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Sammanfattning
Denna licentiatavhandling presenterar ett avancerat trådlöst system, byggd
på en gemensam hårdvaruplattform, för tillämpning inom medicin och hälsa.
För att designa ett gemensamt system, anpassat för flera olika sammanhang,
krävs en noggrann systemspecifikation.

De tekniska kraven vidimeras genom faktiska tester i den omgivning som
systemet är avsett för. Resultatet av provmätningarna ger en uppfattning om
det finns möjligheter att ta fram ett verkligt system och utgör också ett un-
derlag för att ta fram empiriska formler som kan ligga till grund för ytterli-
gare utveckling och verifiering.
Sammanfattningsvis har detta arbete omfattat en större mätserie och delsy-
stemen har verifierats för utvecklingen av det trådlösa systemet på en hård-
varuplattform. Detta system kan användas vid olika mätningar inom medi-
cin, hälsa och räddning.
Tidigare system för uthållighetstester har begränsningar i att de inte är an-
passade till olika storlekar av däggdjur samt att de har brister i kvantifiering
av data och skalbarhet.
Det utvecklade systemet har validerats på möss och människor. För möss var
mätparametrarna hormonet dopamin och rörelse (locomotion). För männi-
skor mättes tiden på en given sträcka. Båda valideringarna visade hög korre-
lation med respektive referensmetod. Korrelations-koefficienter för ”möss”,
mellan det utvecklade systemet och det tidigare systemet, var i intervallet
0,916 till 0,967. I valideringen med människor klockades löpare både med
systemklockan och manuellt. Den lägsta korrelations-koefficienten var
0,864. Fördelar med det utvecklade systemet är att det är skalbart och att det
mäter aktivitetsnivån kvantitativt i enheten meter och att det kan användas
för däggdjur av olika storlek i olika miljöer.

För sökapplikationer (trackers) för räddning är det viktigt att den utsända
signalen kan detekteras på så långt avstånd som möjligt. Ett stöd i konstrukt-
ionsarbetet är kunna simulera utbredningsdämpningen. För detta behövs en
”path loss” exponent som beräknades efter en mätserie. Resultatet visade att
exponenten för höjdberoende minskar med antennhöjden ovanför vattenytan.
För frekvensen 200 MHz är exponenten för höjdberoende 0,4 (vertikal pola-
risation) och 1,5 (horisontell polarisation). För avståndsberoende är expo-
nenten 3,59 (vertikal polarisation) och 3,22 (horisontell polarisation). ”Path
loss” exponenten är 2 för både mark- och frirymdsmodellen.

En antenns fysiska dimensioner bestäms främst av den lägsta fre-
kvensen. Forskningens mål var att minska den fysiska storleken ge-
nom att införa en resonansfrekvens. Antennens fysiska längd var från
början 0,43 meter, givet den lägsta frekvensen som används (0,7
GHz), och antennen minskade i storlek till 0,22 meter.
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Abstract
This licentiate thesis presents an advanced wireless system, built on a single
hardware platform, for applications in medicine and health. In order to de-
sign a single system, adaptable for different context, an accurate system
specification is required.

The technical requirements are authenticated by actual tests in the envi-
ronment where the system is intended to be used. The results of these meas-
urements give an understanding of the possibilities of designing a real sys-
tem but also acts as a base for deriving the empirical formulas to be used as
the basis of the development and verification.
In summary, this work has included a larger measurement campaign and a
verification of subsystems to support the development of wireless systems
on a single hardware platform. This can be used for different measurements
in medical healthcare and rescue work.
Previous systems for endurance tests have limitations in that they are not
adapted to different sizes of mammals and they also have shortcomings in
the quantification of data and scalability.
The developed system was validated on mice and humans. On mice the
measurement parameters was the hormone dopamine and locomotion. For
humans it was measured time for given distances. Both validation tests
showed high correlation with the respective reference methods. The correla-
tion coefficients of mice between the developed system and the former sys-
tem ranged from 0.916 to 0.967. In the validation with humans, runners were
clocked by the system clock and a manual stop watch. The lowest correlation
coefficient was 0.864. Advantages with the developed system is that it is
scalable and measures the activity level quantitatively in the unit meters and
it can also be used for different sizes of mammals in different environments.

In tracking devices for rescue it is important that the transmitted signal
can be detected at distances as large as possible. A support in the design
work is to simulate path loss. This requires a path loss exponent, which was
calculated after the measurement campaign. The results showed that the
exponent of the height dependency decreases with antenna height above
water. For the frequency 200 MHz, the exponent for the antenna height is
0.4 (vertical polarization) and 1.5 (horizontal polarization). For the distance
dependency, the exponent was 3.59 (vertical polarization) and 3.22 (horizon-
tal polarization). The path loss exponent is 2 for both the free space- and the
ground reflection model.

An antenna’s physical dimension is to a large extent dependent on the
lowest  frequency.  The  research’s  aim  was  to  reduce  the  physical  size  by
introducing a resonance frequency. The physical length was from the begin-
ning 0.43 meter  given by the lowest  frequency used (0.7 GHz) and the an-
tenna was reduced in size to 0.22 meter.
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Introduction

The combined work comprises practical antenna measurements and the use
of propagation models intended for designing a wireless system.

Between 2009 and 2013, there were approximately 100 people reported
drowned each year in the lakes of the inland and along the coast. The prob-
lem is that many of those who have fallen in the water have not worn a life
jacket. The statistics is from (Svenska Livräddningssällskapet, 2015). One
way to reduce the amount of drowning can be to track the people in distress
faster.

