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1. Introduction 

As the development of electronic is progressing, the fabrication of smaller 
and more powerful devices is possible. This has enabled many new products 
such as laptop computers and smart phones. Previously, one of the most 
common ways to connect devices was via infrastructure. A good example is 
the cell phones that connect via the base station to other cell phones. The 
mobile devices also increase in its complexity, which means they can handle 
amounts of data and various types of peripheral units. When one starts to 
talk about interconnectivity of devices, one of the most interesting markets 
today is watches to be used while exercising. As peripheral units to your 
watch, it is now possible to connect a foot pod to measure running pace or 
heart rate monitor to monitor your heart beats [1]. The watch can even be 
equipped with a Global Position System (GPS) receiver. After the exercise, 
you can upload the measured information from your device to any social 
media network and share it with your friends all over the world. Then we 
may ask the question, why do we want to know so much information about 
ourselves during the exercise? Mainly, there are two purposes; see your 
health status meanwhile you’re exercising and keep track of the improve-
ments after the exercise.  

This is a good example of the new possibilities using a sensor network - 
one or several sensors that measures various parameters, then transmitting 
the information to a device that stores the information and present it to an 
end user. Most of these devices are also without wires; therefore, the net-
works can be called wireless sensor networks (WSN). Another type of area 
where the WSN is useful is to optimize the energy management in homes [2] 
[3], [4]. By using WSN, the heating and light can be controlled and opti-
mized both in respect of the outdoor temperature and where people are lo-
cated in the building. Also, the WSN can be used to detect fires, burglars and 
gas leaks. Using a wireless system, not only newly build buildings can be 
equipped with the sensors, but also older buildings where the wiring is more 
difficult [5]. 

When changing from one technology into a new technology, old problems 
are solved, but new problems are introduced. When taking away cables, two 
things become more difficult than before. The first problem arises is how to 
provide power to the node, and the second is how to communicate with other 
sensor nodes or with the gateway. Since the life time of batteries is limited 
there is a need of replacing batteries or charge them. This is where the en-
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ergy scavenging comes into the picture. A solution is needed where the 
nodes can extract energy from its environment. Regarding the antennas, the 
behaviour of them differs depending on which environment the antenna is 
positioned in. The antenna will behave differently if it is placed in an envi-
ronment with any conducting material nearby or if it is placed in an envi-
ronment with conducting materials. Seen from this point, it is important to 
design antennas with as little influence from the environment as possible. 
Also, how to test the antennas in a proper way before the deployment is of 
interest. To test an antenna and be sure that it is working in the final de-
ployment saves a lot of money. 

1.1 Wireless Sensor Networks 
In this thesis two examples of WSN applications are presented along with 
their publications. The first example is when a WSN is mounted aboard a 
train wagon to increase safety and reduce maintenance cost by measuring the 
status of the ball bearings. The second project is to replace a wired telemetry 
system used to monitor jet engines during development. In this project, the 
aim is to reduce the time of mounting the system from several months to 
only a few weeks. These two applications show how beneficial WSN are 
when used in the right conditions. 

Deployment of WSN can be an easy task when having static structures 
and a lot of energy to power the nodes, for instance in an office building or 
similar. However, most situations are not as friendly as an indoor deploy-
ment with nearly infinite amount of energy.  

One of the two main topics in this thesis is how to build WSN in difficult 
environments. As one of the main ideas of using WSN is to measure parame-
ters that earlier were impossible or difficult to measure. It can be in situa-
tions were moving parts making it impossible to use wires, the wires be-
comes too expensive or when an object that is already built needs to be mon-
itored. Since no wires need to be installed, either no major modification to 
the structure that is going to be measured is needed. This result in that 
mounting a WSN-system can greatly reduce the cost compared to a wired 
system.  

1.1.1 WSN aboard Trains 
The usage of the capacity of the railroads is almost at its top limits at the 
moment, which implies that there are almost no room for errors. This makes 
the railroad rather sensitive to delays of any kinds and both the operators and 
railroad authorities’ want to minimize the risk of introducing delays in the 
system. If an error occurs aboard a train, it is usually causing extended de-
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lays, not only to the specific train where the error occurs, but also to all other 
trains running in the area. Delays can in worst case sustain the rest of the 
day.  

One of the most common faults occurring aboard trains is overheated ball 
bearings. Therefore it is of interest to monitor them and predict when the ball 
bearings need maintenance. In the Swedish railroad today, there are about 
120 stationary detectors that are monitoring the ball bearings. The stationary 
detectors measure the infrared (IR) radiation from the axles of the train. But 
since the detectors are mounted too sparse, the measurements are performed 
too seldom to be able to predict maintenance. The measurements are not 
related to any certain wagon, but to a specific axle in a train set that is pass-
ing a detector and it does only alarm when an overheating occurs. Hence, 
trending the status of a certain ball bearing is not possible. This is a perfect 
example where the WSN can solve the problem. In this thesis, two investiga-
tions have been performed to gain knowledge regarding how to apply the 
WSN aboard a train wagon. Small electronic devices, sensor nodes, are 
mounted near the ball bearings to enable temperature measurements. The 
sensor nodes then transmit the information to a gateway placed aboard the 
wagon. The gateway collects the information from all sensor nodes aboard 
the wagon and then transmits it to the end user. When the end user, the wag-
on owner, receives the status of the wagon they can use it to schedule main-
tenance, hence reduce the risk of an overheated ball bearing cause an emer-
gent stop or derailing.  

The uniqueness of this project is to perform practical tests with a WSN to 
monitor each ball bearing and report the status to an end user. Previously, 
most applications have been focused on having the WSN on wayside, and 
not aboard the wagons. One paper is found that is dealing with real-time 
monitoring of defect bearings [6]. However, the test in the paper was per-
formed in laboratory environment and not on a moving wagon. Another pa-
per, [7], presents a very similar application to what is presented in this thesis 
- a sensor node that is alarming when the bearing temperature is increased. 
But [7] cannot be used for maintenance scheduling since it is only alarming 
when the bearing temperature has risen. 

The Swedish Traffic Administration (Trafikverket) has regulations that all 
new high speed trains must have continuous monitoring of some important 
properties, such as ball bearings. This regulation does not solve any prob-
lems that can occur in already existing passenger trains, or aboard freight 
trains. Since high speed trains are electrified, there is almost (from a WSN 
perspective) infinite amount of energy. This makes it easy to use large and 
power consuming computers with large computational capacity. But for old-
er personal wagons or freight wagons, it is not feasible to redesign the wag-
on just for this purpose. This is why it is easier in these situations to apply a 
smaller WSN node that has its own power supply and communication. No 
power cables needs to be drawn and no communication wires needs to be 
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attached aboard the wagon. In contrast to the stationary detectors, the WSN 
nodes are related to a specific wagon and can also be related to a specific 
ball bearing. This enables the possibility of monitoring the ball bearings over 
a time period; hence the possibility of predicting failures is also enabled.  

1.1.2 WSN in Jet Engines 
In this project, a WSN has been placed inside the jet engine and wirelessly 
transmit information to a receiver placed outside the engine. This application 
of WSN is used to replace a wired telemetry system. The wired telemetry 
system is used to evaluate the engine during research and development and 
measures strain of blades and temperatures inside the engine. The difficulties 
with the wired system are that it is extremely time-consuming to install in 
the engine and the engine has to be modified to enable data acquisition. In 
able to acquire data from the rotating blade of the fan in a jet engine, the 
nose cone placed to cover the centre axis of the engine has to be replaced 
with a slip ring. This implies that the engine is not exactly the same engine 
as without this system, the air flow in the air intake is slightly changed.  

The sensor nodes are placed on the first rotor disc inside the jet engine. 
Two types of sensor nodes are used. One type of node measures strain of 
blades and the other measures temperatures inside the engine. The nodes 
transmit the information from the sensors to a gateway positioned outside the 
engine. The rotation of the fan disc and the obstruction of stators between 
sensor node and receiver will affect the radio performance. When using a 
WSN for measure strain of blades and temperatures inside the engine, the 
old wired telemetry system used by engine manufacturers can be abandoned. 
Since no wires has to be drawn (except from node to antenna and sensors), 
the WSN is much cheaper and faster to mount. The time of mounting is re-
duced from several months to only a few weeks. 

This type of application of a WSN has, in the literature, never been pre-
sented before. Only simulations and measurements of wave propagation in 
jet engines have been performed in [8].  

To be able to develop a WSN to be used inside an engine, both the radio 
wave propagation has to be characterized as well as new antennas have to be 
built. Also, few environments are as harsh as inside a jet engine with both 
high temperatures and high wind speeds. The air temperature constrain 
where the nodes can be placed. In this case, they are placed in the coldest 
part, which is the fan. The transmitting antennas are to be placed on the fan 
blades and the receiving on the inside of the outer casing. In order to suc-
cessfully build a system that works in this environment, the antennas must be 
both extremely thin, and conformal to be shaped on curved surfaces. Also, 
the characteristics of the wave propagation must be known.  
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1.2 Reverberation Chambers 
Many situations do not allow the engineer to test a designed antenna in the 
real situation before the final test. In the worst case, the antenna will not 
work at all in the final deployment. To handle this, the antenna needs to be 
tested in as similar situation as the final deployment environment as possi-
ble. One of the most versatile tools for testing antennas nowadays is to use 
Reverberation Chambers (RC). With the RC, it is possible to measure for 
instance radiation efficiency and diversity gain in a fast and cheap way. Two 
drawbacks using RC to measure antennas are the difficulties of measure low 
frequencies and to mimic the real environment in a controlled and repeatable 
way.  

A reverberation chamber is designed as a shielded box/room with one or 
several rotating paddles to stir the energy. Since the paddle is rotating, the 
physical geometry is changed inside the chamber, thus also changing the 
electromagnetic boundary conditions. When an antenna inside the chamber 
is transmitting a signal, under the assumption that the stirrer is stationary, the 
reflections of the radiating electromagnetic waves inside the chamber will 
cause a fading, but stationary environment. As the paddles start to move, the 
geometry changes, thus the radio waves are reflected differently than before. 
This means that the paddle is changing how the travelling waves are re-
flected inside the chamber. This leads to that a chamber with a paddle has an 
environment with homogeneous power distribution and a fading signal am-
plitude as the paddle turns. Large RCs have been built and used before, but 
the novelty with this part is to build a simple measurement setup with a mo-
bile mode stirrer. The chamber built in this thesis is a normal EMC room, 
which is going to be used also for other experiments, thus, the equipment 
mounted inside the chamber has to be removable and mobile. Another main 
issue to this problem is how to build the chamber in such a way that the 
mode stirrer could be easily removed meanwhile the chamber is not going to 
be used as an antenna measurement facility.  

The second sub project was on how to perform emulations of real envi-
ronment inside the chamber. Normally, the chamber has an environment that 
does not correspond well with normal (outdoor or indoor) radio environ-
ment. The environment inside the chamber is isotropic and with a homoge-
nous power distribution. In real world environments, this is a rare environ-
ment. To mimic real world environment, attenuators and body phantoms are 
placed inside the chamber. The phantoms are filled with a lossy material that 
is mimicking, for instance ab head or a hand, and are attenuating the signals 
from a certain direction. This is well researched topic, among many papers, 
[9] - [12] presents various techniques to manipulate the K-factor to mimic 
certain environments. The common solution for the papers is that they use 
physical absorbers that are placed in the chamber. What has been introduced 
in the papers presented in this thesis is the use of post processing to emulate 
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radio environments. This has been performed by designing algorithms for 
selecting samples that fit to a desired probability density function (PDF). In 
the papers presented in this thesis, three algorithms have been used to select 
a subset of data with a certain PDF. These algorithms are a genetic algorithm 
(GA) [13.], a linear algorithm and a hybrid of these two. Since my main 
contribution in the area of sample selection is the development of the linear 
method, the thesis will only present the linear method.  

With these algorithms, it is possible to measure an antenna in a small re-
verberation chamber and post process the result to see how the antenna be-
haves in a certain environment. The emulated scenario can for instance be 
urban scenario or on body.  

1.3 Thesis Outline 
This thesis contains a rather wide range of areas and is outlined as follows:  

 
Chapter 2 presents wave propagation mechanism are presented and defined. 
Also, useful parameters for antennas are presented. These theories are later 
used to explain the features in both the case of the reverberation chamber 
and when designing antennas.  

 
Chapter 3 introduces some general aspects when designing WSN such as 
energy management, communication and sensors.  
 
In Chapter 4 the two investigations performed when applying WSN aboard 
train wagons is presented. 
 
Chapter 5 presents the application and difficulties of having WSN in jet 
engines.   
 
In Chapter 6 the antennas that were used in both the investigations aboard 
trains and in jet engines is designed and verified. 
 
Chapter 7 consists of designing and verification of a large RC as well as the 
single step sample selection algorithm.  
 
Chapter 8 contains the summary of the papers presented in this thesis. 
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2. Radio Wave Propagation and Antennas 

The topic of radio wave propagation and antennas is an extremely wide and 
advanced topic. The wave propagation is important to understand when de-
signing the WSNs in chapter 4 and 5 and when designing the RC and the 
sample selection algorithms in chapter 7. Also, some useful definitions of 
antenna parameters are presented. 

