Kbps while the SPI communication 
can go up to 7.3 Mbps. Both microprocessors have three pins interconnected.  Pin 1 
is the chip enable or chip select (CS), pin 2 is the clock (CK) which is controlled by 
the master microprocessor and pin 3 is the data (DA). The pins in the master 
microprocessor are configured as follow: 
 

• CS (chip select) as normal output (normally high) 
• CK(clock) as normal output (normally low) 
• DA(data) both input and output (normally input) 

 
The pins in the slave microprocessor are configured as follow: 
 

• CS(chip select) as pin change interrupt (input)  
• CK(clock) as normal input 
• DA(data) both input and output (normally output, normally low)  

 
The master has the control of the communication and it is the one that decides what 
information is going to be transferred, if it is going to write or read from the slave 
processor. 
 
To start any operation the master processor needs to put the CS pin to low.  When 
the slave detects this pin change the slave microprocessor will go to the 
corresponding ISR. Normally the Slave processor controls the DA pin, it is 
normally low, but when the slave detects that the CS is low and goes to its 
corresponding ISR it will put the DA to high, this means that the slave is listening 
and ready to receive data. After changing the DA to one the slave microprocessor 
will wait 150 µs and then change from output to input, in the same way the master 
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microprocessor will change from input to output and will wait another 150 µs for 
the slave processor to be ready.  
 
Once the master knows that the slave is waiting for a command, the master will 
send a control byte. The master will put the MSB in the DA and will activate the 
clock from low to high, every time the clock goes low the master will shift the data 
bit in the DA and every time the clock goes high the slave should read it.  
 
The first byte that the master should send is the control byte. The first bit represents 
the type of operation done if it is write(1) or read (0), the second bit means if the 
operation must be done in the slave registers(0) or in the CC2500 registers(1). The 
rest 6 bits represent the address the master wants to read or write. 
 
If the operation is write, the master will send the bytes in a burst one after another, 
and when the master finishes sending the information it will put the CS to high 
again. While the slave is receiving data from the master, it will put it in a buffer and 
when the CS is set high, it will put the received data in the corresponding registers.   
 
If the operation is read, then the master after sending the control byte will send the 
number of bytes it wants to read. The master will then put its DA pin as an input 
and the slave as an output and put it high, this means that the slave is not ready 
because it is reading getting the information that the master needs, once all the 
information is put in a buffer the slave will put the DA to low, this means that the 
slave is ready to transmit.  The master then will activate the CK and the slave will 
start sending from the MSB to the LSB.  When the master receives all the data, it 
will put the CS to low, and the slave will return from the ISR to its normal tasks.  
 

5.5 Software 
 

5.5.1 Partitioning 
The complexity of the software and the size of the system create the need to plan a 
good software partitioning.  The easiest way of dividing the software into smaller 
parts was considering the different microprocessors that need to be programmed 
and to considered their different tasks.  In this section the different tasks of the 
different microprocessors will be discussed and will be referenced to the already 
explained protocol.  There is also a more specific software partitioning done in each 
of the microprocessors. This partitioning was done considering the most important 
tasks of each microprocessor.  
 

5.5.2 Slave Microcontroller behavior 
The main job of the Slave MCU is to control the beacon signal. This signal, as we 
have seen in previous sections should be sent package after package without delay.  
A delay can cause unnecessary energy loss in one or several sensor nodes that are 
searching for a beacon signal. The behavior of the slave microcontroller is very 
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simple. The main routine is actually the external interrupt (Tx underflow). This 
external interrupt tells the slave MCU that there is space in the Tx FIFO for at least 
5 beacon packets.  The MCU calculates how many packages it can send, depending 
in the report time and the free FIFO bytes. 
 
The slave microcontroller will always put the CC2500 in Tx mode, this is why the 
behavior of the slave is so easy, because it does not need to read any information 
from another source, its task is only to transmit no matter what happen it only 
needs to transmit. Refer to Appendix B: Slave µC Flowchart in page 83. 
 
I. Main 

i. Initialize MCU. 
ii. Initialize radio frequency chip CC2500. 
iii. Activate Timer0 Interrupt (For synchronization with master MCU). 
iv. Activate External Interrupt (Tx Underflow) 
v. Activate External Interrupt (Software SPI) 
vi. Slave MCU waits for initial settings from the Master MCU. 
vii. Timer0 starts running. 
viii. Send 10 beacon packages to the CC2500. 
ix. Wait for Tx or Software SPI interrupt. 

 
II. External Interrupt (Tx Underflow) 

i. Reads number of bytes available in Tx FIFO. 
ii. Calculates how many packages can be sent depending on the Tx FIFO 

and report Time. 
iii. Sends calculated beacon packages. 
iv. Returns from interrupt 

 
III. Timer0 Interrupt 

i. Resets Timer1. 
ii. Update system time and report time. 
iii. Report time finished? 

iii.i. (true)  Update general settings 
iii.ii. (false)  Continue. 

iv. Return from Interrupt. 
 
IV. External Interrupt (Software SPI) 

i. Receive Data from master MCU. 
ii. Send Data to master MCU. 
iii. Return from interrupt. 

 

5.5.3 Master MCU behavior 
The behavior of the master MCU is much more complicated than the behavior of 
the slave MCU. It has to communicate with all the sensor nodes, read incoming 
request from the sensor nodes, and send back acknowledgements, update the 
internal database, update the slave microprocessor, update the data sent to the PC, 
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and attend commands from the user through the PC.  The complexity is a lot higher 
than the slave, and therefore a more specific task partitioning most be done.  The 
most important tasks are the ones interrupt driven, especially when one package is 
received, because the master has to answer the sensor nodes as quick as possible to 
reduce the Rx time in the sensor node and therefore reduce power consumption. 
Refer to Appendix A: Master µC Flowchart in page 80. 
 