However,  before  a  design  of  a  tracking  system  starts,  it  is  necessary  to
know how the radio waves propagate in the proposed environment. This is
input for the system and antenna design. In wireless communication the an-
tenna has a huge impact of the system functionality.  Therefore it is of great
importance to choose a correct antenna design. Several designs exist such as
Ultra Wide Band (UWB) antenna. One type of UWB is called Vivaldi, and is
explained by Gibson (1979) and used in Paper B. There are also small band
antennas called monopole.  They are used in many radio frequency applica-
tions as for remote controlling.

The UWB antenna is used in many ways, like in radar context by Ya-
rovoy et al., (2006), or in radar through wall study by Yang et al., (2008). A
broad band antenna has a wide frequency range (500 MHz). Sany (2010)
shows at page 3 the theory of calculation the bandwidth. Another application
can be, a radiating antenna used to send out a wide frequency spectrum to
intentionally disturb radio communications.

From combined knowledge of a radio wave propagation and antenna
measurement the wireless system can be designed.

The goal of paper A is to measure propagation channels over open water.
The data from the study should be input for a paging system for tracking
distressed at lakes. The measured channel is used to determine range (dis-
tance between transmitter and receiver) and height dependency (antenna
placement over water).

In paper B, the performance of a designed ultra wide band antenna has
been measured to test radio communication in modern cars. Having vehicles
wirelessly communicate with each other is a way to reduce the number of
traffic accidents. Examples of this wireless communication between cars are
in the articles (CAR 2 CAR, 2015) and Andersson (2013). Andersson is also
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showing a validation method of the wireless communication. That is by plac-
ing radiating antennas around the car to disturb the car’s radio communica-
tion and thereby acquire knowledge of the design’s sensitivity. More infor-
mation about wireless radiating systems in different environments is found
in page 241 (Rohde&Schwartz, 2012). Currently, the antennas placed around
the cars  are  large and have limited flexibility  in  small  test  rooms.  The aim
for this research is therefore to reduce the size of an ultra-wide band antenna
making the test setup more flexible.

The knowledge gained from the two studies was then used as an input for
the third study, which was to create a design to test the endurance of differ-
ent sizes of mammals using a wireless system. The preliminary study found
that there is a lack of concepts in wireless measurement systems which can
be used to efficiently handle medical performance studies of mammals. No
medical performance system has been found that is both expandable and has
the ability to quantitatively measure the activity level using standard SI units
(meters and seconds) for different sizes of mammals.

The system model used in this thesis can be seen in Figure 1. The model
comprises different technologies or parameters such as antenna, battery and
frequency. Every technology has an impact on the system. The relation be-
tween the chosen technology and the impact of the system is shown with
arrows.



3

Figure 1. A system model for how different technology choices affect the
design of a product.
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Related Work

Wireless safety measurement systems at sea
Sweden has nearly 100 000 lakes and long coastline. From south to north it
is approximately 150 000 km.

Sweden's municipalities have a responsibility to try to reduce water acci-
dents through preventive work. To prevent accidents one of several com-
mitments includes placing rescue equipment along the water line and also to
arrange free swimming training in elementary schools.

If an accident occurs along the coasts of Sweden, the relief effort usually
begins faster than if the accident happens at a lake. This is so because the
rescue units are more concentrated along the coast compared to the inland.

The organized sea rescue in Sweden comprises rescue units such as the
Coast Guard, Police, Municipal Emergency and Armed Forces. The Mari-
time Administration Service is the responsible authority.

Locating a distressed person is greatly facilitated if tracking equipment
can be used, especially under difficult weather conditions. Currently there is
no inexpensive system that caters to people who are only out on a lake once
or a few times a year. A system used for very active sailors and skilled
workers at sea is called the Cospas-Sarsat and comprises features for posi-
tioning. The system is based on satellites and earth stations, where the user,
for example, can carry a device called PLB (Personal Locator Beacon).
When the person falls into the water, a signal is sent to a rescue center. A
simple diagram of the system is shown in Figure 2. A brief description of the
Cospas-Sarsat system is made by the author BA Kalaria (2014).
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Figure 2. Cospas-Sarsat system overview.

A system that works only in or under the water comprises an ultrasound
transmitter (Pinger) in combination with a hydrophone (Ultra Finder). This
system is described in a patent by Miller (2001).

Other systems used for paging are direction finding systems intended
primarily for tracking animal. Figure 3 shows a commercial animal tracking
system comprising of a necklace transmitter and a handheld receiver.

Figure 3. Animal tracking device.
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A  system  for  locating  persons  in  distress  could  be  based  on  the  same
principle. Integration of an inexpensive transmitter in different types of life-
jackets, coats or other garments makes it possible to shorten the time for a
relief effort. However, transmitter and receivers at waters exist and a lot of
research  work  of  practical  measurement  results  for  radio  waves  over  water
has been performed previously as by Barrick (1970). Barrick presents practi-
cal measurements of transmission loss over open water (ocean) and also
surface impedance. The articles only mention larger antenna sizes which
cannot be implemented in a lifejacket.

A proven tracker system, available since the 1970s in the consumer mar-
ket, is called RECCO. This system is advantageously used to track people
who have disappeared in snow. The system comprises a reflector attached to
the skier and a beacon device (radar) used by the rescue squad. The article
by Modroo and Olehoeft (2004) describes the RECCO system.

Radar tracking is something that has long existed. The automotive indus-
tries are actively integrating sensors such as infrared cameras and radar in
automatic breaking systems. Schneider (2005) introduces a historical review
of the implementation of the automatic breaking of the vehicle. Already in
the early 1990s the Greyhound Bus had automotive radar.

Another way to increase traffic safety and creating a better traffic flow is
to allow vehicles to communicate with each other, so called car to car (C2C).
Another name for the exchange of information between vehicles is Coopera-
tive Intelligent Transport Systems (C-ITS).