2.1 Radio Wave Propagation 
2.1.1 Single Path Propagation 
One of the simplest models when dealing with wave propagation is the case 
when there is only one single path that the radio wave can propagate. At a 
distance d, away from the transmitter, it is fairly simple to calculate the re-
ceived signal power. To represent the received signal power we can intro-
duce a narrow-band low-pass signal,  

 

nnn jbaS    (2.1) 

where an and bn are the in-phase and quadrature components (I and Q) re-
spectively. The signal Sn is a complex valued signal, therefore, the amplitude 
of the signal is 

22
nnn baA   (2.2) 

Since the signal described in eq. (2.1) is a complex valued signal, it can also 
be described in the Euler notation as,  

nj
nn eAS ,  (2.3) 

where An is the amplitude and n is the phase of the signal. This can also be 
visualized as a vector with size (the amplitude) and direction (phase) in a 
complex plane as seen in Figure 2.1.  
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Figure 2.1. The notation of a vector in the IQ-plane. 

As the waves propagate further away from the transmitting antenna, they 
will also be attenuated, both by the fact that the energy is spread out on a 
larger surface area and by attenuation in atmosphere (if not transmitted in 
vacuum). This attenuation has been derived many times and is also known as 
the Friis transmission equation [14],  

 
2

4 d
GGPP trtr ,                                      (2.4) 

 
where Pt is the transmitted power, Pr is the received power, Gr and Gt are the 
antenna gain for the receiver and transmitter,  is the wavelength in vacuum 
and d is the distance between the transmitter and receiver. The Friis trans-
mission equation in this form does not take impedance mismatch between 
radio and antenna into account. This equation is useful in the most cases 
were the radio waves propagate through an environment with no or few ob-
stacles. When many and large objects (in relation to the wavelength) reflects 
the signals, the equation becomes rather inaccurate, which is described in 
section 2.2. 

2.1.2 Multi Path Propagation and PDFs 
Unfortunately, the environment is almost never as simple as described in 
section 2.1.1. The single path propagation model is more or less only valid in 
the extreme case when there are nothing close to, or in between, the trans-
mitter and receiver. A real world will cause a multipath behaviour of the 
signal. An example of this seen in figure 2.2 where a direct signal is between 
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the transmitter and the receiver, and a reflected signal is reflected on an ob-
stacle nearby. Since the two rays of radio waves can be described as sinusoid 
signals with a phase, corresponding to the travelled distance, these are 
summed at the point of reception. The phase and amplitude behaviour is seen 
in equation (2.3). When there are several rays between the transmitter and 
receiver, they will cause interference at the receiver. This can also be de-
scribed as the sum of the signals as,  

 

i
niM SSSSS ...21             (2.5) 

where Sn  corresponds to each separate component, and SM  is the sum of all 
components. 

 

 
Figure 2.2. A sketch of a more realistic situation with reflected waves. 

As an example, when having three components, each of them with inde-
pendent phases and amplitudes, the sum of the three vectors is the received 
component can be visualized as in figure 2.3 and described by eq. (2.5).  
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Figure 2.3. The sum of the vectors in the IQ-plane. 

As the paths from transmitter to receiver are not exactly known, the re-
ceived signal strength is highly dependent on the geometry of the environ-
ment. With only one obstacle and two rays, this task can be possible to per-
form. But with several obstacles and several rays this easily becomes a com-
plex task. To achieve a deterministic signal, the physical environment and all 
its electromagnetic properties must be perfectly known and described, which 
in reality is cumbersome to perform. Additional reflections increase the dif-
ficulties of describing the signal in a deterministic way. Since this procedure 
is not realistic to perform; the received signal is described as a random vari-
able with a certain probability density function (PDF). From the PDF, the 
estimated average signal amplitude can be seen as well as the variation of the 
amplitude.  

One of the most common PDFs to describe the amplitudes of a multipath 
signal is the Rician PDF, which is described as [15] 
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where k is a shape parameter of the PDF, r is the amplitude of the signal. 
The variable k varies from 0 to . When k = 0, the PDF becomes into a Ray-
leigh distribution. The Rayleigh distributed PDF appears in environments 
with rich multipath behavior where all incident radio waves have amplitudes 
of same order. The variable k is a good variable to show how severe the fad-
ing is. The Rician k-factor is defined as [16] 
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where a is the average of all complex samples in the data set, and 2 2 is the 
variance of the data set. The data set can be visualized by both scalar and 
complex amplitudes. When k = 0, the sampled amplitudes in an IQ-plot the 
samples are around the origin of the complex plane. This is the worst case 
for radio transmissions since the amplitudes are highly varying.  

When a dominant signal appears, the average of the data set is shifted off 
centre. This means that the variable a, is no longer zero. In theory, the k-
factor varies from 0 to , but in reality, it unusual with a k-factor of more 
than 30-40 [17]. Extreme values of the K-factor are about 180 [18]. These 
values correspond to an environment with strong LOS component and small 
variation of the signal.  

2.2 Antenna Parameters 
2.2.1 Matching 
Assuming a non-matched network of components, such as low noise ampli-
fiers (LNAs), amplifiers, power dividers, antennas etc., power loss will be 
introduced in the interconnections between the components. To avoid the 
power loss, the loads impedance shall be the complex conjugate of the gen-
erators impedance. This is also formulated by as [19],  

 
*
Lg ZZ .   (2.8) 

Generally, there are two ways of having the antenna matched to the radio 
receiver with passive devices. The first one is to simply build the antenna 
with the correct impedance from the beginning. The second way is to use a 
matching network. Basically, there are two types of matching networks. One 
is to use discrete components, such as inductors, capacitors and dielectric 
lumps of materials. The second way to match by using open or shorted sec-
tions of transmission lines, so called stubs.  

A good impedance matching between transmission line (or radio) and an-
tenna is crucial when designing an antenna. A standard radio system, which 
is also used in this thesis, usually has a characteristic impedance of 50 . 
This is the most common impedance in most wireless applications. How-
ever, for ordinary single components, it is rare that they have an impedance 
of exactly 50 , instead, it is often not exactly a real number either.  

A matching network affects the overall performance of the system. By us-
ing a more complex network, the bandwidth can be improved on the expense 
of higher losses for the system. The antennas in this thesis are matched to 
50  without any matching stubs or network.  
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2.2.2 Radiation efficiency 
Another of the most important parameters for an antenna is the radiation 
efficiency. This is a relative indicator of how much of the inserted energy 
that is transferred from the antenna into the air. With low radiation effi-
ciency, the losses in the so called link budget will increase, implying more 
difficulties of communicating. The radiation efficiency  is simply defined 
as 
 

in

out

P
P

,   (2.9) 

 
where Pin and Pout are the input power and output power respectively.   

2.2.3 Radiation Patterns 
The radiation pattern an antenna shows in which direction the antenna is 
radiating. When measuring radiation pattern, it is possible to measure full 
sphere around the antenna, but this is extremely time consuming if not using 
the right equipment. The standardized procedure of measure an antenna is 
described in [20]. In the IEEE standardization document, it is stated that the 
radiation patterns should be measured in great-circle cuts or in applicable, 
cases so called principal-plane cuts. This implies that two measurements are 
performed in perpendicular planes. One of the measured planes should in-
clude the major lobe of the antenna.  

The measurements can also be presented in two forms, by showing either 
the relative or absolute gain. An absolute measurement will show how much 
gain, in absolute terms that the antenna has in a certain direction. The rela-
tive gain implies that the measurements are scaled by the highest value in the 
measurement sequence. This results in that it is only possible to see the di-
rection that the antenna is radiating towards, and not how much. It will be 
possible to determine the beam width and angle between two directive max-
imums, but no information on gain in a certain direction is available.  

The gain can also be used as a directional filter. The signal can gain am-
plitudes from a certain direction and suppress from another. This is espe-
cially used in Paper V where an antenna is designed for the WSN in jet en-
gines.  

Also, as the size (compared to the wave length) shrinks, the directivity re-
duces and the radiation of the antenna becomes more isotropic. The opposite 
also occurs, when the antenna can be made larger, the possibilities of con-
trolling the directivity during the design phase increases. This issue men-
tioned above becomes more visible during the design when having both size 
restrictions and a desired directivity of the antenna.  



 27 

3. Design Aspects of Wireless Sensor 
Networks 

This chapter describes considerations about the building blocks that have to 
be designed for a WSN. Even though the topics presented in this chapter 
may look separate, a design decision in one area will affect the possible de-
cisions in the other areas. 

3.1 Network Topology 
For WSN, various configurations of how to transmit the information are 
available. Many engineers aim to have an adaptive network where the nodes 
communicate with the neighbours and establish a network depending on 
which other nodes that are nearby, so called Ad hoc networking [21]. The 
drawbacks are that the rearrangement of communication links cost energy 
and there is usually no obvious route to the end user. This means that the 
energy is often wasted trying to transmit the data to the user.  

In the WSN presented in this thesis, the network topology is decided to be 
of star configuration. This means that all sensor nodes are connected only to 
the gateway and no communication between the nodes is established. This 
simplifies a lot and since the communication is going directly to the end 
point (the gateway/receiver). This is also the most energy efficient for our 
situation. 

3.2 Energy Management 
One of the major drawbacks using wireless communication is the fact that it 
is wireless. To be able to have a device that is fully wireless and mobile, it 
has to have a battery or other energy sources to provide energy. If only an 
energy harvester is used without storage, the power has to be consumed im-
mediately as it is scavenged. To provide higher level of usability, energy 
storage i.e. battery, have to be used. This enables momentarily higher power 
consumption than what the scavenging device can provide. The WSN node 
can also be used when the scavenging is not scavenging any energy [22].  
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When looking at how the different devices are working, it is seen that 
each device has its own level of usage. For instance, a cell phone is not used 
in the same way as a laptop. The cell phone is usually consuming most its 
energy in shorter time periods, e.g. when calling. In between the calls, the 
power consumption is low. To optimize the power consumption for a device, 
firstly, what the device is going to measure has to be known. If it is a con-
tinuous process, for instance a vibration, that is going to be measured, the 
WSN must consume more energy than if it is only have to measure slower or 
stationary processes, for instance temperatures. This is due that the micro-
controller must be more active and sample more often and longer time peri-
ods to be able to measure the vibrations than the temperatures.  

Also, depending on the process, the sampling of the sensors, which are 
mounted e.g. in order to detect a damage in a structure, must be performed 
within certain time periods. If looking for instance after an error that can 
occur, it must be clear how fast the error will develop from a detectable and 
small error, to a major failure of the complete system. If the error develops 
extremely fast, also the measured parameter has to be measured more often. 
The answer to this question depends both on how often a problem occurs and 
its consequences. 

Since the radio is using much of the energy in a WSN node, the transmis-
sion and reception must be kept at a minimum. In many cases, it can be pref-
erable to measure a process and analyse the data locally and then transmit 
the results instead of transmit the complete measurement sequence for post 
processing in another node. Electronic devices can intermittently be hiber-
nating to save energy, this is also known as duty cycling [23].However, that 
not all processes can be duty cycled. For instance, control and automation 
processes have to be monitored more or less continuously. The control and 
automation process is clearly the most energy consuming and most difficult 
to measure with wireless sensors. 

How to measure, what to measure and when to transmit are important to 
answer in the papers about the WSN aboard trains, Paper I and II, and in 
Paper IV, where the WSN in jet engine is tested. Even though the sensor 
nodes in both scenarios are measuring the temperatures, the requirements of 
how often the process should be measured are different. The temperature 
shifts are much faster in the jet engine than aboard the train, which increases 
the requirements of how often the temperatures must be measured in the jet 
engine. Beside temperatures in the jet engine, strain of blades is also meas-
ured. Apart from less hibernation, this means that the sampling must be 
much faster for the strain measurements than the temperatures. 
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3.3 Energy Scavenging 
To have a sustainable node, the node must have both energy storage and 
some sort of scavenging. The storage is to power the node when the scav-
enging is not providing energy, and the later part is to extend the life time of 
the battery and to reduce the maintenance. Firstly, to fit an energy source to 
an application it is crucial to analyse the environment to see which energy 
type that is most useful to use for environmental energy harvesting. It is pos-
sible to group all types of energy sources into a few different types, such as: 

 Mechanical (Kinetic and Potential) 
 Nuclear 
 Chemical 
 Thermal  
 Electric 
 Magnetic  
 Electromagnetic 

Transfer between these energy types is possible, but not all of them are suit-
able for WSN and transfer between the energy types introduces loss of en-
ergy. Another issue to deal with is the amount of energy that can be scav-
enged in each environment. First, an analysis about the available energy in a 
certain environment has to be performed, in other words, which types of 
energy can be scavenged, and how much energy can be provided from the 
environment? When answering these questions, also the maximum size of 
the device has to be included. This is due to the fact that the energy must be 
seen as energy density (W/cm3). Indirectly, the maximum power scavenged 
will be as a function of the maximum size of the scavenging device. Typical 
energy densities for standard applications are from about 4 W/cm3 to nearly 
1 mW/cm3 [24]. A larger device can usually scavenge more energy than a 
smaller one. But for WSN nodes, the electronic is in general only a few 
square centimetres, therefore a smaller scavenging device is preferable. A 
typical WSN node consumes 50-150 mW, thus if the electronic is duty cy-
cled it can be possible to have a device that very seldom need attention from 
the user. 