I. Main 

i. Initialize MCU. 
ii. Initialize radio frequency chip CC2500. 
iii. Activate Timer1 Interrupt (System and Report time) 
iv. Activate External Interrupt (Package Rx) 
v. Activate External Interrupt (Software SPI) 
vi. Activate UART RX Interrupt. 
vii. Load database of registered tags from EEPROM. 
viii. Set Default General Settings. 
ix. Send General Settings to Slave MCU. 
x. Start Timer 0 (Synchronization timer for Slave MCU) 
xi. Start Main Loop 

xi.i. Is an UART package in buffer? 
xi.i.i. (true) Do command. 
xi.i.ii. (false) Continue. 

xi.ii. Is there new data to send to PC? 
xi.ii.i. (true) Send data. 
xi.ii.ii. (false) Continue. 

xi.iii. Is there new data to send to Slave MCU? 
xi.iii.i. (true) Send data. 
xi.iii.ii. (false) Continue. 

xi.iv. Is there any tag missing? 
xi.iv.i. (true) Un-register specific tag. 
xi.iv.ii. (false) Continue. 

xi.v. Return to “Start Main Loop”. 
 
II. Timer1 Interrupt (System and Report time) 

i. Update System time 
ii. Update Report time. 
iii. Return from Interrupt. 

 
III. Timer2 Interrupt (RTC) 

i. Read RTC. 
ii. Return from Interrupt. 

 
IV. External Interrupt1 (Package Rx) 

i. Read Package 
ii. Return from interrupt. 
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V. External Interrupt2 (Rx Overflow) 
i. Flush CC2500. 
ii. Return from interrupt. 

 

5.5.4 Sensor node MCU behavior 
The behavior of the sensor node is quite different from the other microprocessors. 
In this case the micro processor is sleeping 99.99% of the time. Refer to Appendix 
C: Sensor Nodes µC Flowchart in page 85. 
 
I. Main 

i. Initialize MCU. 
ii. Initialize radio frequency chip CC2500. 
iii. Activate External Interrupt (Package Rx / XTAL Stable) 
iv. “Outside Mode” 
v. CC2500 to WOR. 
vi. MCU to Sleep Mode. 
vii. “From Watchdog interrupt” 
viii. Beacon packet RX? 

viii.i. Go to Synchronization Mode 
viii.ii. Go to “Outside Mode”. 

ix. “Synchronization Mode” 
ix.i. Sleep 1 MCU Second. 
ix.ii. “From Watchdog interrupt” 
ix.iii. Read 2nd beacon package. 
ix.iv. Synchronize with BS clock.  
ix.v. Go To “Registration Mode” 

x. “Registration Mode” 
x.i. Register Tag, see Section 5.2.4 
x.ii. Go to “Reporting Mode” 

xi. “Reporting Mode 
xi.i. Has retransmitted 3 times? 

xi.i.i. (true) Continue. 
xi.i.ii. (false) Go to “Outside Mode” 

xi.ii. Send Report 
xi.iii. Wait for ACK. 
xi.iv. ACK arrived? 

xi.iv.i. (true) Continue. 
xi.iv.ii. (false) Go to “Reporting Mode”  

xi.v. Sleep Report Time 
xi.vi. Go to “Reporting Mode 

 
II. External Interrupt (Package Rx /XTAL Stable) 

i. Package RX? 
i.i. (true) Go To Package Rx Routine 
i.ii. (false) Go To XTAL Stable Routine 

ii. “Package RX Routine” 
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ii.i. Read Package 
ii.ii. Return from Interrupt. 

iii. “XTAL Stable Routine” 
iii.i. Wake up processor. 
iii.ii. Return from interrupt. 

 
III. Watchdog Timer Interrupt 

i. Wake up from Sleep 
ii. Should sleep again? 

ii.i. (true) Sleep. 
ii.ii. (false) Continue. 

iii. Return from Interrupt. 
 

5.6 Testing Programs 
5.6.1 Development 
Two GUI were developed in this master thesis. The first one was used through the 
process of development to test different tasks of the system, to check RAM, 
EEPROM, the CC2500 configuration registers, etc. The second GUI was used to 
calculate the battery life expectancy of the sensor nodes. In this GUI the user can 
choose different modes of the sensor node, if it is transmitting, receiving or 
sleeping. The user can choose the different modes in the CC2500 and also in the 
ATtiny84, and mix them to have the wanted behavior.  Both programs will be 
explained with more detail in the following sections.  

5.6.2 Inspector Software 
The inspector software was developed at the same time as the whole system. When 
the development needed to check if a new feature of the system was working, a test 
program was added to the inspector software.  The testing program was developed 
using Microsoft Visual C#. 
 
The program has basically three main sections: 
Statistics Window – Some statistics about how many packages have been sent or 
received, the date, or to see if the RS232 port is connected, etc. 
Communication Window – Where all the information sent and received is written 
down in the form of packages.   
Component Window – Each important component of the system has its own tab. 
In each tab there are different functions that can send or receive data to the selected 
component. The components are the ATmega121, ATtiny84, the two CC2500, and 
the RTC DS1302.  There are other tabs that take care about the system clock, and 
another that takes care about the normal operation of the system. In these tabs the 
information sent is organized in lists and tables. 
 
This testing program was very useful for the development process, and can be used 
in future developments for other applications.  
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Figure 24: Inspector Software 
 
The tabs contain specific component functions.  The CC2500A and CC2500B 
communicate with the two radio chips, chip A is the one connected directly to the 
master and chip B is connected to the slave. To access chip B, the master sends the 
instruction to the slave and then the slave communicates with the CC2500, then the 
slave sends back the information to the master and the master sends the 
information to the PC via RS232. In the tab of the radio chips there four sections: 
 
Status Registers – Can read the 12 status registers. 
Configuration Registers – Can read or write the 47 configuration registers. 
Command Strobes – Can write the 13 command strobes to change state in the chip. 
PATABLE, RX FIFO, TX FIFO – Can read the RX FIFO, write to the TX FIFO 
and read or write to the power table. 
 