Wireless measurement systems in health
Wireless measurement systems can also be used in health and medicine,
such as in investigations of physiological performance. Such investigations
are important steps in drug development. Drug development is a very tedious
process involving different measurements both invasive (drug concentration
in blood, blood sugar, hormones) and non-invasive as ECG, EMG and EEG
(Jacobssons, 2006).

When a study expands to include hundreds of mammals it is advanta-
geous  if  the  test  systems  are  flexible  and  scalable.  As  various  studies  are
compared, it is important that the measurement results use SI units. A very
simple physiological instrument is described by the authors Murphe et al.
(1974) and a more advanced video tracking system present by Zurn et al.,
(2005) and Noldus et al., (2001). Schuler et al., (2009) are describing in a
mouse an implanted telemetric transmitter which is used to study parameters
as blood pressure. Lampvärteein et al. (2001) describes a wireless endurance
measurement system for rodents. The system can handle up to 96 measure-
ment stations.
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Methodology

Research Questions

The aim of this licentiate thesis has been to investigate the following re-
search questions:

1)  Which frequency and polarization,  in  the range 0.2 GHz -  1  GHz,  is  the
most suitable to detect a missing person from a distance of more than 500
meters, and can the free space or the ground reflection model to describe
radio wave propagation over fresh water be in use?

2) Is it possible to reduce the physical size to half of the original size while
retaining lobe width and still get low reflection (S11) for an Ultra Wide-
Band (UWB) antenna?

3) Is it possible to use the same system design model to develop different
wireless measurement systems, to be used in various application areas?

Research Hypothesis

The hypotheses of this licentiate study are:

1) By implementing a practical measurement campaign, it is possible to ob-
tain an inductive knowledge of distance-dependency, height-dependency,
and electric field polarization of electromagnetic waves. This should give
an empirical formula for the system design.

2) It is possible to design an UWB antenna of half the original physical size,
with the original physical length of 0.43 meter given the lowest frequency
used (0.7 GHz).

3) It is possible to use one hardware system model to design wireless meas-
urement systems with different purposes; one to be used as a tracking
system for people in need of rescue, and one for quantitative measure-
ments of the activity level of mammals of different size.
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Theoretical and Practical Background

A short introduction to radio waves and antennas

Frequency choice
The use of radio frequency spectrum is always nationally regulated. In Swe-
den it is governed by PTSFS 2015 – Post och Telestyrelsen (2015) general
advice on the Swedish frequency plan. The basic rule is that all transmitters
require a permit. This includes mobile phones, WLAN and alarm transmit-
ters. The Swedish frequency plan is tailored to international decisions in the
EU and the (International Telecommunication Union, 2015). Despite at-
tempts to coordinate frequency use across the world it often ends up in a
division into three regions, Europe, South East Asia including Japan, and
USA, with differing frequency usage. For a product, it means that several
variants are required if it is to be sold worldwide.

In the allowed bands the rules comprise for example, maximum output
power (typically 10 mW, 25 mW or 500 mW) and duty cycle of pulsed
transmission. Duty cycle is the percentage of time that the transmitter is on,
i.e., pulse duration divided by cycle time. The rules vary between frequency
bands and have to be studied in more detail for each band. The standard adds
requirements for at least the frequency stability, temperature stability and
interference outside its own band.

ISM-Band
A number of bands are open for use in applications Industrial, Scientific, and
Medical (ISM), see table 1.
When it comes to radio communications within the ISM band, for example,
transmission power is  limited,  often to less  than 10 mW. A frequency plan
gives clear instructions concerning the applicable radio standards (i.e. tech-
nical requirements).
These terms, together with the requirements of the document ERC / REC 70-
03 states, among others, peak power and duty cycle.
Some requirements are intended to reduce interference between different
users, but no guarantee is given. It is the responsibility of the user to ensure
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that the communication works. In the 433 MHz band a 100 % duty cycle
(continuous transmission) is allowed for low power levels.

Countries follow the recommendations in the standards by European
Conference of Postal and Telecommunications Administrations (2015);
CEPT ERC / REC 70-03 to varying extent. In the described marine case, the
interference problems are expected to be smaller than in the  ”dense " envi-
ronments on land. The number of transmitters within reach of the tracking
equipment can be expected to be small. Most existing transmitters at 433
MHz do not have a continuous signal, which reduces the risk of interference.

Table 1. ISM frequencies ranging from 13 to 5875 MHz.
ISM-Band (MHz) Comment

13.553 - 13.567
27.283- 27.957
40.66 - 40.70
433.05 - 434.79 Europe
902 – 928 USA
2400 – 2450
5725 – 5875

International frequencies
Outside Europe, the frequencies 433 MHz and 868 MHz are not open. Many
products therefore use two alternative frequencies: 315 MHz and 915 MHz.
The two bands are open in most of the world outside Europe. The problem is
that  often,  for  example  in  the  U.S.,  a  much  lower  maximum  power  is  al-
lowed.

Other frequencies
In Sweden there is an also another frequency band for possible SAR applica-
tion as 151.5- 151.575 MHz and 868 MHz. A commonly used free band in
Europe is the 868 MHz band. In sub-band 869.4 - 869.65 MHz, a higher
power of 500 mW is allowed, and maximum duty cycle is 10 %.

Permitting process
In the EU, the process is simple. The manufacturer shall, by tests verify that
the transmitter meets the technical requirements and declare it. No later than
four weeks prior to the sale or use, the national frequency authority is noti-
fied so that they can decide whether the system follows the rules. If the re-
view is positive the equipment can be sold. International sales often require
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some form of authority approval or certification by a designated lab. In some
cases it may be performed in Sweden.

For some frequency ranges no special permit is needed, but it is still regu-
lated how a certain type of product may use the frequency band.