3.3.1 Energy Scavenging Devices 
The current situation with energy scavenging devices is that there are several 
different types of scavenging devices on the market [25]. The most common 
devices are solar cell (well known), piezo electric, thermoelectric and elec-
tromagnetic induction via vibrations. In this section, no data from trials are 
presented but only the general functionality and the pros and cons of the 
devices. 
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In Paper I, the three first scavenging devices, solar cell, piezo electric and 
thermoelectric, are evaluated. The solar cell, probably do not need any de-
tailed explanation. It provides power when it is exposed to sunlight. How-
ever, the efficiency of the device is reduced if it is covered by dirt or other 
coatings.  

The piezo electric is a wafer which is providing energy when it is bent. 
The characteristic of the piezo crystals is that it produces high voltages when 
it is deformed. On the other hand, it is not producing high power since the 
output current from the piezo electric device is low. The device used in the 
investigation also had a resonance frequency. This limits the usage since it 
can be difficult to tune the device to the vibrations of the environment.  

The thermoelectric device is a peltier-device which produces power when 
there is a temperature gradient between the two surfaces of the device. In 
relation to the power used by the system, this device delivers rather high 
output power. However, a large temperature difference is also needed. This 
is not available for all environments which make this device difficult to use.  

Beside the devices mentioned above, there is also a common type of de-
vice that is using a magnet vibrating in a coil or wind energy. However, 
these devices were not tested in the investigations aboard the trains, but the 
magnet vibrating near a coil is probably the type of device that is most suit-
able for powering nodes in a vibrating environment. But as the piezo electric 
devices, this type of device also need tuning to provide the optimum amount 
of power. Both the vibrating magnet in a coil and wind energy produces high 
power in the right environment, but the devices itself are usually both sig-
nificantly larger and heavier than the WSN nodes.  

3.4 Communication 
When a radio is transmitting the information, the radio has some internal 
hardware properties as well as software protocols to follow. In this thesis, 
the protocols are neglected. Secondly, the antenna is connected to the radio 
and has its both complex and interesting properties. This is seen in both the 
projects about WSN aboard trains and inside jet engines. Thirdly, what will 
be seen later in chapter 5, about the WSN in jet engine project, is that the 
temperature affects how well the radio on the nodes performs.  

The modulation plays an important role in having a robust communica-
tion link. When having a fading channel, normal amplitude-based modula-
tion schemes are vulnerable. This is due to the fact that the environment 
affects the amplitudes of the signals travelling through the air, hence the 
received amplitudes and phase will be distorted. Normal types of amplitude 
modulation schemes are amplitude shift keying (ASK) and quadrature ampli-
tude modulation (QAM). For a fading channel, a preferred modulation 
scheme is frequency or phase modulation [26]. 
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When designing the radio link for a WSN, it is crucial to know how much 
communication there will be and if the communication should be uni- or 
bidirectional. Energy wise, one has to keep in mind that listening for trans-
missions cost about equally as transmitting data. For low power nodes, it is 
preferable if the nodes transmit as seldom as possible and if the communica-
tion is unidirectional.  

3.5 Sensors 
A WSN would not be useful if there were no sensors in the network. The 
sensors work as the interface from the surrounding world to the electronics. 
Depending of what is of interest to measure, the most common sensors are 
accelerometers, thermometers, buttons, magnetometers, etc. For an energy 
efficient WSN, the sensors are needed, but is also consuming power, which 
is shortening the life time of the network. Since the WSNs presented in this 
thesis is using thermistors for measuring temperature and strain gauges to 
measure strain in blades it is interesting to compare these two.  

The thermometers usually consumes small amount of energy since the mi-
croprocessor only need to sample once, and the accelerometers/strain gauges 
do need faster sampling to be able to read the data. The thermistors are tem-
perature dependent resistors, which mean that the current or voltage is pro-
portional to the temperature. This also only needs one sample to provide the 
result.  

The accelerometers provide an output voltage depending on which accel-
eration it is subject to. With the accelerometers, the voltage needs to be sam-
pled several times and with a sampling frequency in proportion to the meas-
ured frequency content; hence this is more energy consuming sensor than the 
thermistor. Also, the data must be treated locally, with e.g. fast Fourier trans-
form (FFT) and analysed or transmitted to another node where the data can 
be analysed more thoroughly. The first will consume more energy for calcu-
lations, but less for transmitting and vice versa.  

Since not all communication links can transmit high data rates, many types 
of measurements are not possible to perform. To be able to decide what kind 
of sensors that is possible to use, one have to study especially the sampling 
rate of the microcontroller and the data rates of communication links.  
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4. Wireless Sensor Networks aboard Trains 

To reduce the risk of overheated ball bearings aboard trains, two different 
WSN have been investigated. The first investigation was performed during 
2008, and the second in 2011. In both investigations the measured variable 
was the temperature of the ball bearings. Since the temperatures are only 
increasing in the very late stages of the degradation process of a ball bearing, 
this is a rather weak method of predicting failures. A more promising alter-
native is to measure vibrations, but to be able to determine a faulty ball bear-
ing by vibrations, the characteristics of the faulty ball bearings must be 
known. Each model of ball bearing has its vibration spectrum which must be 
known by the sensor node. So, in this case, this is too difficult task to em-
brace. But since most of the focus is in the projects is to have a proof of con-
cept of a WSN, the temperatures is an adequate method.  

This project has been performed within WISENET (Uppsala Vinn Excel-
lence Center for Wireless Sensor Networks), which is a 10 year, interdisci-
plinary, excellence centre at Uppsala University including both academia 
and industrial partners. The collaboration on WSN aboard trains is carried 
out, mainly, with the partners Swedish Traffic Administration (Trafikverket), 
UPWIS AB and Uppsala University. In the early stages of the project, an-
other company were also involved, TNT Elektronik AB, nowadays named 
SensiNet AB.  

4.2 The First Investigation 
During the autumn of 2008, the first test with wireless sensor network on-
board train was performed. This investigation is presented in Paper II. In 
total, three wireless sensors were mounted on the ball bearings and one were 
measuring the air temperature. In this trial, the WSN was manufactured and 
delivered by SensiNet AB and the Swedish Traffic Administration Sup-
ported had a wagon available for the test bed, seen in figure 4.1 

The temperatures were transmitted from the sensors onboard the train to a 
gateway inside the wagon, using the free industry, science and medical band 
(ISM-band) at 434 MHz. The temperatures were then transmitted via a 3G-
datalink to a database. In figure 4.2 (a)-(d), the positions of the nodes in the 
first trial are seen.  
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Figure 4.1. The measurement wagon is passing Uppsala during the first trial. 

      (a)         (b) 

      (c)   (d) 
Figure 4.2. All four sensors used in the first trial. All sensors, except, (c) is measur-
ing the bearing temperature, sensor (c) measures the air temperature as reference. 

Before the WSN was applied aboard the wagon, the radio wave environment 
was characterized at 434 MHz to ensure successful communication in this 
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investigation, and 2.45 GHz for future investigations. As signal source for 
the measurements, a signal generator was used in continuous wave (CW) 
mode. The signal generator was connected to a dipole antenna which was 
mounted aboard a wagon, as seen in figure 4.3. On the receiver side an iden-
tical dipole antenna was used with a spectrum analyser set in “zero span”-
mode with a computer as storage device. In the wave propagations meas-
urements presented [27], it is seen that propagation at 434 MHz has less 
initial losses at a reference distance. But surprisingly, the 2.45 GHz have less 
loss over the distance. This is most probably due to the size of the metal 
parts which act as directors and wave guides for 2.45 GHz. The severity of 
fading was about the same for both frequencies.  

As mentioned, the temperature was measured in this investigation. In fig-
ure 4.3, both the air temperature and measured ball bearing temperature is 
seen.  

 
Figure 4.3. An example of the measurements from the first investigation. The dotted 
line is the ball bearing temperature, and the solid line is the air temperature.  

4.2 The Second Investigation 
The second investigation was performed during the fall of 2011. In Paper I 
the second trial is presented in detail. In this paper, also, an investigation on 
the power scavenging devices is presented. This trial had, in comparison of 
the first investigation, slightly different setup. Instead of using a 3G modem 
to unload the data from the train, which is not optimum in respect of energy 
consumption, a RFID-link is used. The network nodes in the second investi-
gation are a modular system with a central processing unit (CPU) as the 
mother board. To this CPU, it is possible to add peripheral unit, such as, 
energy management, 2.45 GHz radio and RFID emulating chip. The 2.45 
GHz radio communicated with the IEEE 802.15.4 protocol [28], and the 
RFID communicated with the readers on according to the GS1 standard for 
RFID readers on 860-960 MHz [29].In this investigation, two different node 
setups were used. There is one setup for the sensor nodes and one for the 
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gateway. The similarities and differences in the setup of the nodes and gate-
way are seen in Table 4.1.  

Table 4.1. The setup of each type of node. 
Device 2.45 GHz 

Radio 
RFID 
emulator 

Energy 
Management 

External 
Temperature 
Sensor 

Gateway X X X  
Sensor Node X  X X 

 
The way of unloading the information to the end user is novel in this second 
investigation. This is performed by reading a battery assisted passive (BAP) 
RFID-tag where the reader is not only reading the ID of the tag, but also the 
memory of the tag. This memory is from the RFID-readers point of view, not 
visible, and is only appearing as data on read out. From the nodes point of 
view, the RFID behaves as a memory. The CPU writes information to the 
memory, which is later read by the RFID-emulator and converted to an 
RFID response. Why RFID is chosen as the interface to the end user is due 
to the Swedish Traffic Administration is currently building a system of RFID 
readers to monitor where wagons are located. This will help the industry to 
know more exactly where the freight is and when it will arrive. Hence, this 
system will work as a piggy back on this RFID system. 

 

 
Figure 4.4. The positions of the nodes (N1, N2, N3) and gateway (GW) aboard the 
wagon. 

In total, three nodes were used along with one gate way. The positions of 
these are seen in figure 4.4, and the way of mounting the nodes is seen in 
figure 4.5. During the trial, also the RSSI (Received Signal Strength Indica-
tor) and LQI (Link Quality Indicator) values were recorded for each trans-
mission. The RSSI provides the received power for each transmission, and 
the LQI provides information on how well the shape of the received pack-
aged corresponds to an ideal transmission. For the radio used in this trial, a 
higher LQI value than 170 indicates less than 10 % package loss, and vice 
versa. The LQI for node 1 and 3, and the RSSI for node 1 is seen in figure 
4.6.  
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Figure 4.5. The position of one of the nodes aboard the wagon in the second investi-
gation. 

The measured temperature is seen in figure 4.7. The figure presents the same 
time period as in figure 4.6. In the figure, it is interesting to see that the tem-
perature rises when the train is moving. The temperature of the ball bearing 
is about 5 oC higher than the temperature measured on the circuit board. For 
this wagon, this heating is normal, but since the wagon is well maintained, a 
larger heating is expected for other wagons.  

In this investigation, three different power scavenging devices were evalu-
ated in lab environment before the application aboard the train. These de-
vices are seen in figure 4.8 and were solar cell, piezo electric to scavenge 
from vibrations and thermoelectric.  

The test shows that the solar cell scavenges most energy of the tested de-
vices, but since it is an optic device it is not suitable for the dirty environ-
ment aboard a train wagon. The thermoelectric harvester is the least suitable 
since it only will provide energy when there is a temperature gradient be-
tween the two surfaces. This is usually only occurs when the ball bearing is 
degrading. The best option to use in respect of suitability aboard a train 
wagon and output power is the piezoelectric vibration harvester. In optimum 
it can provide up to 2.32 mW, which is enough for a device that is duty cy-
cled.  
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(a) 

 

(b) 

Figure 4.6. Subplot (a) shows the LQI of node 1 and 3 and (b) shows the RSSI for 
node 1 during the same time period. 

 

 
Figure 4.7. The measured temperatures at the same time period as figure 3.6. "IC 
temp" is the temperature at the CPU, and "Bearing temp" is the temperature of the 
ball bearing.  
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Figure 4.8. The energy scavenging devices used in the investigation. From left to 
right, solar cell, piezo electric wafer and thermoelectric device is seen. 

4.3 Discussion and Conclusions 
The application of WSN aboard train introduces several difficult problems to 
solve. Firstly, what is measured is one of the key parameters to decide. In 
this situation it is possible to measure vibrations, acoustics and temperature. 
Since the investigations mainly aimed to have proof of concept having WSN 
aboard trains, the two first options, vibrations and acoustics, are too cumber-
some to implement. To be able to verify if a ball bearing is damaged, it is 
easier in this case to implement temperature measurements.  