All the data that is written or received in these tables have the option to be in 
hexadecimal, decimal or binary. The data format can easily be changed when 
pressing the mouse right button and selecting the desired format.  
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The RTC tab contains three sections: 
 

• Calendar Registers – Contains the 9 bytes of the RTC chip which contain 
all the calendar information. In this section the user can load the actual time 
of the PC into the RTC register in order to synchronize the RFID system 
with the PC.  

• Test section – It was used to find synchronization faults in the development 
process between the slave and the master MCU.  

• Internal clock – In this part of the program the user can read both clocks in 
the master and in the slave and compare them to be able to see the drift.  

 
The slave microcontroller tab has just one section; this section can read or write to 
the slave MCU. The variables displayed in this list are variables that are normally 
modified by the master MCU, like for example the report period, or the beacon 
power or channel, etc.  
 
The master MCU tab has three sections, one section is very similar to the slaves 
MCU section, where all the variables are displayed. Another section is not really 
used but can control the LEDS in the PCB, it shows which led is on or off and also 
can set or clear them.  The last section is the BS’s address; this address is controlled 
by a dip switch of 8 bits, so therefore it can only be read. 
 
There is another section called Sensor Node section. Here the user can send a 
specific package to the sensor nodes and it was used to test the sensor nodes 
reception. The user can select which type of package to send, for example beacon 
package or acknowledgement, etc. 
 
The last section is called Normal Behavior. In this section the user can restart the 
BS. Can change in an easy way the output power of the beacon or of the data 
channel, can turn on or off a tool, and can set the report interval. 
 

5.6.3 Battery Lifetime Calculator 
The battery lifetime calculator took around one and a half weeks for development. 
It was decided to take this amount of time in developing an application that could 
tell more precisely the battery lifetime expectancy. With this software we can know 
how much will the battery of a sensor node will last depending on the behavior we 
choose. 
 
The main program window is divided into five sections: 

• Property window 
• Graph window 
• Behavior window 
• State window 
• Results window 
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Figure 25: Battery Calculator Software 
 
The Property window shows the characteristics of the selected item. The user can 
change the value of a property in this window.  The user can select a graph, a state, a 
behavior, or the protect properties. This window is very important because all the 
parameters of the system are introduced in this window, the graph information, the 
states current, period, starting time, etc. In this window the user can also set the 
amount of energy in the battery and can choose how often a behavior is used. 
 
The Graph Window shows the current consumption through time. The Y axis is the 
current, and the X axis is the time. When a graph is selected, the user can change the 
graph settings in the property window. For example the user can change settings like 
auto scale (on/off), can set the Y axis, X axis, and main header, can set the 
maximum and minimum values of the Y and X axis, etc.  
 
The Behavior window contains a list of all the behaviors of the system. A behavior 
can be for example when the sensor node is in WOR, or when the sensor node is 
inside the base station range, this behavior can be described in the software. The 
behavior list contains additional information about each different behavior, this is, 
the name of the behavior, the period, average current,  battery lifetime and a 
description field to write any comment or specification about the behavior. The user 
can easily change any of these fields in the property window. 
 
The State window contains a list of all the states within a behavior. A state is for 
example Reception state or Transmission state.  If we take the example of the WOR 
behavior, it will at least have 4 or 5 states, it will wake up and start the crystal 
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oscillator,  will go from idle to Rx, stay in Rx, then go back to idle, if necessary 
calibrate the RC oscillator, and finally go back to sleep.  The State window also 
contains additional information for each different state, this is the name of the state, 
the state type, this means if it is an ATtiny84 state or a CC2500 state. The state 
window also shows the start and end time, the period, the current, the energy, and 
finally a description field where the user can make any observation or comment. 
 
The result window shows the energy in the battery and also how many years, 
months, days and hours will the system last with the corresponding battery. 
 
The program has other functionalities, for example the user can save a project 
containing different behaviors, states, and graphs. The user can also save and load 
behaviors and states.  It can move a state from one position ahead or after and it 
can change the state and graph colors. This program will help to plan new 
developments in the future; it will help the designer to make decisions in a faster 
and more accurate way. 
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6 Results 
 

6.1 Summary 
The results obtained in this thesis work were divided in two groups, empirical and 
simulated results.  The empirical results consist in checking that the current 
consumption was really the one showed in the data sheets.  For the Simulated 
results the battery calculator software was used. The simulated results are divided in 
two sections, section 6.3.1 explains how the simulation data was obtained and 
section 6.3.2 gives the final results. 
 

6.2 Empirical Results 
 

6.2.1 Output Power 
During the development of the system a big PER was detected. The tag had to be 
very close to the BS in order to have an acceptable PER. It was also noticed that the 
distance between the BS and the SN had to be less than three meter or if not the tag 
will go to WOR state (outside behavior). For that reason a test of Output power was 
done to see if the SN really was transmitting with the desire power. Table 12 shows 
the data obtained with a spectrum analyzer, the antenna of the spectrum analyzer 
was placed just next to the SNs antenna. 

 
Reading 

Value 
Difference 

(offset) 
PATABLE dBm (dBm) (dBm) 

0xFE 0 -32 32 
0xBB -2 -34 32 
0xA9 -4 -36 32 
0x7F -6 -38 32 
0x6E -8 -42 34 
0x97 -10 -44 34 
0xC6 -12 -46 34 
0x8D -14 -48 34 
0x55 -16 -51 35 
0x93 -18 -55 37 
0x46 -20 -59 39 
0x81 -22 -60 38 
0x84 -24 -61 37 
0xC0 -26 -63 37 
0x44 -28 -67 39 
0x50 -30 -67 37 
0x00 -55 * * 

* No packages were received with this setting 
 

Table 12: SN Output Power test 
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From Table 12 we can see an offset of around 36 dBm in average. If we transform 
that to mill watts: 
 

milliWatts = 10(dBm/10) 

Obtained Power: 
 

Power W= 10(-36/10) = 251 nW 
 

Power from the datasheet: 
 

Power W = 10(0/10)  = 1 mW 

 

This means that the output power is almost 4000 times smaller than what it should 
be. The same test was with the old protocols SN. In this case the average error was 
of 16 dBm.  
 