Emergency product overview
For distress an infrastructure is designed around a coherent system:
- Emergency Position Indicating Radio Beacon (EPIRB)
- Personal Locator Beacon (PLB)
- Emergency Locator Transmitter (ELT)
The system comprises ground stations and satellites that can locate distress
beacons in the satellite system Cospas-Sarsat. Frequencies used are 406
MHz to 406.1 MHz for satellites and 121.45 MHz to 121.55 MHz. Global
Maritime Distress and Safety System (GMDSS) is a system which comprises
EPIRB (see above) but also VHF radio. A number of other frequencies are
also allocated for emergency traffic, e.g. 242.95 MHz to 243.05 MHz.

Characteristics of radio waves
In vacuum a radio wave travels at constant speed. The length of a wave is
calculated by (1).

f
c

=l (1)

where c  is approximately 3*10^8 meters per second and f the frequency.
Figure 4 shows an electromagnetic wave with the E and H field perpendicu-
lar to each other and both perpendicular to the direction of propagation.
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Figure 4. Propagation of an electromagnetic wave.

Polarization
Polarization describes the orientation of the wave’s fields.
When the electrical field is vertical with respect to the surface of the earth
the wave is said to be vertically polarized. When the electric field is horizon-
tal the wave is said to be horizontally polarized.
The polarization of the antennas affects the received signal. Using a vertical
to vertical or horizontal to horizontal orientation makes a difference over
water. The horizontal orientation results in higher gain attenuation, shown by
Flam et al.,  (1994).

Intensity
This  is  the  term for  the  rate  at  which  a  radio  wave  carries  energy  through
space. It is defined as the amount of energy through space. It is defined as
the energy flowing per second through a unit of an area in a plane normal to
the direction of propagation. The intensity is directly related to the strengths
of the electric- and magnetic fields.

Atmospheric attenuation
In passing through the atmosphere radio waves may be attenuated by mech-
anisms such as absorption, Elfadil et al.,(2005) and (Stimson, 1983). Scatter-
ing diffuses the signal while absorption involves the resonance of the waves
with individual molecules of water, Norton (1959). Absorption increases the
molecular energy, corresponding to a slight increase in temperature, and
results in an equivalent loss of energy. Attenuation is less for snow or ice
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crystals because the molecules are tightly bound and do not interact with the
waves to the same extent as liquid water.

Shen and Wen (2010) have showed that electromagnetic radio waves that
propagate over water surfaces exhibit a different attenuation due the conduc-
tivity (impedance) variance. Fresh water has higher attenuation of backscat-
ter signal, figure 9.
Rainfall damping is a phenomenon relative to the rainfall rate and frequency
which results in increasing path loss that results in degrading of the system
performance, Malinga et al., (2013).

Beam width
The width of the main lobe is called beam width. The beam is generally not
symmetrical, so it is common to refer to the azimuth beam width and eleva-
tion beam width. It is measured between points where power has dropped to
one half of maximum (-3 dB). Regardless of how it is defined the width is
primarily  determined  by  the  size  of  the  antenna’s  frontal  area.  This  area  is
called aperture. Its dimensions width, height or diameter is gauged, not in
inches or centimeters; but in wavelengths of the radiated fields. Figure 5 is
showing beam width, and main lobe.
The larger the dimensions are in relation to the wavelength, the narrower the
beam in a plane through that dimension will be.

Figure 5. Main lobe approximately 210 to minus 330°. 3dB beam width from
60 to 120°.
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Validation of antenna
The designed monopole- and dipole antennas have been validated with two
simple methods. The first method analyzed the power sent out from the
monopole antenna. The second method analyzed the gain of the dipole an-
tenna. The first test set up comprised a signal generator, connected to the
antenna, and a RF probe, reading the antenna power. The probe was con-
nected to a spectrum analyzer registering the power. Under the study the
antenna was fixed to a wood plate. Secondly, to decide the antenna’s gain
approximatively, a simple method has been used. At first a reference meas-
urement with a known gain of the antenna has been done. Thereafter one of
the antennas has been changed to an antenna with unknown gain. The trans-
mitter had a signal generator connected to an antenna and the receiver com-
prised of an antenna connected to a spectrum analyzer to measure the power.
Figure 6 shows an antenna setup (the figure is not a realistic gain study, only
showing mounting of the antenna). Figure 7 shows the instrument used for
deciding gain; a signal generator and a spectrum analyzer to the right. A
popular type of reference antenna is a thin half wave dipole antenna with
peak gain of 2.15 dB. The study of antenna gain has been done outdoors, far
from buildings and other scattering objects. The test aims only to get simple
understanding of the antenna behavior.

Figure 6. Antenna setup for a gain measurement.
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Figure 7. The test setup comprising antennas, a spectrum analyzer and a
signal generator.

GG  represents the gain of the standard gain antenna, RP  is  the  power  re-
ceived of the standard gain antenna and 2RP  is  the  power  received  by  the
test antenna. The gain of the test antenna ( testG ), in linear units, is given by
(10).

R

R
Gtest P

PGG 2= (10)

The above equation use linear units (non-dB). If the gain is to be specified in
decibels, (power received, still in Watts), then the equation is as follows
(11):

[ ] [ ] )(log10 2
10

R

R
dBGdBtest P

PGG += (11)

Gain measure is explained in section 15.4 (Burberry, 1998).



15

Scientific Contributions of Paper A

Introduction
This work is part of a larger pre-study that started in 2005 aimed at examin-
ing if it would be possible to design a wireless paging system at a very low
cost. The focus of this paper has been to understand how radio waves propa-
gate over lakes.

Background
The work investigates the technical presumptions for locating a distressed
person in water (lake). The intended system comprises of a transmitter unit
integrated in a life jacket and a hand held tracker device, using radio waves.
The use of the rescue system should be confined to lakes and usages during
summer time. The usable distances of the transmitter should be at least 500
meters, preferably 2000 meters.