In the two implementations, there are two different ways of transporting 
information from the train to the end user. In the first trial, this was per-
formed by transmitting the information via a 3G- modem and a computer, 
and in the second trial this was performed by using a RFID link. Since the 
energy aboard a normal freight wagon is limited, the 3G link is not as suit-
able as the RFID.  

Most of the freight wagons are not electrified, this means that the energy 
resources aboard a freight wagon is extremely limited. In the second investi-
gation, three scavenging devices were tested, solar cell, piezo electric and 
thermo electric. None of them are perfect for this situation. The solar cell 
will be dirty and its efficiency will degrade. The piezo electric device is pro-
viding enough power, but is both rather fragile and provides low output cur-
rents. And the thermoelectric device provides enough power, but since the 
thermoelectric device is only working when there is a temperature gradient 
between the surfaces, the device will only work when the ball bearing al-
ready is overheated. The difficulties are to find an energy harvesting tech-
nology that is mature and meet the requirements of being of the same size 
the nodes. 
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The general conclusion of the investigations performed aboard train wag-
on is that the WSN works well; the information is transmitted to the end 
user. But also, the environment sets limitations on both the communication 
and the scavenged energy.  
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5. Wireless Sensor Networks in Jet Engines 

The WSN is a good tool to both increase safety and reduce the cost of a sys-
tem. In this project, the main task is to perform a test with a WSN inside a jet 
engine to see the possibilities of replacing a wired telemetry system. Since 
the safety in the aircraft engine industry is already of high standard, it is not 
possible to have increased safety as an argument. In this case, the reduced 
amount of time mounting the WSN relative to the wired telemetry system is 
the key issue. With the wired system, the time to mount it was several 
months, up to half a year. Most of that time was consumed due to gluing 
wires inside the engine. With the WSN, the only a few parts needed to be 
glued such as the antennas and sensor nodes. This implies that the time of 
mounting the system is reduced to only a few weeks. The engine used in the 
live test was an RM12 engine, seen in figure 5.1, which is normally used in 
JAS 39 Gripen. 

Since the temperatures inside most parts of the jet engine are too high for 
the electronics to survive, the WSN is mounted in the fan, which is the first 
stage of the engine. This section is most favourable in respect of both radio 
communication and temperatures. This is the place where the short distances 
enables radio communication and the temperatures are kept below 150-
200 oC. A figure of a half scale jet engine fan is seen in figure 5.2. This is the 
part that is of interest to study both regarding WSN and wave propagation.  

This project was performed in collaboration with GKN Aerospace Engine 
Systems AB and ÅAC Microtec AB and was funded by NFFP (Nationella 
Flygforskningsprogrammet). 

 
Figure 5.1. A drawing of the RM12 engine used in the final test. The fan, where the 
WSN is placed, is the part nearest the air intake to the left. (Courtesy of GKN Aero-
space Engine Systems AB) 
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 (a)                (b) 

Figure 5.2. The half scale engine used for wave propagation measurements. Figure 
(a) is the engine seen from the front and (b) is from the side.   

5.1 System Design 
As we want to measure two different processes, one slow (for temperatures) 
and one fast (strain measurements), the system contains two different types 
of sensor nodes, and also one receiver for each type of sensor. The difference 
between the two nodes is the sampling frequency. The slower node can 
measure the temperature and the faster node can sample up to 40 kHz, which 
implies that it can measure signals (the strain gauges) up to 20 kHz without 
aliasing.  

The sensor nodes were mounted on a metallic washer which is mounted 
to the rotor disc. The rotor disc is holding the fan blades into position. Since 
the metallic washer with its sensor nodes are placed on the fan disc, the disc 
with the washer must be balanced. An unbalanced disc will break the engine 
into parts. The transmitting antennas were mounted on the fan blades, and 
were connected to the nodes with a thin coaxial cable. The task of balancing 
the disc with its fan blades was performed by the technicians at GKN Aero-
space Engine Systems AB.  

The receivers were placed outside the engine in a sound and vibration 
shielded box. Without doing so, there was a major risk that the sound and 
vibrations from the engine could damage the electronics. From this box, 
cables were drawn to the receiving antennas, which were placed as close to 
the engine as possible. Two antennas were used, one primary and one secon-
dary. The primary antenna was positioned at the edge of the air intake. This 
was a standard patch antenna with ultrathin and flexible substrate, Roger 
ULTRALAM 3850. The secondary antenna is made of the same substrate 
but is a patch array antenna. The design of this antenna is seen in Paper V 
and is also presented in chapter 6. The antennas used in the final tests are 
seen in figure 5.3. The left antenna in the figure is also used as the transmit-
ting antenna inside the engine.  
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Both sensor nodes used the same radio circuit, NRF2401. To optimize the 
energy consumption, the two nodes used different settings of the radio. The 
slow nodes transmitted the information more seldom than the fast one. This, 
in accordance with what is mentioned about saving energy in chapter 3.  

 

 
Figure 5.3. The two types of antennas used in the final test. The left is positioned 
inside the engine, and the right one is mounted a bit further away from the engine.  

5.2 External Effects on the Electronics 
Before the final test was performed, some of the sub systems were tested to 
ensure they will survive the harsh environment inside the engine. The cir-
cuits were spin tested to ensure that all components stay in place. The batter-
ies were tested to see that they will be able to provide enough energy as the 
temperature increases and the radio circuits were tested to see how they were 
affected by the heat.  

The radio circuitry was seen to be sensitive to the temperatures reached 
inside the engine. Above about 160 oC, the radio stopped transmitting data. 
This is probably due to change in frequency of the crystal oscillator in the 
radio that controls the microcontroller. When the resonance frequency of the 
crystal shifts too much, the microcontroller is not able to sustain its function-
ality.  

When monitoring the voltage of the batteries, it is seen that the voltage 
drops as they rotate with the jet engine. Since the sensor nodes are transmit-
ting all the time, this voltage drop cannot be an effect of the transmission but 
possibly due to the centrifugal force. This affects the internal pressure and 
thereby the voltage characteristics of the batteries. 
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5.3 Wave Propagation in Jet Engines 
To ensure that it is possible to communicate from a sensor node inside the jet 
engine to an external receiver, a survey is needed to study the possibilities. 
This task has been performed in several steps. First by simulate a model of 
the engine in a full wave EM-simulator. Secondly by measure wave propa-
gation in a half scale model and thirdly, verify the simulations and measure-
ments performed in the first and second stages by measure in a real RM12 
engine. The model used in the simulations corresponds well with the half 
scale engine, but these look geometrically a bit different than the RM12 en-
gine. Since the half scale engine is approximately half the size of the RM12, 
the measurement frequency must be scaled as well. However, both the half 
scale engine and RM12 engine provide about the same severe fading. 

The wave propagation is published in total in two papers. In this thesis, 
Paper IV describes the measurements in the half scale engine and the final 
test. Previously, the simulations of wave propagation and measurements in 
half scale engine were presented in both [30] and [31.]. One of the key re-
sults from these publications is the time between two consecutive fading dips 
when the engine is running. The time is expected to be about 130 s, and the 
time for one data package is about 128 s.  

5.4 Final Tests 
The final tests with the WSN in the jet engine were performed in February 
2013. Due to unknown technical mishap, the fast nodes were not transmit-
ting the data correctly. On the other hand, both the slow nodes were trans-
mitting the temperature data from inside the engine. The only problem seen 
was that the receiver sometimes received packages from both nodes simulta-
neously. This caused some data losses since the receiver could only interpret 
one package at a time. It could easily be solved by having one receiver per 
node.  

A temperature curve of the trial is seen in figure 5.4. Interesting to know is 
that the start engine rotated the engine twice before the engine was ignited. 
In figure 5.4, these two positions are seen at about 6 kSamples and 
13 kSamples. Since the engine is running on air taken from the outside of the 
test facility, and the temperature that day in February was well below 0 de-
grees, the temperature is decreasing until the engine is started for a short 
time period at about 18 kSamples. Also, the total amount of lost packages 
were about 2.8 % 
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Figure 5.4. The measured temperature inside the engine.  

5.6 Discussions and Conclusions 
During the investigations of using WSN in jet engines, it is shown that one 
of the most difficult issues to deal with is the energy constraint. Since the 
nodes must transmit the information about every second or faster, there must 
be a way to have the nodes in sleep mode from the point of mounting them 
into the engine, to the engine test. In this specific test, the battery cables 
were soldered a few hours before the test. Then the transmitters did not 
transmit any information until they had an external triggering signal. 

When communicating inside a jet engine, the distance is not a problem 
since the communication range is only about 1 m. In the jet engine, the fad-
ing is causing more problems than the distance does. In my licentiate thesis 
[30], the fading is characterized to see if it is possible to have a WSN inside 
the engine. Since the time between two fading dips are slightly longer than a 
transmitted data package, the conclusion was that in theory, it is possible to 
have a working WSN inside the engine. This was also confirmed in the full 
scale tests with a real engine.  
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6. Antenna Designs 

In the projects presented in this thesis, two antenna designs have been devel-
oped. The common topic for both the antennas presented is that they have to 
work properly in a highly metallic environment. This chapter presents the 
challenges and some solutions when building antennas for an electromag-
netic harsh environment.  

6.1 The Train Wagon Antenna 
For the second investigation aboard train an antenna was designed to enable 
the communication on 2.45 GHz ISM-band. Despite there are much space 
aboard the train the physical size of the antenna is one of the constraints. 
During the antenna design, it is aimed to be small, cheap but still have high 
radiation efficiency in the train environment. This implies that the aim is to 
have as little influence of the surrounding as possible.  

The antenna is a two-layer patch antenna with the feeding strip in between 
the layers. The feeding between the feeding strip and the patch is a capaci-
tive coupling. The bottom layer is made of 1.524 mm thick FR-4 substrate, 
and the top layer is made of Rogers RO3003, with relative permittivity, r, of 
3. This layer is used to increase the radiation efficiency. The microstrip line 
from the patch is extended to simplify the soldering of the SMA-connector. 
The manufactured antenna is seen in figure 6.1.  

 
 

Figure 6.1. A photo of the manufactured antennas. 



 48 

After the design and manufacturing, the antenna is characterized in both the 
anechoic and reverberation chambers. Also the S11 parameter is measured. 
The S11 is -12 dB at -12 dB, and the bandwidth is adequate within the band 
intended to be used.  

The radiation efficiencies are measured at three frequencies corresponding 
to the lowest, middle and highest frequencies of the ISM-band, 2.40, 2.44 
and 2.48 GHz. The measured radiation efficiency is -2.75, -0.79 and -
2.82 dB respectively for these bands. The conclusion is that the antenna is a 
rather good radiator in this environment. Also, the size of the antenna is 
small, 18.35 x 15 x 3 mm. This implies that the longest side of the antenna is 
only 14.9 % of the wavelength, which means that the antenna is at the border 
of being an electrically small antenna. The small size makes the antenna 
having high Q-value which makes it difficult of having an antenna with high 
radiation efficiency.  

6.2 Antenna in Jet Engine 
In the jet engine, there were special requirements on the antenna to be de-
signed. The receiving antenna had to be placed just outside the air intake of 
the jet engine during the test. This sets a number of requirements, beside the 
radiating properties of the antenna, it must not, for example, affect the prop-
erties of the engine itself. This set limitations on the thickness of the antenna 
substrate. Since the antenna must be flat and mounted on the inside of the 
external casing of the engine, the type of antenna must be a patch antenna. 
Unfortunately, a standard patch antenna usually has its major antenna lobe 
perpendicular to the ground plane of the antenna [14]. This will cause prob-
lems since the antenna must point inwards, to the engine. Therefore, an array 
of patches is designed. Since the antenna must be both flexible to follow the 
curved outer casing of the engine and thin to not affect the air flow, the sub-
strate ULTRALAM 3850 from Rogers Corp is chosen which has a thickness 
of 0.1 mm and a relative permittivity, r, of 2.9.  

 

 
Figure 6.2. A photo of the manufactured antenna with the feeding point to the left. 
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Figure 6.3. The simulated antenna with its radiation pattern. 

The final design is presented in Paper V consists of a patch antenna array, 
see figure 6.2. The array changes the radiation pattern from a pattern that has 
its major lobe perpendicular to the ground plane, into a pattern that is point-
ing forward into the fan of the engine. In section 2.2.3, the directivity is 
mentioned as a tool to increase the communication distance and suppress 
unwanted signals from other directions.  

The antenna is first simulated in CST Microwave Studio as seen in figure 
6.3, after which the manufactured antenna is measured in both anechoic and 
reverberation chambers to verify its properties see figure 6.4. 

 

 
Figure 6.4. Simulated and measured radiation pattern. 
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The measured and simulated data agree well, but the drawback is the high 
losses in the substrate. The overall radiation efficiency of the antenna is        
-13 dB and is mostly due to the ultra-thin substrate. Since the thickness is 
only 0.1 mm, the E-fields between the microstrip lines and ground plane will 
be extremely strong. But since the distance between the transmitter and re-
ceiver is short, about 1-1.5 m, the path loss between transmitter and receiver 
is rather low. This reduces the risk that the antenna causes the system to fail.  
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7. Reverberation Chamber 

The electromagnetic reverberation chamber (RC) has during the history been 
used for measuring various electromagnetic parameters. Firstly the RC was 
used to measure EMC in electronic. In 1976 the reverberation chamber was 
introduced to measure antenna properties [31]. However, it was not until the 
1990's the telecom industry started to use the RC as a facility to test the an-
tenna performance. Since then, it is a very useful tool to measure various 
parameters of antennas, such as Total Radiated Power (TRP) [32], diversity 
gain [33], total isotropic sensitivity (TIS) [34] and especially radiation effi-
ciency. The benefit of using the RC is that the measurements are, compared 
to other measurement methods such as full sphere measurements in an an-
echoic chamber, extremely fast, cheap and simple.  