Power from the old SN: 
 

Power W = 10(-16/10)  = 25 µW 

 
This means that the output power is around 40 times smaller than what it should be. 
This result is much better than the New SN. The software and the configuration 
registers were carefully examined to try to find the error but only few dBm could 
improve; this was done by trying different radio chip configuration values. Due to 
the fact that the same software was used in both SNs it was assumed that the 
problem was a Hardware problem. 
 

6.2.2 Reading Distance 
Due to the output power error, the reading distance was reduced tremendously 
compared with the old SN. The old protocol had a reading distance between 20 and 
25 meters while the new SN was of 4 to 7 meters. From 5 meters the PER is so bad 
that the SN will go to WOR state.  
 

6.2.3 Power Consumption 
In order to check the validity of the current information of the MCU and the RF 
chip a current measurement test was done. A 2.2Ω resistor was connected in series 
with the SN to the Lithium Battery which had a voltage of 3.3V. Figure 26 shows 
the way the resistor was connected and how the current was measured. 
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Figure 26: Power Measurement 
 
After measuring the voltage in the resistor a current IA was obtained by ohms law. 
 
IA = V/R 
 
After getting current IA, the SN resistance could be obtained by: 
 
SN resistance = (3.3 v)/ IA – 2.2Ω 
 
Once we know the resistance of the tag we calculate the current but now without 
the measurement resistance of 2.2Ω. Table 13 shows the results of this test; notice 
that some rows are highlighted. This means that the current consumption in these 
stages were too high. These stages were mainly power down modes which are the 
most important modes of the SN, because it is sleeping 99.97% of the time. If this 
error is not corrected the SN will last less than two months. 
 

Voltage 
Current A 

(mA) 
Tag Resistance 

(Ω) Current B (mA) 
MCU CC2500  (mV) max min Max Min Max Min Datasheet 

Active Rx 42,60 20,29 19,36 168,32 160,48 20,5638 19,6052 19,6000 
Active WOR 6,30 3,00 2,86 1150,28 1097,80 3,0060 2,8689 3,0009 
Power 
Down WOR 1,80 0,86 0,82 4031,23 3847,80 0,8576 0,8186 0,0049 
Active Tx 46,40 22,10 21,09 154,37 147,15 22,4256 21,3778 24,2000 
Power 
Down Tx 41,60 19,81 18,91 172,42 164,39 20,0746 19,1394 21,2040 
Active Idle 9,40 4,48 4,27 770,24 735,03 4,4896 4,2844 4,5000 
Power 
Down Idle 4,90 2,33 2,23 1479,53 1412,09 2,3370 2,2304 1,5040 

Active 
Power 
Down 6,10 2,90 2,77 1188,06 1133,87 2,9104 2,7776 3,0009 

Power 
Down 

Power 
Down 1,80 0,86 0,82 4031,23 3847,80 0,8576 0,8186 0,0049 

Active Xtal Off 6,30 3,00 2,86 1150,28 1097,80 3,0060 2,8689 3,1600 
Power 
Down Xtal Off 2,10 1,00 0,95 3455,04 3297,80 1,0007 0,9551 0,1640 

Idle 
Power 
Down 2,60 1,24 1,18 2790,21 2663,18 1,2391 1,1827 0,7509 

ADC noise 
Power 
Down 2,20 1,05 1,00 3297,90 3147,80 1,0484 1,0006 0,6659 

 
Table 13: Current Consumption Measurments 
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6.3 Calculated Results 
The battery calculator was of great help in finding out the battery life calculations. 
To be able to find out if the goals of the master thesis were achieved both protocols 
will be analyzed with the same procedure.  To make a better comparison between 
protocols a four second period will be used as a constant to show how the data was 
captured.  
 

6.3.1 Procedure to calculate the Battery Life Expectancy 
The graphs of Figure 27 and Figure 28 were obtained from the Battery Calculator 
Software and show the typical graph of the radio chip current behavior. In this part 
of the analysis the calibration is not considered, but will be considered in a further 
analysis. The synchronization mode will be not analyzed in this part of the results 
because it is only done just once every time the SN arrives to the BS so that can be 
omitted.  
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ID Color 
State  
Type 

State 
Name 

Start 
Time 

End 
Time Period Current Charge 

1   RF State Start Ocillator 0,00 ms 346,00 µs 346,00 µs 92 µA 7,96 nAH 

2   RF State Idle to Tx 346,00 µs 434,00 µs 88,00 µs 7,4 mA 162,77 nAH 

3   RF State Reception 434,00 µs 704,00 µs 270,00 µs 16,6 mA 1,12 µAH 

4   RF State Idle 704,00 µs 854,00 µs 150,00 µs 1,5 mA 56,24 nAH 

5   RF State Sleep 854,00 µs 4,00 s 4,00 s 900 nA 899,81 nAH 

 TOTAL 
RF 
Behavior Outside 0,00 ms 4,00 s 4,00 s 2,25 µA 2,25 µAH 

 
Figure 27: New Protocol current graph (RF chip outside) 

 
 
The MCU will awake from deep sleep every 8 seconds. An 8 seconds cycle is shown 
in Figure 28. The energy consumed by the active time is so small that can be 
avoided. It will just be considered in this example. 
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ID Color 
State 
Type 

State 
Name 

Start 
Time 

End 
Time Period Current Charge 

1   MC State Active 0,00 ms 5,00 µs 5,00 µs 3 mA 1,88 nAH 

2   MC State Sleep 5,00 µs 8,00 s 8,00 s 4 µA 4,00 µAH 

 TOTAL RF Behavior Outside 0,00 ms 8,00 s 8,00 s 4,00 µA 4,00 µAH 

 
Figure 28: New Protocol current graph (MCU outside) 

 
To be able to know how much energy is consumed by the 4 seconds cycle we need 
to add both the MCU charge plus the RF chip charge. 
 

(RF chip charge) 4 sec + (MCU charge) = 6.25 µAH. 
 