The market surveys, conducted in 2005-2007, showed that there only ex-
ist a few very expensive products so far. The survey showed that there were
economic opportunities in creating a product for both sea and lake usage. At
sea, with significantly larger waves compared to lakes, the wave propagation
is  affected  to  a  greater  extent.  A  weather  radar  study  of  S-band  has  been
made over sea water by Collier (1998). The result shows that different wave
height and wind forces yield different results for received power. Same con-
clusion is verified by Barrick (1970). However, a logical argument is to first
test a product for rescue at a lake there the water waves are not so high. That
probably results in fewer practical measurement campaigns and also simpler
electronic design of the transmitter and receiver.
Assume that the desired range for the transmitter and receiver is 2000 m, but
at least 500 m is required for the system to have any value. The radio trans-
mitter has a fixed output power of 10 dBm and the receiver a sensitivity of -
110 dBm. For calculations of wave propagation the free space model for
radio wave propagation in air can be used where the height above the ground
does not affect the wave propagation. The free space model is (2) and the
ground reflection model is (3).
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In both equations (2 and 3) transmitted power is Pt, received power is Pr,
R is the distance between the transmitting and receiving antenna. The anten-
na gain is Gt and Gr for the transmitting and receiving antenna respectively.
In the free space model the wavelength is λ. In the ground reflection model
ht  and  hr  are  the  antennas  height  above  the  ground.  One  sees  that  the  free
space model has a frequency dependency but no height dependency, while
for the ground reflection model it is the opposite. None of the models are
polarization dependent.

The ground reflection model is simplified where ground is considered to
be a perfect conductor. In reality the ground has material properties that
strongly depend on the type of soil and its humidity.

The precondition for the free space model to apply is that no interference
(reflections) from the environment occurs.

The premise for the ground reflection model is that between the antennas
there is a direct signal as well as an additional route via a ground reflection,
where reflection is assumed to be complete. The ground reflection model
further assumes that the antenna height above ground is small compared to
the distance between them.

The term "ground" is useful on the surface that provides a reflection
hence a water surface. A sample calculation is performed with the following
inputs:

l = 0.69 m (f = 434 MHz)
R = 2 000 m
Gt = Gr = 0 dBi
Pt = 10 dBm
ht = 0.1 m
hr = 2 m

This gives -81 dBm with the free space model and -136 dBm with the
ground reflection model. Compared to the sensitivity of the receiver, there is
thus a margin of 29 dB if the free space model is correct, while it is 26 dB if
the ground reflection model is correct.
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By instead using -110 dBm and let R be a variable, it is possible to use the
models to study the range obtained with the two models.

Motivation
The results from the example above have a great variety and it motivates an
investigation of the propagation channel's actual behavior, in the frequency
range 0.2 GHz - 1 GHz (horizontal and vertical polarization). The study is
also motivated to get an understanding of which frequency is the most suita-
ble to detect a missing person from a distance of more than 500 meters. Fi-
nally, can the free space- or the ground reflection model be used to describe
radio wave propagation over water or do we need a new empirical model?

Material and Methods
Measurements of path loss are performed over a lake, between a pier and the
opposing shore, see Figure 8 and 9. The reason for the measurement location
is  to  simulate  a  realistic  scenario.  Parents  can find a  lost  child’s  position at
the shore or in the water or from shore to water. The measurements are done
in summertime with a temperature around 20 degrees Celsius. During meas-
urement, there is a restriction on human activities in the area, in order to
minimize human induced effects. The human induce effect by changing the
matching impedance of the antenna. That can result in larger power of the
signal is reflecting back to the radio transmitter instead of out from the an-
tenna. An introduction of impact from human body on the antenna is in
chapter 10 (Burberry, 1998).

The hardware used at transmitter site compromised a signal generator,
power amplifier, and a dipole antenna. At the receiver site it was a spectrum
analyzer and a dipole antenna. The signal generator is set to continuous wave
output.  The transmit  antenna is  located at  the water  line of  the pier,  with a
fixed location and height = 2 m in all measurements. The receive antenna is
at the water close to the shore, with varying location and height. Distances
between antennas are measured with GPS, and are in the range 67 m – 800
m. Receive antenna heights hr are in the range 0 m – 2 m.

Measurements are performed with both linear vertical and linear horizon-
tal polarizations, and always with the same polarization on the transmit- and
receive antennas. Measurement frequencies are 200 MHz, 434 MHz, 600
MHz.
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Figure 8. City map from Lokaldelen, over the lake Vättern shore at the town
of Jönköping. Measurements are performed from the pier to different loca-
tions at water close to Norra Strandgatan, see the dashed lines.

Figure 9. Test location over the lake Vättern in Sweden. The transmit anten-
na is located at the water line of the pier, and the receive antenna at the water
close  to  the  shore.  The  receive  antenna  is  moved  close  to  the  shore  to
achieve different communication distances.
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Result

Received signal level at the spectrum analyzer is recorded under variation of
the measurement variables.

Some of the results are presented in Figures 10 - 13. In all plots, the verti-
cal  axis  shows  received  power  in  dBm,  in  raw data,  i.e.  before  subtracting
the value from the reference measurement.

In  Figure  10  and  11,  the  received  power  is  plotted  as  a  function  of  dis-
tance R .  This experiment is performed with an output power of 29 dBm, at
distances up to 800 m. The results of all measurements are shown in paper A
and here is the result of 434 MHz presented. When the distance is 400 meter
between the transmitter and receiver the measured power is in range approx-
imately from -68 dBm to -78 dBm for horizontal polarization. Regarding
vertical polarization the received power is in range from – 65 dBm to -70
dBm.

Figure 12 and 13 shows the received power as function of height rh , for
three frequencies and for three values of R .
The measurements of height dependency are performed with 10 dBm output
power, and are limited in range to 150 m.