The idea with the RC is to feed an antenna inside a metallic cavity with a 
continuous signal. The signal is then propagating inside the chamber and be 
reflected on the walls. As the several reflected signals reaches the antenna 
under test (AUT) they are incident from all angles at the same time. This 
provides a radio environment with a homogeneous power distribution and 
received signal amplitude that is Rayleigh distributed. However, this envi-
ronment does not correspond to a realistic environment where antennas usu-
ally are deployed. That is why it is of interest to either perform measure-
ments with antennas close to phantoms or with real persons in the chamber. 
Both these topics are presented in this thesis - emulation of specific radio 
environments and how to build chambers that are large enough to contain 
persons inside. 

7.1 Chamber Limitations 
An RC has limitations concerning operation frequencies and what can be 
measured. Since the RC is an over-moded EMC chamber it has a basic limi-
tation in how low in frequency the chamber can measure. When determining 
the lowest possible frequency that can be used, it is needed to both take into 
account for the physical dimension of the chamber along with eventual at-
tenuating materials inside the chamber and what material the wall of the RC 
is made of. In [35], the lowest usable chamber frequency (LUF) is expressed 
as the number of resonances below a certain frequency, where the number of 
resonances at a frequency f is described by 
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where V is the volume of the chamber, f is the frequency used and c is the 
speed of light in vacuum. It is also stated in [36] that the number of simulta-
neous modes, N, must be greater than about 60 to achieve electrical field 
uniformity. This is also related to the number of wavelengths in the chamber 
at the lowest frequency. To be working properly, a chamber needs to be ap-
proximately 5  or more in one side.  

The chamber also has a highest usable frequency that is determined in sim-
ilar way as for the LUF by taking into account by both the size of the cham-
ber and the material used inside the chamber. Simply, if there is less loss in 
the chamber, the higher frequency can be used. When the frequency in-
creases, the size of the chamber relative to the wavelengths also increases. 
This implies that the distance between two walls (in wavelengths) increases. 
If the signal is transmitted from one side of the chamber to the other side, a 
signal with higher frequency will more attenuated than one with lower fre-
quency. Also, the conductivity of the chamber walls will affect how much of 
the signal that is reflected back into the chamber. Since the fading environ-
ment inside the chamber is dependent on having as many reflected waves as 
possible to provide an isotropic and homogeneous environment, a signal 
with high frequency will be too much attenuated if the size of the chamber is 
too large and if the conductivity of the walls are too low.  

7.2 Mode Stirring 
The accuracy of the measurements performed in the chamber is proportional 
to the number of independent modes, Nind that are propagating in the cham-
ber. Assume that an antenna is excited by a continuous wave (CW) in a 
chamber. Since everything is stationary inside the chamber, the fields will 
after a short time period (nano seconds) become stable in respect of power 
distribution. Nothing is changed inside the chamber; hence, the received 
power will be varied but stationary at all positions inside the volume. The 
number of independent modes is a function of the size of the chamber. To 
increase the accuracy of measurement a larger number of independent sam-
ples is needed. When measuring an antenna in the chamber, a time varying 
field is desired. To vary the fields inside the chamber, one or several mode 
stirring techniques can be used, such as mechanical [37], platform [38] po-
larization [39] and frequency stirring [40]. These stirring techniques will 
cause a time varying signal, which increases Nind and indirectly the accuracy, 
, of measurement according to 
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When performing measurements, the measurement accuracy is deter-

mined by the number of independent samples. Where the theoretical Nind is 
calculated by [41] 
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where, Q is the Q-factor, Vs is the minimal volume the stirrer is enclosed by 
when rotated and V is the total volume of the chamber. This equation an-
swers the second question regarding how large the stirrer inside the chamber 
must be to provide enough stirring. The Vs is also indicating that accuracy is 
lost when the mode stirrer is symmetric. In principle, if the stirrer is symmet-
ric, let’s say with 180o symmetry, the environment has exactly the same ge-
ometry every half turn of the stirrer. To increase the stirred volume, thus 
increased measurement accuracy, multiple or larger stirrers can be used.  

7.3 Probability Distributions 
To describe the CW signal, two parameters are used i.e. amplitude and 
phase. For simplicity it is assumed that the phase is a random and uniformly 
distributed parameter. The amplitude on the other hand is the interesting 
parameter. In the paper [42], the statistical model for a mode stirred chamber 
is presented. The paper also presents three different motivations to why the 
statistical model inside a RC is behaving as a Rayleigh distributed model.  

7.3.1 Absorbers in the Chamber 
As mentioned in Section 2.1, the amplitude is Rayleigh distributed when all 
incidental waves are at about equal amplitude. In the reverberation chamber, 
this occurs when there is no attenuating material placed inside the chamber. 
If attenuating material is placed inside the chamber two effects will be seen. 
Firstly, the waves from that certain direction, in relation to the receiver, will 
be attenuated. Secondly, the Q-value of the chamber will decrease. The first 
effect will cause a more dominant behaviour from the rest of the waves. 
Hence, the received amplitude will be Rician distributed. Utilizing this, it is 
possible to change the amount of reflected waves to mimic a certain envi-
ronment. If the antenna, for instance, is a cell phone antenna, it will not per-
form in the same manner inside the chamber as it will when it is in use in the 
final application environment. If an antenna is only measured under the con-
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ditions of Rayleigh distributed amplitudes, surprises can be revealed when 
the antenna is later in use - it might not even work at all. Many techniques 
have been developed to meet this requirement of a more realistic environ-
ment - to introduce a Rician distributed field. The most common techniques 
are to mimic a real situation by for instance use a phantom head and a hand 
that is holding the cell phone. One publication that describes this method is 
[43]. In the papers VII and VIII, the method of sample selection is intro-
duced to improve the emulation of different scenarios. This method can 
emulate various scenarios without using attenuating materials to change the 
interior of the chamber.  

7.4 Applications 
As seen in the introduction of this chapter, the reverberation chamber is a 
very useful tool for a wide range of tests. Since the reverberation chamber is 
used in two projects within this thesis, they are presented separately below.  

7.4.1 Large Reverberation Chamber for on body Measurements 
As stated before, the lower cut-off frequency of the reverberation chamber is 
inversely proportional to the size of the chamber. This means that if a lower 
frequency is to be measured, a large chamber is needed. As one side need to 
be approximately 5  or more in a side, most reverberation chambers that are 
currently available on the market cannot be used to measure as low frequen-
cies as is desired for many applications. Therefore it is extremely useful to 
use a large EMC shielded room, and design the interior in such way that it 
can be used as an RC. A large EMC room also provides a possibility to 
measure other scenarios than only a single antenna, such as on body anten-
nas mounted on a real human being. In paper VI a chamber is designed to be 
used both empty and with several persons inside. The novelty of the chamber 
is its size along with the unique way of build the stirrer with metal mesh 
instead of solid surfaces. The measurements show that the chamber is fully 
functional between 400 MHz and 3 GHz. The paper shows that the design of 
an RC can be rather simple and be designed in already existing EMC-rooms. 

7.4.1.1 Design Considerations 
Since the EMC room is usually not used only for antenna measurements, 
several aspects have to be taken into consideration. Firstly, how can the elec-
tric fields can be stirred in a proper way? Since the mode stirrers should be 
of an electromagnetic reflective material, a solid metal is desired. In a small-
er reverberation chamber, the stirrers can be made out of stiff and massive 
metal without being too heavy and difficult to construct. A question related 
to this is how large the stirrer has to be to fully stir the fields so the environ-
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ment becomes homogeneous and isotropic? Here, practical problems are also 
introduced. The room must be available for other measurements as well. 
Therefore the design of the stirrers in our case must light weight and mobile.  

The Q-factor is closely related to the root-mean-square (RMS) of delay 
spread. A large Q-factor implies that that the cavity has low losses and that 
the propagating EM waves inside the cavity is less influenced by attenuation 
over time. Thus, the number of reflected wave increases as the Q-factor in-
creases. From [44], the Q-factor can be used to determine the RMS decay 
time as,  
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By knowing the decay time, , it is rather simple to use this value to un-
derstand how many times the propagating waves are reflected inside the 
chamber. This mean distance is simply calculated by multiplying, , with the 
speed of light, c = 2.99·108 m/s, and then dividing the distance with the cross 
dimension of the room. In this case, a higher value indicates that the waves 
are reflected many times, which is providing an evenly distributed field in-
side the cavity. Loading the chamber with attenuating material, the Q-value 
will decrease. 

When designing the stirrer, there are a few things to consider. According 
the equation of number of independent samples (7.3), which is indirectly 
determining the accuracy of the measurements performed in the chamber, a 
large stirrer volume is preferable. In this case, it was determined to build one 
large stirrer instead of several smaller. Since the floor area of the chamber is 
4x8 m, a stirrer with a diameter of 2 m is mounted about 3.5 m away from 
the short side wall. A sketch of the chamber is seen in figure 7.1. Since as 
many independent modes as possible are generated, the reflectors are de-
signed and mounted in such a way that there is no rotational symmetry. Also, 
it was decided to evaluate the possibilities to use metal mesh instead of solid 
metal. What is important to investigate in this case is how fine pitched mesh 
is needed to ensure that it will behave as a normal metal sheet. Several re-
searchers see e.g. [45] [46] has investigated the shielding effectiveness of the 
metal mesh.  
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Figure 7.1. The layout of the chamber with the device, or antenna, under test to the 

left and the transmitting antenna to the right. 

To verify the complete range of operation for the metal mesh, measurements 
between about 200 and 3000 MHz had to be performed by having two wave 
guide ends face-to-face and with the metal mesh under test placed between. 
With this setup it is a rather simple operation to measure shielding and 
transmission using a Vector Network Analyzer (VNA). In Table 7.1, the 
result of this measurement is presented. As S11 shows, it is about zero deci-
bels for all mesh pitches measured. It was noticed during the measurements 
that the mesh is electromagnetic "transparent" in only a few very narrow-
band frequencies. But since none of the resonances are located at frequencies 
that are commonly used in wireless applications, it will not degrade the per-
formance of the chamber. Aluminium bars are used to stabilize the mesh 
which is mounted on a metal rod. The metal rod is at its top position mount-
ed to a DC-motor seen in figure 7.2.  

Table 7.1. S-parameter measurement with metal sheet and different types of metal 
meshes.  

  Mesh pitch 
 Metal sheet 5 mm 10 mm 20 mm 
S11 0 dB ~0 dB ~0 dB ~0 dB 
S21 -40 dB -20 dB -20 dB -10 dB 

Since the environment inside the chamber should be as isotropic as possible, 
as small unstirred energy as possible is wanted. In other words, this means 
that as small direct coupling as possible between the transmitting and receiv-
ing antenna is wanted. By placing the transmitting antenna and the antenna 
under test (AUT) on separate sides of the stirrer, the direct coupling between 
them is reduced. This also reduces the LoS (Line of Sight) component and 
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the number of NLoS (Non-Line of Sight) components is increased. By doing 
so, the environment becomes more isotropic; hence, measurement accuracy 
is increased. This setup is seen in figure 7.3. 

 
Figure 7.2. The figure show where the DC-motor is mounted on the frame, and 
where the cables are put through the wall. 

 
Figure 7.3. The final setup of the reverberation chamber. The transmitting antenna is 
at the left, pointing away from the stirrer which is placed in the middle. The receiv-
ing antenna is placed on the box to the right. 
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The RC is verified by measuring radiation efficiency of antennas and com-
pare the values with other measurements performed in another chamber. 
Also, antenna correlation coefficient are measured on diversity antennas and 
compared to its simulated results.  

7.4.2 Emulation of Scenarios 
Since it is difficult to control the environment with the phantoms and attenu-
ators, a faster and more reliable technique is desired. In this section, a novel 
post processing technique to emulate a desired propagation environment is 
described. This technique is selecting specific samples to fit certain, prede-
termined, PDF. However, the PDF does not reveal all parameters of a wire-
less system. It is only an amplitude distribution, and does not provide any 
information on delay spread or angle of arrival.  

By placing attenuators or phantoms in the chamber, the antennas can be 
measured in a more realistic environment than in an empty chamber. How-
ever, when measuring antennas in smaller chamber head or body phantoms 
is possible to use. If the antenna is supposed to be placed in a different envi-
ronment, for instance urban or vehicular environment such scenario cannot 
easily be handled in the chamber. For these cases we have investigated the 
sample selection method which simulates/emulates the environment.  