Once we know the energy consumption for a 4 second cycle of the new protocol, 
the old one will be analyzed with the same procedure. 
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ID Color 
State 
Type 

State 
Name 

Start 
Time 

End 
Time Period Current Charge 

1   RF State 
Start 
Ocillator 0,00 ms 346,00 µs 346,00 µs 92 µA 105,98 nAH 

2   RF State Idle to Tx 346,00 µs 434,00 µs 88,00 µs 7,4 mA 162,29 nAH 

3   RF State Reception 434,00 µs 12,43 ms 12,00 ms 16,6 mA 49,64 µAH 

4   RF State Idle 12,43 ms 12,58 ms 150,00 µs 1,5 mA 56,07 nAH 

5   RF State Sleep 12,58 ms 4,01 s 4,00 s 400 nA 398,75 nAH 

6   MC State Active 0,00 ms 12,58 ms 12,58 ms 2,5 mA 7,84 µAH 

7   MC State Sleep 12,58 ms 4,01 s 4,00 s 4 µA 4,00 µAH 

 TOTAL Behavior Outside 0,00 ms 4,01 s 4,01 s 62,21 µA 62,21 µAH 

 
Figure 29: Old Protocol current graph (outside) 

 
Notice that there are two main differences between the old and the new protocols, 
the most notorious one is that the RX time in the old protocol is 45 times larger 
than the new one, and the other big difference is that the microcontroller has to be 
awake when the RF chip is awake and in the new protocol as the RF chip is in 
WOR state does not need the microcontroller interaction.  
 
Now lets compare the two protocols. 
 
The total energy of a 4 second cycle: 

• Old protocol 62.21 µAH. 
• New protocol 6.25 µAH. 

 
Total New Protocol Savings = (62.21µ - 6.25µ) / (62.21µ) = 89.95 % 

 
With the 220mAH battery the SN could be in the outside behavior for: 
 

Life Expectancy Outside = (220mAH / 6.25µA) = 35200 H= 4.01 years. 
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 The next part of the analysis is considering the calibration part. The calibration 
must be done constantly especially when the temperature varies. 
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ID Color 
State 
Type 

State 
Name 

Start 
Time 

End 
Time Period Current Charge 

1   RF State Start Ocillator 0,00 ms 346,00 µs 346,00 µs 92 µA 7,96 nAH 

2   RF State Calibration 346,00 µs 1,16 ms 809,00 µs 7,4 mA 1,50 µAH 

3   RF State Idle to Tx 1,16 ms 1,24 ms 88,00 µs 7,4 mA 162,73 nAH 

4   RF State Reception 1,24 ms 1,51 ms 270,00 µs 16,6 mA 1,12 µAH 

5   RF State Idle 1,51 ms 1,66 ms 150,00 µs 1,5 mA 56,23 nAH 

6   RF State Sleep 1,66 ms 4,00 s 4,00 s 900 nA 899,63 nAH 

 TOTAL RF Behavior Outside 0,00 ms 4,00 s 4,00 s 3,74 µA 3,74 µAH 
 

Figure 30: New Protocol current graph (RF chip & calibration outside) 
 
Now we need to add the power consumed by the RF chip and the MCU: 
 

(RF chip & calibration charge) + MCU charge = 7.47 µAH. 
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ID Color 
State 
Type 

State 
Name 

Start 
Time 

End 
Time Period Current Charge 

1   RF State Start Ocillator 0,00 ms 346,00 µs 346,00 µs 92 µA 105,98 nAH 

2   RF State Calibration 346,00 µs 1,16 ms 809,00 µs 7,4 mA 1,49 µAH 

3   RF State Idle to Tx 1,16 ms 1,24 ms 88,00 µs 7,4 mA 162,26 nAH 

4   RF State Reception 1,24 ms 13,24 ms 12,00 ms 16,6 mA 49,63 µAH 

5   RF State Idle 13,24 ms 13,39 ms 150,00 µs 1,5 mA 56,06 nAH 

6   RF State Sleep 13,39 ms 4,01 s 4,00 s 400 nA 398,67 nAH 

7   MC State Active 0,00 ms 13,39 ms 13,39 ms 2,5 mA 8,34 µAH 

8   MC State Sleep 13,39 ms 4,01 s 4,00 s 4 µA 4,00 µAH 

 TOTAL RF Behavior Outside 0,00 ms 4,01 s 4,01 s 64,19 µA 64,19 µAH 
 

Figure 31: Old Protocol current graph (calibration outside) 
 
 
The total energy of a 4 second cycle with calibration: 

• Old protocol 64.19 µAH. 
• New protocol 7.47 µAH. 

 
Total New Protocol Savings = (64.19µ - 7.47µ) / (64.19µ) = 91.47 % 

 
With the 220mAH battery the SN could be in the outside behavior for: 
 

Life Expectancy Outside = (220mAH / 7.47µAH) = 29451.13 = 3.36 years. 
 
 
The calibration routine is made every 4 cycles; this means that 75% of the energy 
should be considered without calibration and 25 % with calibration. 
 

Charge = (0.75)(6.24 µAH) + (0.25)(7.47 µAH) = 6.55µAH 
 

Life Expectancy Outside = (220mAH / 6.55 µA) = 33587.78 H= 3.83 years. 
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The next step is to get the Inside Behaviors. The new protocol has fewer states than 
the old protocol. One of the most important differences that the new protocol has 
with the old is that the idle state just before going to sleep is a little bit longer, this 
time is required by the new protocol to do the synchronization procedures and 
calculate the time that needs to sleep. 
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ID Color 
State  
Type 