Figure 10. Received power in vertical polarization at 434 MHz, at three
antenna heights, as a function of R .
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Figure 11. Received power in horizontal polarization at 434 MHz, at three
antenna heights, as a function of R .

Figure 12. Received power in vertical polarization at 200/600 MHz, at
67/105/150 m distance, as a function of rh .
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Figure 13. Received power in horizontal polarization at 200/600MHz, at
67/105/150 m distance, as a function of rh .

Range and Height Dependency

The goal of the measurements has been to get data of received power at dif-
ferent heights above water and distances between transmitter and receiver.
But also compare the data with the free-space model (4) and the ground re-
flection model (5) to obtain a model that can be used during the design work.
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In (4) and (5), tP  is the power delivered to the transmit antenna, rP  is the

power available at the receive antenna port, tG  and rG  are the gains of the
respective antennas, and l is the wavelength. Both (4) and (5) can be written
on the form (6)

L
GGPP rtt

r = (6)

where L  is path loss. This model can also be used as an empirical model in
which L  is expressed as a function of suitable parameters.
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Model for Distance Dependency
In order to quantify the dependency on R , (7) is applied with L given by

R

R
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(7)

where 0R  is the reference distance (2.56 m), gR is the path loss exponent,

and RA  is an approximate constant to allow for an offset in equation (8). The
method of least squares is used to find the parameters in (8).

0
1010, log10log10

R
RAL RRdBR g+= (8)

The parameter values for 434 MHz are presented in Table 2. These frequen-
cies  are  analyzed  because  434  MHz  is  a  frequency  that  may  be  used  in  a
license free product.

Table 2. Path loss model parameters for distance dependency.
Frequency (MHz) Polarization 10log10AR gR

434 Vertical 12 dB 3.78

434 Horizontal 29 dB 3.14

Model for Height Dependency
Path loss dependency on rh  is studied by applying the path loss function (9)

( ) H
rt

H
H hh

RAL g

4

= (9)

which in dB becomes
rHtHHdBH hhRAL 10101010, log10log10log40log10 gg --+=          (10)

The expressions in (9) comprise the path loss exponent gH and the constant
AH to allow for an arbitrary offset. The transmit antenna height th  is always

2 m, whereas rh  is variable. Also in this case, the method of least squares is
used  to  find  the  best  fit  parameter  values.  These  values,  for  200  MHz and
600 MHz, are presented in table 3.
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Table 3. Path loss model parameters for antenna height dependency.
Frequency (MHz) Polarization 10log10AH gH

200 Vertical 37 dB 0.4

200 Horizontal 21 dB 1.5

600 Vertical 15 dB 1.0

600 Vertical 16 dB 1.2
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Scientific Contributions of Paper B

Introduction
Modern cars are increasingly equipped with various wireless equipment and
safety features such as automatic braking and sharing of speed- and position-
ing information between each other. The wireless data in the frequency
range 0.7 GHz to 6 GHz comprises protocols such as GSM, 3G, LTE, WiFi,
and 802.11p.

Exchanging information about speed and position is a way of reducing
traffic accidents.

The car's new electrical functions (including the selection and placement
of electronics and antenna) require new verification methods. An often used
test method to ensure that the car electronics is robust against noise is to
place noise sources (jammers) around the car.

With this test method knowledge can be obtained if an antenna or an elec-
tronic application's placement in the car is suitably chosen. Broadband noise
jammer and the noise over the bandwidth are discussed in page 242
(Rohde&Schwartz, 2012).

Background
The antenna presented in this study is a Vivaldi antenna, a type of UWB
antenna.  Its  frequency range is  0.7 GHz -  6  GHz.  Since its  physical  size is
determined by the lowest frequency (0.7 GHz) the antenna is physically
large and not very flexible.

Motivation
The  purpose  of  this  study  was  to  reduce  the  size  of  the  antenna  so  that  it
became easier to install in test environments.
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Material and Methods
The measurements were done at SP, Borås, Sweden. Radiation patterns were
measured in an anechoic chamber. The measurement frequencies are: 0.7, 2,
4, and 6 GHz. The output power from the signal generator is 10 dBm with-
out modulation. The PCB is double-sided FR4 with a thickness of 1 mm.

The tapered notch (N) is 220 mm long. This corresponds to half the free
space wavelength at 0.7 GHz. From the coax connectors (bottom ring and
the ring at left edge) in Figure 14, there is a microstrip- (M) to- slotline (S)
transition. The slotline tapers to form a transition to free space. An ordinary
Vivaldi antenna is matched along the entire signal path.
In this design, the microstrip-to-slotline transition is mismatched. The same
goes for the transition to free space at the front edge (to right). A resonance
occurs along the tapered notch (N) due to the mismatches.

Figure 14. Vivaldi antenna.

Result
The antenna measurement was done indoors at SP and outdoors at Volvo
cars, Andersson (2013). Figure 15 show the measurement setup indoors at
SP with the transmitting Vivaldi antenna in front.
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Figure 15. Radiation pattern measurement setup. The antenna under test to
the left and a horn antenna used as sensor to the right.

Measurement results for vertical polarization are shown in table 4 and for
horizontal polarization the data is in table 5.
The reflection measurement (S11) had an average of -10dBm.

Table 4. Half-Power Beamwidth. Antenna is oriented as horizontal to horizontal.
Frequency (GHz) Beamwidth (°)

0.7 138
2 58
4 42
6 38

Table 5. Half-Power Beamwidth. Antenna is oriented as vertical to vertical.