The idea behind the sample selection is seen in figure 7.4; a subset of data 
that corresponds to a certain environment is selected from a larger set of 
data. This process simply explained, selecting samples from a set of data, 
with a certain probability density function (PDF), and then chooses those 
samples that together matching a specific, and desired PDF, also known as 
target distribution. In Paper VII a genetic algorithm (GA) [13] is tested to 
sample select a set of data. The GA is an iterative process which is similar to 
a population growth. Each sample has its own sets of properties, i.e. ampli-
tude. A set of data is called a generation, and each generation fit the final 
distribution differently. This fitting is compared with a goodness of fit value. 
For each generation the individual samples are altered which provides an-
other goodness of fit value. This process lasts until a predetermined good-
ness of fit value is reached. The drawback the GA is that is will find a mini-
mal goodness of fit, but it cannot be seen if it is local or global minimum. 
Along with the amplitude distribution it is of interest to also study the RMS 
delay spread, angle of arrival etc. The interpretation of the results and the 
implementation of other propagation parameters have been left to further 
studies.  
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Figure 7.4. The idea with sample selecting a set of data to achieve a final sub set, 
with the correct distribution. 

The main contribution in this thesis regarding sample selection is the devel-
opment of the non-iterative sample selection method. This is a mathematical, 
probability based method of selecting samples from a set of data. Since this 
method is only briefly explained in Paper VIII, a more rigorous approach is 
presented here.  

Since the amplitudes in an RC is Rayleigh distributed, it is of interest to 
study what will happen when the initial distribution is an Rayleigh distribu-
tion, and when the target distribution is Rice distributed. Firstly, the Ray-
leigh distribution is defined as [47] 
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where, S21 is the scattering parameter and the 2s2 is the mean power of the 
signal. This is the distribution that describes how the amplitudes statistically 
behave when there is no dominant signal in an environment. This distribu-
tion is what is going to be sample selected into a second distribution that is 
Rice distributed. If a signal is Rice distributed, it means that there is a domi-
nant LoS component. The Rician distribution is defined as [47],  
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This Rician distribution is also, as mentioned in chapter 2, characterized 
by the k-factor, which is the ratio between the direct and scattered powers, 
also is mathematically be described as a function of S-parameters as,  
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The single step algorithm has a rather simple approach. Let’s assume that 

the initial distribution is unknown, fInitial(S21). The dataset is consisting of n 
number of S21-samples, and from this dataset a so far, an initially unknown 
number of samples is chosen so we achieve the final PDF, ffinal(S21). By do-
ing so, we can formulate and define the weighting function D(S21) as,  
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Since the relation between finitial and ffinal is known in the equation above, 

it is simple to find the weighting function D as 
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The variable D1 is describes the probability of Si
21 to be chosen from the 

initial distribution into the final dataset. But since finitial, can be zero or close 
to zero, D1 can be given an extremely high probability (more than 1) that Si

21 

is going to be saved into the subset. Here, the solution is to restrict the 
weighting function, D1. This restriction is performed by formulating the new 
weighting function D, as,  
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This leads to the possibility of deciding whether or not, if the sample Si

21 is 
to be saved to the final subset of data, or discarded. Simply, the sample Si

21 is 
saved if  

)1,0()( 21 USD i >                                      (7.11) 

is true, otherwise discarded. The notation U(0,1) is defining a random vari-
able between 0 and 1 with a uniform distribution.  

Above, the approach is based on using theoretical distributions as in (7.5) 
and (7.6). Using MATLAB, it is easy to generalize the sample selection into 
a generalized method that works well with distributions that are measured 
data.  



 61 

In Paper VIII, a comparison between the three methods, GA, linear and 
hybrid is performed. The computational time is compared as a function of 
the accuracy the resulting PDF. The accuracy means that the area between 
the final distribution and desired distribution is measured. In the comparison, 
it is seen that the three methods has slightly different properties. The GA can 
find extremely good accuracy, but the method is time consuming. The linear 
method has slightly lower accuracy, but is extremely fast, and the hybrid 
method uses the linear method to find a coarse, intermediate, distribution 
that the GA can continue work with. This makes the sample selection both 
fast and accurate for lower and medium accuracy. The drawback is when a 
high accuracy distribution is desired. At this point, the linear method is dis-
carding too many samples, leaving not enough samples for the GA to handle, 
thus the GA need extremely long time period to handle the remaining sam-
ples.  

7.5 Discussion and Conclusions 
7.5.1 The Reverberation Chamber 
The performance of the RC at Uppsala University is presented in this chapter 
and in Paper VIII. The chamber has its lowest frequency at about 400 MHz 
and its frequency highest at about 3 GHz. However, in our case, the lowest 
frequency measured is mostly set by the fact that the antenna performance 
degrades below this frequency. So, having an antenna with a wider band-
width it is possible to measure slightly below this frequency. 

The chamber is fully operational with a person inside it. This means that 
the measurements performed in the chamber can meet the requirements of 
testing equipment in as real environment as possible. It is easy to deploy an 
antenna on a human body, let the human stay inside the chamber and meas-
ure the radiation efficiency of the antenna. With a test facility of this kind, it 
is possible to measure the antenna without any phantoms that introduce un-
certainties, such as; will the antenna behave in the same way on the phantom 
as on the body?  

As mentioned in the sections above, the mesh is behaving mostly as a sol-
id metal sheet. It is only in a few narrowband frequency sections where it is 
more transparent. Also, one have to notice that as the frequencies increases, 
the pitch of the mesh, wave length wise, becomes larger and will finally be 
more or less transparent and loose its shielding properties. Using metal 
mesh, the stirrer can be made cheaper and lighter weight than before. 
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7.5.2 The Sample Selection 
The sample selection is a new and novel technique to provide a controlled 
test environment inside reverberation chamber. The papers VII and VIII, 
presents three new methods of selecting samples from a data set. The three 
different methods are genetic algorithm, a linear method and a combination 
of these two. The first steps towards a fully functional test method are to 
develop a method that with high accuracy can provide a resulting PDF. This 
has successfully been performed in the papers presented and described in 
this thesis.  

It is seen that the sample selection method is a fast and user friendly 
method to provide the desired environment. It can provide a sample selected 
data set within a reasonable time frame. Several other issues are still to be 
solved such as how to treat the delay spread and angle of arrival and practi-
cal implementation with the chamber.  
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8. Summary of Papers 

8.1 Paper I: Field Operational Testing for Safety 
Improvement of Freight Trains using Wireless 
Monitoring by Sensor Network 
Mathias Grudén, Malkolm Hinnemo, Dragos Dancila, Filip Zherdev, Nils 
Edvinsson, Kjell Brunberg, Lennart Andersson, Roger Byström, Anders 
Rydberg   

The paper describes the second investigation performed with wireless sensor 
network aboard trains. The investigation was performed during the fall of 
2011 and aimed to investigate the aspects of applying WSN aboard trains, 
radio wave propagation and energy scavenging. In this investigation, the 
sensor nodes were communicating with the gateway at 2.45 GHz ISM-band. 
The gateway has a RFID emulating chip to communicate to an external 
reader that is unloading the information. The RFID is communicating at 868 
MHz. Since the energy is a problem to overcome, in this paper, also energy 
scavenging devices are evaluated. Solar cells, piezo electric and thermo elec-
tric devices are tested.  

During the investigation, it is seen that the radio environment is highly 
unpredictable. This makes it difficult to have a robust radio communication 
in this environment. Also, it is seen in the investigation that only one of the 
energy scavenging devices are suitable for the train environment. The effi-
ciency of the solar cell degrades with layers of dirt or snow on the surface. 
This means that it must be cleaned manually, which is not a sustainable solu-
tion. The thermoelectric device is working when there is a temperature dif-
ference between its two sides. The drawback with this is that there is only a 
temperature difference when the ball bearing starts to degrade. The only 
suitable device is the vibration harvester. It provides enough energy and is a 
device that needs no maintenance or special solution. During the lab tests, 
the vibration harvester provided 2.32 mW.  
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8.2 Paper II: Reliability Experiments for Wireless 
Sensor Networks in Train Environment 
Mathias Grudén, Alexander Westman, Janis Platbardis, Paul Hallbjörner, 
Anders Rydberg 

This paper describes the first investigation with WSN aboard trains. It was 
performed during the fall of 2008 and is aiming for a proof of concept hav-
ing WSN aboard trains and to determine the wave propagation characteris-
tics in train environment for 434 MHz. The path loss exponent is determined 
to be between 2.27 and 3.67 depending on the positions in the train environ-
ment. The investigation lasted for about five weeks. During this period, on 
average 92 % of the data packages where successfully transmitted between 
the sensor nodes mounted near the wheels and the gateway inside the train 
wagon. The sensor information was transmitted to an online database with a 
3G modem. However, the solution with a 3G modem aboard the wagon is 
not a viable solution in long term.  

8.3 Paper III: Deployment of a Miniaturized Patch An-
tenna for Easy Deployment on Metal surface 

Malkolm Hinnemo, Mathias Grudén and Anders Rydberg, 

The antenna designed and manufactured in this paper is the 2.45 GHz an-
tenna used in Paper I. The antenna designed is a dual-layer patch antenna 
designed to be placed in a train environment. This also assumes a large 
ground plane in order to reduce the size of the antenna.  

The antenna is designed to be used with the IEEE 802.15.4 standard at the 
2.45 GHz ISM band. This puts some extra demands on the bandwidth. As 
mentioned, the antenna is designed as a two-layer design. The lower layer is 
a FR-4 substrate with standard thickness of 1.524 mm. This makes the pro-
duction cheaper and enables integration with standard printed circuit boards. 
The upper substrate is a Rogers RO3003 with a lower relative permittivity 
than FR-4, this to increase the radiation properties of the complete antenna. 

The resonance frequency covers the 2.45 GHz ISM-band and within this 
frequency band, the antenna has a radiation efficiency of between -0.79 dB 
and -2.82 dB.  
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8.4 Paper IV: Empirical Tests of Wireless Sensor 
Network in Jet Engine Including Characterization of 
Radio Wave Propagation and Fading 
Mathias Grudén, Magnus Jobs, Anders Rydberg  

This paper is a part of the WiseJet project and aims to describe the radio 
environment inside a jet engine as well as the empirical tests performed with 
the WSN inside the jet engine. Simulations using the full wave EM-
simulator, CST Microwave studio is performed using rudimentary jet engine 
model after which measurements are performed on a half scale model of the 
jet engine. The average path loss is calculated and the characteristic of the 
fading is extracted. Since the simulated model cannot have any moving 
parts, one of the difficulties in this paper is to acquire simulated data to cor-
respond to a time domain measurements with moving parts. This is solved 
by acquire data along a circle inside the engine. Each lap of the circle where 
the data is acquired from corresponds to one revolution of the engine.  

The measurements are performed with the turbine rotating at two different 
speeds, 30 and 60 rpm. It is seen in the time domain measurements that the 
fading is twice as fast for 60 rpm in relation to 30 rpm. This leads to the con-
clusion that it is possible to measure at these rotation speeds and scale the 
fading to full speed of the engine, which is about 10 000 rpm. When doing 
this scaling, it is possible to investigate the shortest time between two con-
secutive fading dips. In the measurements, the shortest time is between 126 
and 295 s. Also, the fading in the simulations agree with the measured in 
the half scale engine and the k-factor varies from about 1 to 15. The effects 
of using circular polarized antennas are also investigated, but no improve-
ment regarding the fading is found. 

The final tests were performed with the WSN inside the jet engine. The 
conclusions are that the WSN survived the environment and the total loss of 
data is in the range of 2.8-10.5%.  

8.6 Paper V: Design and Evaluation of a Conformal 
Patch Antenna Array for use with Wireless Sensor 
Network inside Jet Engines 
Mathias Grudén, Magnus Jobs and Anders Rydberg 

The paper describes the design, manufacturing and verification of the re-
ceiver antenna used in the project with WSN in jet engines. The system 
transmits the information from the inside of the jet engine to the receiver 
outside the air intake. To ensure a robust communication with the external 
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receiver a good antenna had to be designed. Since the antenna is positioned 
in an environment with extremely high velocity of the airflow, the antenna 
must be designed with an extremely low profile. In this situation, a patch 
antenna array is designed on an ultra-thin substrate, Rogers ULTRALAM 
3850.  

In the paper, the antenna is designed and simulated as well as manufac-
tured and verified. The measured radiation efficiency agrees well with the 
simulated. However, the radiation efficiency is low, -13dB. This is mostly 
due to the thickness of the substrate. Since the substrate is only 0.1 mm, the 
E-fields inside the substrate are extremely large, hence high losses. The sim-
ulated and measured radiation patterns agree well.  

A feature with this substrate is the flexibility of the substrate. Since it is 
very flexible, the antenna can be attached onto surfaces with small curve 
radius.   

8.7 Paper VI: Large Ad Hoc Shielded Room with 
Removable Mode Stirrer for Mobile Phone Antenna 
Tests 
Mathias Grudén, Paul Hallbjörner and Anders Rydberg 

In this paper, a large reverberation (RC) is designed and verified. The RC 
can be used to measure antenna performance (radiation efficiency etc.) and 
various parameters for MIMO systems. The lowest usable frequency of the 
chamber is related to the size of the chamber. This means, a larger chamber 
can measure at lower frequencies. The larger chamber gives also the possi-
bility of measure antennas on real persons.  