State  
Name 

Start  
Time 

End  
Time Period Current Charge 

1   RF State Start Ocillator 0,00 ms 346,00 µs 346,00 µs 92 µA 105,98 nAH 

2   RF State Idle to Rx 346,00 µs 434,00 µs 88,00 µs 7,4 mA 162,72 nAH 

3   RF State Transmission 434,00 µs 1,13 ms 696,00 µs 21,2 mA 3,69 µAH 

4   RF State Tx to Rx 1,13 ms 1,15 ms 21,00 µs 7,4 mA 38,83 nAH 

5   RF State Reception 1,15 ms 1,78 ms 624,00 µs 16,6 mA 2,59 µAH 

6   RF State Idle 1,78 ms 1,98 ms 200,00 µs 1,5 mA 74,96 nAH 

7   RF State Sleep 1,98 ms 4,00 s 4,00 s 900 nA 899,56 nAH 

8   MC State Mc awake 0,00 ms 1,98 ms 1,98 ms 3 mA 1,48 µAH 

9   MC State Mc Sleep 1,98 ms 4,00 s 4,00 s 4 µA 4,00 µAH 

 TOTAL Behavior Inside 0,00 ms 4,01 s 4,00 s 13,04 µA 13,04 µAH 

 
Figure 32: New Protocol current graph (no calibration inside) 

 
This time the MCU consumption was also included in the graph so there is no need 
to add that energy, the average current will be 13.04 µA. 
 
Figure 34 shows the old protocol current consumption in the inside behavior. 
Notice that the protocol has two more stages than the new protocol, this are RX 
CCA, Rx to Tx. These stages are the ones responsible to see if the channel is free or 
it is being used by another SN. Also notice that the Idle stage is 50 µs smaller than 
the new protocol. 
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ID Color 
State 
Type 

State 
Name 

Start 
Time 

End 
Time Period Current Charge 

1   RF State Start Ocillator 0,00 ms 346,00 µs 346,00 µs 92 µA 105,98 nAH 

2   RF State Idle to Rx 346,00 µs 434,00 µs 88,00 µs 7,4 mA 162,71 nAH 

3   RF State Rx (CCA) 434,00 µs 704,00 µs 270,00 µs 16,6 mA 1,12 µAH 

4   RF State Rx to Tx 704,00 µs 725,00 µs 21,00 µs 7,4 mA 38,83 nAH 

5   RF State Transmission 725,00 µs 1,42 ms 696,00 µs 21,2 mA 3,69 µAH 

6   RF State Tx to Rx 1,42 ms 1,44 ms 21,00 µs 7,4 mA 38,83 nAH 

7   RF State Reception 1,44 ms 2,07 ms 624,00 µs 16,6 mA 2,59 µAH 

8   RF State Idle 2,07 ms 2,22 ms 150,00 µs 1,5 mA 56,22 nAH 

9   RF State Sleep 2,22 ms 4,00 s 4,00 s 400 nA 399,78 nAH 

10   MC State Mc awake 0,00 ms 2,22 ms 2,22 ms 2,5 mA 1,38 µAH 

11   MC State Mc Sleep 2,22 ms 4,00 s 4,00 s 4 µA 4,00 µAH 

 TOTAL Behavior Inside 0,00 ms 4,01 s 4,00 s 13,58 µA 13,58 µAH 

 
Figure 33: Old Protocol current graph (no calibration inside) 

 
The total energy of a 4 second cycle without calibration: 

• Old protocol 13.58 µAH. 
• New protocol 13.04 µAH. 

 
Total New Protocol Savings = (13.58 µ - 13.04 µ) / (13.58 µ) = 3.97 % 

 
With the 220mAH battery the SN could be in the outside behavior for: 
 

Life Expectancy Outside = (220mAH / 13.04µA) = 16871.16 H= 1.92 years. 
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ID Color 
State  
Type 

State  
Name 

Start  
Time 

End  
Time Period Current Charge 

1   RF State Start Ocillator 0,00 ms 346,00 µs 346,00 µs 92 µA 105,98 nAH 

2   RF State Calibration 346,00 µs 1,16 ms 809,00 µs 7,4 mA 1,50 µAH 

3   RF State Idle to Rx 1,16 ms 1,24 ms 88,00 µs 7,4 mA 162,69 nAH 

4   RF State Transmission 1,24 ms 1,94 ms 696,00 µs 21,2 mA 3,69 µAH 

5   RF State Tx to Rx 1,94 ms 1,96 ms 21,00 µs 7,4 mA 38,82 nAH 

6   RF State Reception 1,96 ms 2,58 ms 624,00 µs 16,6 mA 2,59 µAH 

7   RF State Idle 2,58 ms 2,78 ms 200,00 µs 1,5 mA 74,95 nAH 

8   RF State Sleep 2,78 ms 4,00 s 4,00 s 900 nA 899,37 nAH 

9   MC State Mc awake 0,00 ms 2,78 ms 2,78 ms 3 mA 2,09 µAH 

10   MC State Mc Sleep 2,78 ms 4,00 s 4,00 s 4 µA 4,00 µAH 

 TOTAL Behavior Inside 0,00 ms 4,01 s 4,00 s 15,14 µA 15,14 µAH 

 
Figure 34: New Protocol current graph (calibration inside) 
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ID Color 

State 
Type 

State  
Name 

Start  
Time 

End  
Time Period Current Charge 

1   RF State Start Ocillator 0,00 ms 346,00 µs 346,00 µs 92 µA 105,98 nAH 

2   RF State Calibration 346,00 µs 1,16 ms 809,00 µs 7,4 mA 1,50 µAH 

3   RF State Idle to Rx 1,16 ms 1,24 ms 88,00 µs 7,4 mA 162,68 nAH 

4   RF State Rx (CCA) 1,24 ms 1,51 ms 270,00 µs 16,6 mA 1,12 µAH 

5   RF State Rx to Tx 1,51 ms 1,53 ms 21,00 µs 7,4 mA 38,82 nAH 

6   RF State Transmission 1,53 ms 2,23 ms 696,00 µs 21,2 mA 3,69 µAH 

7   RF State Tx to Rx 2,23 ms 2,25 ms 21,00 µs 7,4 mA 38,82 nAH 

8   RF State Reception 2,25 ms 2,88 ms 624,00 µs 16,6 mA 2,59 µAH 

9   RF State Idle 2,88 ms 3,03 ms 150,00 µs 1,5 mA 56,21 nAH 

10   RF State Sleep 3,03 ms 4,00 s 4,00 s 400 nA 399,70 nAH 

11   MC State Mc awake 0,00 ms 3,03 ms 3,03 ms 2,5 mA 1,89 µAH 

12   MC State Mc Sleep 3,03 ms 4,00 s 4,00 s 4 µA 4,00 µAH 

 TOTAL Behavior Inside 0,00 ms 4,01 s 4,00 s 15,58 µA 15,58 µAH 

 
Figure 35: Old Protocol current graph (calibration inside) 

 
The total energy of a 4 second cycle without calibration: 

• Old protocol 15.58 µAH. 
• New protocol 15.14 µAH. 