Frequency (GHz) Beamwidth (°)

0.7 100
2 44
4 38
6 28
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Scientific Contributions of Paper C

Introduction
When a medical drug discovery is made it usually entails tests with various
categories of living mammals. These tests measure vital parameters such as
blood pressure, temperature, hormones such as dopamine, vitamin content,
endurance (how far or fast a mammal can run), etc.
The goal of this experiment is to design a system that can replace individual
specialized  systems  that  are  now  in  use  to  carry  out  medical  studies.  The
system should be able to handle different sizes of mammals and to be easily
expandable in terms of the number of test stations.
This will facilitate the implementation of certain medical experiments where
it is known that a test series will move from a small to a large mammal. In
the present article, the small mammal studied is a rodent, mouse, and the
large mammal is represented by a human being, an athlete.

Background
There exist several different systems for measuring activity (locomotion) of
rodents on the market. Some systems comprise a wheel and some type of
vision (camera) system. A rodent wheel is used in many endurance tests and
that  makes continuous measurement  for  a  set  time possible.  Chappel  et  al.,
(2004) describe a test system for analyzing different parameters such as
speed. A vision system gives the possibility to analyze the rodent for a long-
er time compared with a wheel. Furthermore, the rodent is given much more
freedom for activities and thereby more measurement data can be collected.
A vision system for long term analysis is presented by Noldus et al., (2001).
Nevertheless, many systems exist on the market that can control multiple
wheels simultaneously. The arranged selection of wheels is connected via a
wireless system to a PC management program. We could not find any exer-
cise systems that could be expanded to hundreds of wheels (measurement
stations) either in the articles or from our market analysis. A multitude of
different systems for human performance tests exist, see Lapveteläinen et al.,
(1997). The articles describe the design of a timing system, placement of
sensors, and measurement technologies.
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Description of the new system
The wireless system for both studies comprises a PC for the management
software and database. The management software set up the test time han-
dles, the database, and acquires data from each test station, such as power
level, and also checks if it is running or not.
 A broadcasting unit (BCU) is connected the PC. It broadcasts the total test
time to all test stations. The transmitter at the test station is named measure-
ment unit (MU), see Figure 16. It counts down the testing time to zero and
also counts  the number of  interrupts  caused by the breached IR beam. One
turn of the rotating wheel is corresponding to one count. The number of
turns is sent back to the BCU/PC and thereafter a calculation of the distance
is done. The unit of the result is in meters. For the running system (measur-
ing of large mammals) the BCU is broadcasting a counting signal to all
measurement  units.  When  the  IR  beam is  breached  the  MU stops  counting
and sends the amount of clock pulses to the BCU. Thereafter, the manage-
ment software presents the time.

Figure 16. The test location at Uppsala University in Sweden.
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The  system  comprises  rodent  wheels,  MUs,  BCU  and  a  PC.  The  BCU  is
seen to the left at the lower bench. The MU can be seen to the right side of
the running wheel.

Motivation
None of the existing systems could be used in a combined system for both
small and large mammal tests where the amount of wireless test stations is
scalable.

Material and Methods

The reference system for large mammals was a stopwatch and for small
mammals  it  was  an  activity  test  chamber.  It  comprises  a  rodent  test  cage
placed within two series of infra-red beams.

Small mammals

The experiment comprised five groups of mice with five different health
statuses. The mice within each group were regarded to have similar health
statuses. Since the health statuses between the groups differed, no statistical
comparison was performed between the groups. Comparison was only per-
formed between the mice within each group having similar health statuses.
After the test, an investigation of the dopamine levels was performed in ac-
cordance to previous studies.

Larger mammals
The method was performed by comparing the times registered by the devel-
oped system with times measured by a manual stop watch. This validation
was performed to ensure the presented system accuracy was adequate for use
on larger mammals (humans). 75 tests were performed with persons from an
athletic group of ages between 10 and 21 years old. The total of amount of
runners was 20. Three distances 20, 30 and 60 meters were used in the test.
The distance between the measuring units were measured with the measur-
ing tape.
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Results

Small mammals
The  result  of  the  validation  for  rodents  is  shown  in  table  6  and  7.  Table  6
presents correlation between dopamine (DA) and distance (DIST) in meters
(wireless  system),  correlation  between  DA  and  locomotion  (LOCOM)
(ADEA  system)  and  correlation  between  the  wireless  system  and  ADEA
system (DIST vs LOCOM).
The validation result shows that the correlation coefficient is in range 0.916 -
0.967.
The variation of the amount of dopamine in the mice that were involved in
the verification ranges from 1.08675 ng / ml to 7.99282 ng / ml.

Table 7 shows average and standard deviation calculated for both sys-
tems.  For  the  wireless  system  the  parameters  are  meter  (distance)  and
minutes  (test  time).  For  the  ADEA  system  the  parameters  are  locomotion
(number, arbitrary unit) and minutes (test time).

The  data  is  less  spread  for  the  wireless  system compared  to  the  ADEA
system. In group one the average running for a mouse was 141 meters and
the standard deviation was 32 meters for the test time.

The same group in the ADEA system mesured 1025 moves for a mouse
and the standard deviation was 216 under the testing time.

Table 6. Correlation coefficient, (R) of dopamine and correlation coefficient be-
tween the two measurement systems.

Group DA vs DIST (R)
Wireless system

DA vs LOCOM
(R) ADEA system

DIST vs LOCOM (R)

1 0.965 0.926 0.916

2 0.966 0.912 0.926

3 0.942 0.898 0.923

4 0.864 0.882 0.943

5 0.926 0.969 0.967
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Table 7. The table shows the data of average and standard deviation (STDV). DIST
is distance and the unit is meter, related to the running wheel. ADEA is related to
locomotion and it is a number, arbitrary unit.