Since the RC in this case is a shared room, the interior must be mobile. 
With this specification, a mode stirrer is designed to be light weight and 
mobile. In most other chambers, the stirrers are made of solid metal, in this 
chamber a metal mesh is used as the reflective surfaces. In the paper, the 
shielding properties of the metal mesh are tested.  

The verification of a chamber is performed by measure the received sig-
nal in the time domain and the frequency response of the chamber. The 
combination of these shows how well the chamber performs. Also, meas-
urements are performed with an empty chamber and with one person and or 
two persons inside the chamber. The measurements show that the chamber is 
fully working between 400 MHz and 4 GHz. 
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8.8 Paper VII: Sample-Selection Method for Arbitrary 
Fading Emulation Using Mode-Stirred Chambers 
Juan D. Sánchez-Heredia, Mathias Grudén, Juan-F. Valenzuela-Valdés, 
David A. Sánchez-Hernández 

This paper is the first paper which is describing the theory behind sample 
selection. In this paper, the sample selection is based on using genetic algo-
rithms (GA).  

The radio environment inside a fully working RC chamber is isotropic 
and the amplitude distribution of the signal can be described by a Rayleigh 
shaped PDF. The drawback with this measurement method is that real envi-
ronments usually not have these properties. The amplitude distribution in 
most other environments can be described by a Rician PDF. This PDF exists 
when there is a strong incidental component in relation to the other waves. 
This type of environment can be emulated inside the RC by using absorbing 
materials, hence, reducing the incident waves from a certain direction.  

In this paper, an antenna is measured inside an unmodified RC. From the 
acquired data set, a subset of samples is selected. This subset has a PDF cor-
responding to a Rician environment with a stronger line of sight component 
in relation to the incident waves. The target distributions are both ideal PDFs 
and measured distributions. Also, two of the distributions have different 
mean powers than the initial distributions. In the paper, it is seen that these 
two distributions cause some problem for the method. A larger number of 
samples are discarded in these cases.  

The paper shows the possibilities by using the GA to select samples from 
a data set wherein the resulting PDF have any desired shape as long as the 
mean power of the subset is not affected.  

8.9 Paper VIII: Sample Selection Algorithms for 
Enhanced MIMO Antenna Measurements using Mode-
Stirred Reverberation Chambers 
Adoracion Marín-Soler, Mathias Grudén, Juan D. Sánchez-Heredia, Paul 
Hallbjörner, Juan F. Valenzuela-Valdés, David A. Sánchez-Hernández and 
Anders Rydberg 

This paper is along with Paper VIII presents the sample selection algorithms. 
In this paper the linear method is defined along with the hybrid method. 
These two methods are compared with the GA, presented in Paper VIII. 

In this paper, the aim is to demonstrate the possibilities of the sample se-
lection techniques which is used to emulate an arbitrary PDF based on 
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measured data from an RC. Three methods are tested genetic algorithm 
(GA), linear and a hybrid of these two. The methods have been validated for 
MIMO antenna parameters such as the MIMO capacity. It is seen in the pa-
per that the three methods have different computational times and accura-
cies. The accuracy is adequate for the most cases and there is also a trade of 
between the accuracy and computational time. The best method described in 
this paper is the hybrid method. It utilizes the speed of the linear method and 
the accuracy of the GA.  
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9. Summary in Swedish 

Denna avhandling behandlar trådlösa sensornätverk, antenner till dessa och 
teknik för emulering av radiomiljö i reverberationskammaren. Trådlösa sen-
sornätverk har på senare tid kommit att revolutionera möjligheterna att kun-
na mäta förlopp som har varit svåra eller omöjliga att mäta. I denna avhand-
ling används trådlösa sensornätverk för att övervaka tåg för att möjligöra 
proaktivt underhåll på godsvagnar samt för att realtidsövervaka jetmotorer. 
Den parametern som har övervakats på tåg är hjullagertemperaturer. I det 
senaste testet ombord på tåg har temperaturerna överförts trådlöst från sen-
sornoder monterade i närheten av hjullagerkåpan på boggin till en central 
enhet ombord på tågvagnen. Denna centrala enhet kommunicerar lokalt med 
hjulnoderna på det fria ISM-bandet på 2.45 GHz och externt, för att överföra 
data till Trafikverket, med RFID på 868 MHz. Denna centrala enhet är aktiv, 
men RFID-läsaren som är placerad bredvid järnvägen ser enheten som en 
passiv RFID-tag. För att få systemet att fungera som tänkt behöver man 
bland annat lösa frågor kring vågutbredning, dvs. vilken karaktär fädningen 
har samt vågutbredningsförluster. Under de tester som genomförts har det 
visat sig att radiokommunikationen och energitillgången varit de stora svå-
righeterna att hantera. 

Den andra applikationen där trådlösa sensornätverk används i denna av-
handling är för att realtidsövervaka jetmotorer. I detta scenario används sen-
sornätverket för att ersätta ett trådbundet telemetrisystem. Det trådbundna 
telemetrisystemet som används idag av flygmotorindustrin tar i vissa fall upp 
till ett halvår att montera i en motor som ska testas. Mycket av den tiden som 
krävs för monteringen går åt till att limma trådar i motorn. Detta motiverar 
användandet av trådlös teknik för att överföra informationen från motors inre 
till en yttre mottagare. Denna miljö är ännu mer fysiskt och elektromagne-
tiskt besvärlig än tåget för trådlösa sensorer. I detta projekt har trådlösa sen-
sorer placerats på första rotordisken i en RM12-motor, som annars används i 
JAS 39 Gripen. Detta medför att sensornoderna och sensorerna monteras på 
de roterande delarna, vilket sätter extremt höga krav på funktionalitet och 
hållfasthet. Även i detta projekt krävs studier av radiovågutbredning, men i 
detta fall inuti motorn. På grund av de många roterande delarna visar mät-
ningar att miljön är extremt snabbt fädande. I de snabbaste fädningsfallen är 
det endast ca 130 μs mellan två fädningsminima. När de praktiska testerna 
genomfördes resulterade detta i ca 2 % paketförluster. 
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Till dessa två applikationer har även antenner utvecklats för att tåla varje 
specifik miljö. I fallet för tåget ligger fokus på att få en antenn som fungerar 
över längre avstånd (10-30 m). För sensorerna i jetmotorn har en antenn 
utvecklats som är böjbara. Detta är viktigt då mottagarantenn monteras på 
insidan av jetmotorns krökta ytterhölje och måste ligga plant mot ytan för att 
inte störa luftströmmar. För tågmiljön krävs det att antennen är liten, robust 
samt mer rundstrålande för att nå den centrala enheten oavsett var den är 
placerad. 

För att kunna mäta egenskaper hos antenner har även en stor reverbera-
tionskammare designats. Denna reverberationskammare har utvecklats i 
syfte att kunna mäta antenner med personer i kammaren, samt på låga fre-
kvenser. Storleken är viktig då den nedre gränsfrekvensen är omvänt propor-
tionell mot storleken av kammaren, dvs. vid låga frekvenser behövs en stor 
kammare. Vad som är unikt för denna kammare är att istället för att bygga 
omrörare av solida metallplåtar är dessa bygga av metallnät. Detta är i syfte 
för att kunna göra omröraren både lätt och flyttbar. Kammaren har full funk-
tion mellan 400 MHz och 3 GHz, och klarar samtidigt av att ha flera perso-
ner i kammaren utan att signifikant tappa noggrannheten i mätningarna.  

För att kunna emulera olika radiomiljöer i reverberationskammare har en 
teknik utvecklats för att välja ut vissa uppmätta sampel från en större data-
mängd, så kallad sample selection. Syftet med metoden är att återskapa hur 
en antenn fungerar i önskad miljö utan att använda dämpande material i 
kammaren. Reverberationskammaren ger under ideala förhållanden en Ray-
leigh-fördelad fädning när det gäller amplituden. Med sample selection-
tekniken kan man från en Rayleigh-fördelad datamängd välja ut vilka mät-
punkter som tillsammans bildar en godtycklig och fördefinierad sannolik-
hetsfunktion (Probability density function, PDF). I detta fall har Rice-
modeller används som målfördelning tillsammans med fördelningar som är 
uppmätta med antenner placerade på människor i en stor reverberations-
kammare. Den linjära algoritmen som presenteras i avhandlingen är en snabb 
och enkel metod för att välja ut en mängd data från en ursprunglig data-
mängd. 



 71 

Acknowledgements 

During the past years I have met many people that has inspired, encouraged 
and supported me to make this thesis possible. It has been a long journey and 
I am truly thankful to all the people that I have met. 
  

First, I would like to thank VINNOVA for supporting both the projects in 
Uppsala Vinn Excellence Centre for Wireless Sensor Network, WISENET 
(WSN aboard trains) and WiseJet (WSN in jet engines). 

 
I would also like to thank my supervisor, Professor Anders Rydberg, and 

my colleagues Dr. Robin Augustine, Dr. Dragos Dancila and Dr. Sujith  
Raman. Also, I would like to thank Prof. Jörgen Olsson for giving me valu-
able feedback for this thesis 

 
I also would like to thank all the staff at the Division of Signals and Sys-

tems and Solid State Electronics. In particular, I would like to thank Adrian 
Bahne, Annea Barkefors, Simon Berthilsson, Rikke Apelfröjd, Fredrik 
Bjurefors, Doc. Tomas Olofsson and Marcus Ericsson. I have truly enjoyed 
all our interesting (and often weird) discussions.  

 
I also would like to express my deepest gratitude to my former col-

leagues, Doc. Paul Hallbjörner, Dr. Shi Cheng, and Dr. Xin Hu, for all their 
support, inspiration and interesting discussions.  

 
In the project of WISENET onboard train I would like to thank Roger By-

ström, Lennart Andersson and Ulf Hellström at Trafikverket for all their help 
and support, and Mikael Hedgårds with his crew at Infranord AB for all their 
mechanical help realizing the WSN trial onboard the train. I also thank Kjell 
Brunberg and Erik Jansson at UPWIS AB and Janis Platbardis at SensiNet 
AB for their contributions with the hardware for the wireless sensor net-
works. 

 
Also, I would like to thank all my former colleagues and friends in Cart-

agena and Murcia in Spain, Prof. David A. Sánchez-Hernández, Dr. Juan D. 
Sánchez-Heredia, Dr. Juan F. Valenzuela-Valdés and Antonio José, Lozano 
Guerrero. 

 



 72 

In the project with WSN in jet engines (WiseJet) I would like to thank Ja-
kob Viketoft, Marcus Gunnarsson, Dr. Peter Nilsson, and Are Björneklett at 
ÅAC Microtech AB, and Sebastian Wallman, Dr. Melker Härefors, Sanel 
Senkic, Niklas Harryson, Edvard Svenman, Olof Hannius and Anders Lind-
blom at GKN Aerospace Engine Systems Sweden (Former Volvo Aero Cor-
poration). 

 
Finally, I want to thank my family and Sophia for all your love and end-

less support. Without you, this thesis would not have been written. 
 
Mathias Grudén 
February 2014 



 73 

Bibliography 

1. S. Drude, "Requirements and Application Scenarios for Body Area Net-
work",Mobile and Wireless Communications Summit 2007. 16th IST, Page(s): 
1-5, 2007. 

2. D.-M. Han, J.-H. Lim, "Smart Home Energy Management System using IEEE 
802-15.4 and Zigbee", Consumer Electronics, IEEE Transactions on, Vol.: 56, 
Issue: 3, Page(s): 1403-1410, 2010. 

3. M. Kande, J. Sundaravaradan, A. Ray, V. Narayanan, "Energy Efficient Envi-
ronment Control System Using Wireless Condition Monitoring", Emerging 
Technologies for a Smarter World (CEWIT), 2011, 8th International Confer-
ence & Expo on, Page(s): 1-4, 2011. 

4. M. Erol-Kantarci and H.T. Mouftah, "Wireless Sensor Networks for Cost-
Efficient Residential Energy Management in the Smart Grid", Smart Grid, IEEE 
Transactions on, Vol.: 2, No.: 2, June 201 

5. T. Harms, S. Sedigh, and F. Bastianini, "Structrucal Health Monitoring of 
Bridges Using Wireless Sensor Networks", Instrumentation & Measurement 
Magazine, IEEE, Vol.: 13, Issue: 6, Page(s): 14-18, 2010. 

6. W. H. Sneed, R. L. Smith, "On-board Real-Time Railroad Bearing Defect De-
tection and Monitoring", Railroad Conference, 1998, Proceedings of the 1998 
ASME/IEEE Joint, Page(s): 149-153, 1998. 

7. R.R. Newman, R.C. Leedham, J. Tabacchi, D. Purta, G.G. Maderer, R. Galli, 
"Hot Bearing Detection With the SMART-BOLT" Railroad Conference, 1990, 
Technical Papers Presented at the 1990 ASME/IEEE Joint, Page(s): 105-110, 
1990. 