 
Total New Protocol Savings = (15.58 µ - 15.14 µ) / (15.58 µ) = 2.82 % 

 
With the 220mAH battery the SN could be in the outside behavior for: 
 

Life Expectancy Outside = (220mAH / 15.14µA) = 14531.04 H= 1.65 years. 
 
 

The calibration routine is made every 4 cycles; this means that 75% of the energy 
should be considered without calibration and 25 % with calibration. 
 

Charge = (0.75)(13.04 µAH) + (0.25)( 15.14 µAH) = 13.57 µAH 
 
Life Expectancy Outside = (220mAH / 13.57 µA) = 16212.23 H= 1.85 years. 

 

6.3.2 Battery Life Expectancy Calculated Results 
The same procedure was done with each different report period, from 1 to 20 
seconds to obtain the results graphs shown in this section.  
 
Figure 36 shows a comparison between both protocols in their outside behavior 
with and without calibration, as we can see in the old protocol it does not matter if 
the SN is calibrated every time or not calibrated at all but in the new protocol could 
there is a difference from  4 to 8 months.  
 
This graph shows the maximum improvement of the protocol as we can se the 
Battery life expectancy of the new protocol is 5 times more as the old one. 
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New (no cal.) 2,447 3,31 3,751 4,019 4,199 4,328 4,425 4,501 4,562 4,612 4,654 4,689 4,719 4,745 4,768 4,789 4,807 4,823 4,837 4,85

New (cal.) 1,547 2,374 2,89 3,243 3,499 3,693 3,846 3,969 4,07 4,155 4,227 4,289 4,343 4,391 4,432 4,47 4,503 4,533 4,561 4,585

Old (no cal.) 0,12 0,225 0,319 0,404 0,481 0,551 0,614 0,673 0,727 0,777 0,823 0,866 0,906 0,943 0,978 1,011 1,042 1,071 1,098 1,124

Old (cal.) 0,116 0,218 0,309 0,391 0,466 0,533 0,595 0,651 0,703 0,751 0,796 0,837 0,876 0,912 0,945 0,977 1,006 1,034 1,06 1,085
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Figure 36: Battery Life Expectancy (Protocol Comparison Outside) 

 
Figure 37 shows a comparison of both protocols in the inside behavior, with and 
without calibration. Remember that the old protocol can have collisions, specially if 
the number of SN is high and their report period low, and that was not consider in 
this graph because it is very difficult to calculate collisions. If we ignore the amount 
of energy consumed by collisions and retransmissions, we can say that both 
protocols consume the “same” amount of energy. To be able to reach the thesis 
goal of 1.5 years of battery life while only use the inside behavior, at least a 3 
seconds period should be used. 
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Figure 37: Battery Life Expectancy (Protocol Comparison Inside) 
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Figure 38 shows the battery life expectancy in a 4 second report period with 
different output powers. As we can see in the graph, there are some settings that are 
not optimum and should be avoided, especially -14 dBm and -18 dBm. The 
optimum power setting should be -12 dBm because it gives high life expectancy and 
also has acceptable power output to be able to reach the BS.  
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Figure 38: Battery Life Expectancy (Different power outputs) 
 
 

Figure 39 compares two output powers of the new protocol, the highest (0 dBm) 
and the optimum power setting (-12 dBm), no calibration was considered. If correct 
power settings are used, it can save from 2 to 4 months of battery life.  
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Figure 39: Battery Life Expectancy (power outputs comparison) 
 
 

It is important to say that there are many other factors that will affect the life 
expectancy of the SN battery. One of the most important factors is the temperature. 
If the temperature drops around -20 C then the life expectancy will drop around 
30% less. Another factor that can affect the life expectancy is, if there are other 
systems in the nearby working in the ISM band at exactly the same frequency of the 
RFID system. In the WOR state will make that the SN wake up very often and will 
be more time in Rx mode, this will consume power and significantly drop the 
battery life expectancy. In the inside behavior the system will have a lot of noise this 
will cause that the SN and the BS will have a bad PER and therefore a lot of 
retransmissions will be needed, this will produce that the system can loss the 
synchronization and transmit in unhallowed time slots and affect other SNs.  
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7 Conclusions 
 

7.1 Summary 
A fully functional new protocol was developed in this thesis. The goal of having a 
life expectancy of 1.5 years is clearly achieved but if the correct periods and settings 
are selected the battery could last up to 4 years. The “secret” of having such good 
energy consumption has mainly three reasons.  The most important one is the 
WOR mode, because the radio chip can search for a beacon signal without the 
interaction of a microcontroller. The second reason is the constant beacon signal, as 
a package is sent one after another (working cycle 100%) the Rx time in the SN is 
very small and this saves a lot of energy. The third reason is that the system is 
synchronized by using TDMA, this avoids SNs to have collisions or at least to 
reduce them significantly, and this avoids retransmissions, overhearing, carrier sense, 
waiting for the channel to be clear. Changing ALOHA and CSMA to TDMA was a 
very important improvement of the system that warranties small power 
consumption in the SN reporting mode. 
 
There are still two problems that haven’t been able to solve, the output power and 
the power consumption in sleep mode. The first one is clearly a hardware problem, 
probably the antenna design, or the external components of the antenna are wrong. 
The second error can be hardware or software and should be solved in order for the 
protocol to achieve the desired battery life expectancy.  
 

7.2 Further Development 
 
The most important thing to pay attention is the low output power and the high 
current consumption in sleep mode. A higher output power will give a longer 
reading range and a lower PER. With lower PER less retransmissions will be 
needed. There is the possibility to use chip antennas, there are some not expensive 
ones that could give a gain of 2 dBm.  
 
The high power consumption can be caused because some outputs are not 
grounded but there is a need to bring the current from 800µA to 4µA.  
 
Another important issue is the protocol between the PC and the BS. There should 
be some programmable variables configured by the user to tell the BS when to send 
data and which data to send to the PC. There should be design a simple GUI to 
configure these settings and also to be able to visualize the data stored in the BS. 
This settings and the GUI should allow the BS to have different behaviors, 
depending in which application the BS is being used. 
 
There is one big problem with the CC2500; the synchronization routine of the RC 
oscillator is wrong 17% of the times. If this problem is solved by Texas Instruments 
there will not be needed to use the synchronization routine to calculate the time that 
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has to sleep or it would not take so much time like it does now, this will also reduce 
the power consumption, unfortunately Combiport has to wait until this problem is 
solved.  
 
There is a need to make several tests, for example a test showing the PER vs. 
distance. With this test we could find the longest acceptable distance for an 
acceptable PER. With this test we could decide how many retransmissions could be 
accepted. In this test the orientation of the antenna is very important so several 
positions should be tested.  
 
Another test that should be performed using FEC and see how much reading 
distance is gained while using this feature, knowing the results we can decide if there 
is a need to use it or not.  
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9 Appendix 
9.1 Appendix A: Master µC Flowchart 
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9.2 Appendix B: Slave µC Flowchart 
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9.3 Appendix C: Sensor Nodes µC Flowchart 
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9.4 Appendix D: Frame Format 
 
 

Beacon (BS) 
Frame Reset Value 

1.- Length 0x08 
2.- Destination Endpoint 0x00 
3.- Source Endpoint 0x01 
4.- Frame Control Not Used 
5.- Data Payload Clock00 MSB (Report Time2) 
 Clock01  (Report Time1) 
 Clock02 LSB (Report Time0) 
 Report Interval 0x04 
 Current Time Slot (Current Time Slot) 
 Description Time Slot (Description Time Slot) 

 
 
 
 

Report Ack Error Sync16 frame (BS) 
Frame Reset Value 

1.- Length 0x05 
2.- Destination Endpoint (SN MAC) 
3.- Source Endpoint 0x01 
4.- Frame Control 0x61 
5.- Data Payload Synchronization Error MSB (Sync error1) 
 Synchronization Error LSB (Sync error0) 

 
 
 
 

Report Ack Error Sync8 frame (BS) 
Frame Reset Value 

1.- Length 0x04 
2.- Destination Endpoint (SN MAC) 
3.- Source Endpoint 0x01 
4.- Frame Control 0x62 
5.- Data Payload Synchronization Error LSB (Sync error0) 
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Report Ack frame (BS) 

Frame Reset Value 
1.- Length 0x03 
2.- Destination Endpoint (SN MAC) 
3.- Source Endpoint 0x01 
4.- Frame Control 0x63 
5.- Data Payload  Not Used 

 
 
 
 

Report Ack Status Request frame (BS) 
Frame Reset Value 

1.- Length 0x04 
2.- Destination Endpoint (SN MAC) 
3.- Source Endpoint 0x01 
4.- Frame Control 0x64 
5.- Data Payload Synchronization Error LSB (Sync error0) 

 
 
 
 

Report frame (SN) 
Frame Reset Value 

1.- Length 0x03 
2.- Destination Endpoint (SN MAC) 
3.- Source Endpoint 0x01 
4.- Frame Control 0x30 
5.- Data Payload Synchronization Error MSB Not Used 

 
 
 
 

Report Status frame (SN) 
Frame Reset Value 

1.- Length 0x08 
2.- Destination Endpoint (SN MAC) 
3.- Source Endpoint 0x01 
4.- Frame Control 0x31 
5.- Data Payload Port Status (on/off) (Port status) 
 Temperature (Temperature) 
 Battery Life (Battery Life) 
 Tool Working Hours (On Hours) 
 BS RSSI (previous package) (BS RSSI) 
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Registration frame (SN) 

Frame Reset Value 
1.- Length 0x10 
2.- Destination Endpoint 0x00 
3.- Source Endpoint 0x-- 
4.- Frame Control 0x32 
5.- Data Payload EPC 11 0x** 
 EPC 10 0x** 
 EPC 09 0x** 
 EPC 08 0x** 
 EPC 07 0x** 
 EPC 06 0x** 
 EPC 05 0x** 
 EPC 04 0x** 
 EPC 03 0x** 
 EPC 02 0x** 
 EPC 01 0x** 
 EPC 00 0x** 
 Desired MAC Address 0x** 

 
 
 
 

Registration Ack frame (BS) 
Frame Reset Value 

1.- Length 0x10 
2.- Destination Endpoint 0x00 
3.- Source Endpoint 0x-- 
4.- Frame Control 0x65 
5.- Data Payload EPC 11 0x** 
 EPC 10 0x** 
 EPC 09 0x** 
 EPC 08 0x** 
 EPC 07 0x** 
 EPC 06 0x** 
 EPC 05 0x** 
 EPC 04 0x** 
 EPC 03 0x** 
 EPC 02 0x** 
 EPC 01 0x** 
 EPC 00 0x** 
 Assigned MAC Address 0x** 

 
(0x**) –  Byte depending in Tags ID. 
(0x-- ) –  Byte depending in selected Time Slot (0x00 if no selected time slot) 
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9.5 Appendix E: Systems photos 
 

 
Combiport Active RFID reader (BS) 

 
 
 

 
Combiport Active RFID reader (BS) 
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Combiport Active RFID Tag (SN) 

 
 
 

 
Combiport Active RFID Tag (SN) 
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