8. E. Walton , J. Young , J. Moore and K. Davis "EM propagation in jet engine 
turbines", Annu. Meeting Symp. Antenna Meas. Tech. Assoc., 2006. 

9. A. Sorrentino, G. Ferrera, M. Migliaccio, "The Reverberating Chamber as a 
Line-of-Sight Wireless Channel Emulator", Antennas and Propagation, IEEE 
Transactions on, Vol.: 56, Issue: 6, Page(s): 1825-1830, 2008. 

10. M. Lundmark, R. Serrano Calvo, P.-S. Kildal and C. Orlenius, "A Solid Hand 
Phantom for Mobile Phones and Results of Measurements in Reverberation 
Chamber", Antennas and Propagation Society International Symposium, 2004, 
IEEE, Vol.: 1, Page(s): 719-722, 2004. 

11. C.L. Holloway, D.A. Hill, J.M. Ladbury, P.F. Wilson, G. Koepke, J. Coder, "On 
the Use of Reverberation Chambers to Simulate a Rician Radio Environment 
for the Testing of Wireless Devices", Antennas and Propagation, IEEE Transac-
tions on, Vol.: 54, Issue: 11, Page(s): 3167-3177, 2006. 

12. Christphe Lemoine, Emmanuel Amador, Philippe Besnier, "On the K-factor for 
Rician Channel Simulated in Reverberation Chamber", Antennas and Propaga-
tion, IEEE Transactions on, Vol.: 59, Issue: 3, Page(s): 1003-1012, 2011. 

13. R. O. Duda, P. E. Hart, and D. G. Stork, Pattern Classification, 2nd ed. New 
York: Wiley, 2001. 

14. C.A Balanis, Antenna Theory - Analysis and Design, 3rd ed., Wiley & Sons, 
2005. 



 74 

15. Simon R. Saunders, Alejandro Aragón-Zavala, Antennas and Propagation for 
Wireless Communication Systems, 2nd ed.Wiley and Sons, 2007. 

16. C. L. Holloway, D. A. Hill, J. M. Ladbury, P. F. Wilson, G. Koepke, and J. 
Coder, “On the use of reverberation chambers to simulate a rician radio envi-
ronment for the testing of wireless devices,” IEEE Trans. Antennas and Propa-
gation., vol. 54, no. 11, pp. 3167–3177, Nov. 2006. 

17. A.D. Panagopoulos, K.P. Liolis, and P.G Cottis, "Rician K-factor Distribution 
in Broadband and Fixed Wireless Access Channels under Rain Fades", IEEE 
Communication Letters, vol.: 11, no. 4. pp.301-303, 2007. 

18. X. Hu, Y.Zhang, Y. Jia, S. Zhou, and L. Xiao, "Power Coverage and Fading 
Characteristics of distributed Antenna Systems", in Proceedings 4th International 
Conference on Communication Network, China (ChinaCom), 2009, pp.1-4. 

19. D.M. Pozar, Microwave Engineering, 3rd ed. John Wiley & Sons, 2005 
20. IEEE Standard Test Procedures for Antennas 
21. G. Jarboe, H. Thomases, M. Smith, C. Treadaway, D. Evans, "Networking 

Complete, 3rd Ed.", Sybex Inc. Alameda, California, USA, 2002. 
22. Z.G. Wan, Y.K. Tan, C. Yuen, "Review on Energy Harvesting and Energy 

Management for Sustainable Wireless Sensor Networks," Communication 
Technology (ICCT), 2011 IEEE 13th International Conference on, Page(s), 362-
367, 2011. 

23. R.R. Rout, S.K. Ghosh, "Enhancement of Lifetime using Duty Cycle and Net-
work Coding in Wireless Sensor Networks", Wireless Communications, IEEE 
Transactions on, Vol.: 12, Issue: 2, Page(s): 656-667, 2013.]. 

24. P.D. Mitcheson, T.C. Green, E.M. Yeatman, A.S. Holmes, "Architecture for 
Vibration-Driven Micropower Generators", Journal of Microelectromechanical 
Systems, vo. 13, No. 3, June 2004 

25. J.A. Paradiso, T. Starner, "Energy Scavenging for Mobile and Wireless Elec-
tronics", Pervasive Computing, IEEE, Vol.:4, Issue: 1, Page(s): 18-27, 2005 

26. B. Sklar, Digital Communications - Fundamentals and applications, 2nd ed., 
Prentice Hall, New Jersey, 2006 

27. M. Grudén, M. Jobs and A. Rydberg, "Diversity Techniques for Robustness and 
Power Awareness in Wireless Sensor Systems for Railroad Transport Applica-
tion", Book chapter in Sustainable Wireless Sensor Networks, InTech Open, 
ISBN: 978-953-307-297-5. 

28. I EEE 802.15.4-2006 standard, http://standards.ieee.org/getieee802/ download/ 
802.15.4-2006.pdf Link available 2014-02-05] 

29. EPC Global (2008) version 1.2.9, EPC Class-1 Generation-2 UHF RFID Proto-
col for Communications at 860 MHz – 960 MHz, http://www.gs1.org/ 
gsmp/kc/epcglobal/uhfc1g2/uhfc1g2_1_2_0-standard-20080511.pdf, Link 
available 2014-02-05 

30. M. Grudén, "Wireless Sensor Network and Radio Wave Propagation in Harsh 
Environments", Licentiate Thesis, Uppsala University May 2012" 

31. M. Grudén, M. Job and A. Rydberg, "Measurements and Simulations of Wave 
Propagation for Wireless Sensor Networks in Jet Engine Turbines", Antennas 
and Wireless Propagation Letters, IEEE, Vol. 10, Page(s): 1139-1142, 2011 

32. P. Corona. G. Latmiral. E. Paolini and L. Piccioli, "Use of a Reverberating En-
closure for Measurements of Radiated Power in the Microwave Range", Transac-
tions on Electromagnetic Compatibility, IEEE, Vol. 18, No. 2, May 1976 

33. C.L. Holloway, P. F. Wilson, G. Koepke and M. Candidi, "Total Radiated Pow-
er Limits for Emission Measurements in a Reverberation Chamber", Electro-
magnetic Compatibility, 2003 IEEE International Symposium on, Vol.: 2, 
Page(s): 838-843, 2003 



 75 

34. P.-S. Kildal and K. Rosengren, "Correlation and Capacity of MIMO systems 
and mutual coupling, radiation efficiency and diversity gain of their antennas: 
Simulations and measurements in reverberation chamber", IEEE Communica-
tion Magazine, Vol. 42, No. 12, Dec. 2004 

35. C. Orlenius, P.-S. Kildal, G. Poilasne, "Measurements of Total Isotropic Sensi-
tivity and Average Fading Sensitivity of CDMA Phones in Reverberation 
Chamber", Antennas and Propagation Society International Symposium, 2005 
IEEE, Volume: 1A, Page(s): 409-412, 2005 

36. H.-J. Åsander, G. Eriksson, L. Jansson, H. Åkermark, "Field Uniformity Analy-
sis of a Mode Stirred Reverberation Chamber Using High Resolution Computa-
tional Modelling", Electromagnetic Compatibility, 2002, EMC 2002, IEEE, In-
ternational Symposium on, Vol. 1, Page(s): 285-290, 2002. 

37. M.L. Crawford, G.H. Koepke, "Design, evaluation, and use of a reverberation 
chamber for proforming electromagnetic susceptibility/vulnerability measure-
ments", NBS Technical Note 1092, April 1986 

38. C. Monteverde, G.H. Koepke, C.L. Holloway, J.M. Ladbury, D.A. Hill, V.M. 
Primiane, P. Russo, "Source stirring technique for reverberation chambers; ex-
perimental investigation", Electromagnetic Compatibility EMC Europe, 2008, 
International Symposium on, Page(s): 1-6, 2008 

39. K. Rosengren, P.-S. Kildal, C. Carlsson, J. Carlsson, "Characterization of An-
tennas for Mobile and Wireless Terminals by using Reverberation Chambers: 
Improved Accuracy by Platform Stirring", Antennas and Propagation Society 
International Symposium, 2001, IEEE, Page(s): 350-353, vol. 3, 2001 

40. P.-S. Kildal, C. Carlsson, "Study of Polarization Stirring in Reverberation 
Chambers used for Measuring Antenna Efficiencies", Antennas and Propagation 
Society International Symposium 2002, IEEE, Page(s): 486-489, 2002 

41. A. Loughry, “Frequency stirring: an alternative approach to mechanical mode-
stirring for the conduct of electromagnetic susceptibility testing”, Philips Lab., 
Tech. Report PL-TR-91-1036, 1991 

42. P. Hallbjörner, S. Cheng and A. Rydberg, "Reverberation Chamber for Accurate 
Antenna Measurements within 2-30 GHz," in Proc. 37th European Microwave 
Conference, 2007, Munich Germany, 9-12 Oct., 2007, page(s): 78-82.] 

43. J.G. Kostas, B. Boverie, "Statistical Model for a mode-Stirred Chamber", Elec-
tromagnetic Compatibility, IEEE Transactions on, Vol.: 33, Issue: 4, Page(s): 
366-370, 1991 

44. M. Lundmark, R. Serrano Calvo, P.-S. Kildal and C. Orlenius, "A Solid Hand 
Phantom for Mobile Phones and Results of Measurements in Reverberation 
Chamber", Antennas and Propagations Society International Symposium 2004, 
IEEE, Vol. 1, Page(s): 719-722, 2004 

45. R.E. Richardson Jr., "Mode-Stirred Chamber Calibration Factor, Relaxation 
time and scaling laws", Electromagnetic Compatibility, IEEE Transactions on, 
vol. 34, no.4, page(s):573-580, 1985 

46. F. Leferink, H. Bergsma, and W. van Etten, "Shielding effectiveness measure-
ments using a reverberation chamber, " in Proc. 17th Int. Zurich Symp. Elec-
tromagnetic Compatibility, 2006 

47. K.F. Casey, "Electromagnetic shielding behaviour of wire-mesh screens," Elec-
tromagnetic Compatibility, IEEE Transactions on, vol.: 30, No.: 3, page(s): 298-
306, Aug 1988 

48. S.R. Saunders, A. Aragón-Zavala, Antennas and Propagation for Wireless 
Communication Systems, 2nd ed., Wiley & Sons, 2007 

 




	List of Papers
	Related Papers
	Abbreviations
	1. Introduction
	1.1 Wireless Sensor Networks
	1.1.1 WSN aboard Trains
	1.1.2 WSN in Jet Engines
	1.2 Reverberation Chambers
	1.3 Thesis Outline

	2. Radio Wave Propagation and Antennas
	2.1 Radio Wave Propagation
	2.1.1 Single Path Propagation
	2.1.2 Multi Path Propagation and PDFs

	2.2 Antenna Parameters
	2.2.1 Matching
	2.2.2 Radiation efficiency
	2.2.3 Radiation Patterns


	3. Design Aspects of Wireless Sensor Networks
	3.1 Network Topology
	3.2 Energy Management
	3.3 Energy Scavenging
	3.3.1 Energy Scavenging Devices

	3.4 Communication
	3.5 Sensors

	4. Wireless Sensor Networks aboard Trains
	4.2 The First Investigation
	4.2 The Second Investigation
	4.3 Discussion and Conclusions

	5. Wireless Sensor Networks in Jet Engines
	5.1 System Design
	5.2 External Effects on the Electronics
	5.3 Wave Propagation in Jet Engines
	5.4 Final Tests
	5.6 Discussions and Conclusions

	6. Antenna Designs
	6.1 The Train Wagon Antenna
	6.2 Antenna in Jet Engine

	7. Reverberation Chamber
	7.1 Chamber Limitations
	7.2 Mode Stirring
	7.3 Probability Distributions
	7.3.1 Absorbers in the Chamber

	7.4 Applications
	7.4.1 Large Reverberation Chamber for on body Measurements
	7.4.2 Emulation of Scenarios

	7.5 Discussion and Conclusions
	7.5.1 The Reverberation Chamber
	7.5.2 The Sample Selection


	8. Summary of Papers
	8.1 Paper I: Field Operational Testing for Safety Improvement of Freight Trains using Wireless Monitoring by Sensor Network
	8.2 Paper II: Reliability Experiments for Wireless Sensor Networks in Train Environment
	8.3 Paper III: Deployment of a Miniaturized Patch An-tenna for Easy Deployment on Metal surface
	8.4 Paper IV: Empirical Tests of Wireless Sensor Network in Jet Engine Including Characterization of Radio Wave Propagation and Fading
	8.6 Paper V: Design and Evaluation of a Conformal Patch Antenna Array for use with Wireless Sensor Network inside Jet Engines
	8.7 Paper VI: Large Ad Hoc Shielded Room with Removable Mode Stirrer for Mobile Phone Antenna Tests
	8.8 Paper VII: Sample-Selection Method for Arbitrary Fading Emulation Using Mode-Stirred Chambers
	8.9 Paper VIII: Sample Selection Algorithms for Enhanced MIMO Antenna Measurements using Mode-Stirred Reverberation Chambers

	9. Summary in Swedish
	Acknowledgements
	Bibliography