Group Average(DIST)
Wireless
system

STDV(DIST)
Wireless
system

Average
(ADEA)

STDV
(ADEA)

1 141 32 1025 216

2 30 21 76 21

3 79 20 505 147

4 79 20 505 147

5 124 29 594 136

Large mammals (humans)
The validation test with larger mammals (humans) has been performed by
measuring  time  between  two  positions,  see  Figure  17.  The  distances  were
20, 30 and 40 meters. The time was measured with the new running system
and a manual stop watch. The correlation data between the systems show
that it has the smallest spread for 20 meters. The variation range for 20 meter
is 0.943 - 0.989. For 30 meters the variation range is 0.861 - 0.979. For 40
meter the variation range is 0.864 - 0.984. The result of the verification is
shown in table 8.

Figure 17. The MU is mounted on the tripod. One MU is acting as an IR
transmitter and the other one as an IR receiver. All MUs are communicating
with the BCU.
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Table 8. The table shows the correlation data between manual clocking and clocking
via the measurement system in meters (m).

Group 20 m 30 m 40 m

1 0.987 0.861 0.864

2 0.943 0.873 0.983

3 0.989 0.979 0.984

4 0.974 0.974 0.944

5 0.973 0.915 0.913
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Discussion

The Wireless System Models

This chapter describes the system model which was used during the design
of the wireless systems in the thesis, see Figure 1.

Sensitivity
Knowledge of the intended receivers’ sensitivity was needed and it was
deemed possible to design a tracking system. The receiver which has been
used in the design was RC1140 from Radio Craft, (Radio Craft, 2015).
The technical data for the sensitivity is -106 dBm. Taking into consideration
that there are many unknown parameters contributing to loss of power the
design has to have a very large dynamic range between input power and the
lowest signal level for the circuit. The conductivities of clothes, size of peo-
ple, type of material of the textile has impact of the received signal, chapter
10. Different antenna diagrams of pattern of chest mounted or hand held
UHF antenna is showed by (Burberry, 1992). Losses that are not included in
this stage of the calculation are for example, how much the human body
affects the received power, different conductivities of soil, water and electri-
cal losses between the antenna and the receiver. The resistivity of tissues in
the human body is affecting the impedance of the antenna and thereby the
performance. The resistivity of some tissues is described in table 15.1, page
541 (Jacobsons, 2006).

Frequency, Polarization and Range
The measurement results show that a difference exists between vertical- and
horizontal polarization. When the antenna has horizontal polarization the
received power is less compared to vertical polarization, as shown by
Gatesman et al., (2005). Furthermore, it is more common among all the
measurements to lower the frequency achieving less radio wave attenuation,
which is shown by Palmer et al., (1980). The frequency of 200 MHz was the
one which gave the least radio wave attenuation. One disadvantage of using
this frequency is that it is not a license-free band and due to the low frequen-
cy the antenna length increases compared to a higher frequency such as 434



34

MHz. A common license-free frequency band is  for  example the 434 MHz
band.

Figure 10, shows a vertically antenna 0.4 m above the water surface that
has a  received power of  approximately -70 dBm. If  uses a  receiver  of  type
RC1140,  it  can be possible  to  design a  system with a  range of  at  least  500
meters.

Transmission
The  power  consumption  of  the  transmitter  is  an  important  issue  affecting
battery capacity and cost as well as the maximum transmission time. Button
cells with a reasonably small size have a capacity of several tens of mAh.
With a  continuous signal  and a  power consumption of  a  few tens of  mW a
transmission time of a few hours was achieved. The power consumption is
derived mainly from the power of the transmitted signal. The efficiency of a
transmitter can typically be about 50%, which means that the transmitter
consumes twice as much power as it transmits. Other parts of the transmitter
circuit can be very power-efficient in comparison. Transmission time is con-
nected also to the link budget and therefore the system's range.
It is essential to minimize power consumption, for longer transmission time,
and also to select a smaller, and thus cheaper, battery.

Lower transmit power requires higher sensitivity of the receiver to main-
tain the link budget. A sensitive receiver means, on the other hand, increased
noise sensibility. Lower transmit power with an unchanged receiver means
less marginal, something that is already critical.

Antenna gain is a parameter that can be influenced by frequency selec-
tion, antenna size and precise optimization. Through its impact on the link
budget the antenna may indirectly affect the transmission time / battery size.

Pulsed transmission with a pulse factor of, for example, 1% would in-
crease the transmission time by a  factor  of  100.  This  is  very welcome in a
system such  as  this,  where  the  transmission  time,  range  and  battery  size  is
already under pressure. A pulsed transmission also complicates the radio
design somewhat.

Storage time for a button cell is a few years, and during this time the ra-
dio circuit should not consume any power at all if the battery is not to be
emptied during that time. The circuitry must therefore be of a type which is
completely shut off during storage.

Unique identity
The transmitter can either send a single tone at the selected radio frequency,
or superimpose a code on the signal. The purpose of transmitting codes is to
reduce the risk of other transmitters in the vicinity interfering with the detec-
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tion of a person in distress. The receiver must be able to distinguish a specif-
ic code and filter out other coded/non-coded radio transmissions.
The code can be set individually for each user. It can also be one of a limited
number, e.g., 100 devices, and thereby enable all stations on the same boat to
be given different  codes.  It  is  also possible  that  a  code should be the same
for all users in the system and filtering out the transmitters in other systems.
The transmit signal, as a result of the modulating (overlay) code, occupies
more space in the frequency spectrum. A simple and fairly accurate rule of
thumb says that the bandwidth of the radio signal in Hz is equal to the data
rate of the code in bit / s. In the choice of frequency bands one must ensure
that the signal remains within the allowed bandwidth.

For example the ISM band at 434 MHz has a width of 1.74 MHz, which
restricts the data rate to 1.74 Mbit / s. If requirements allow some margin an
approximation of maximum data rate can be that 1 Mbit / s.

If also the requirement is to transmit a unique code for each transmitter it
may need to be 30 bits long. A transmission pulse must therefore be at least
30 microseconds long (which is still very short).
In many ISM bands the maximum channel bandwidth is 10 kHz. This means
that a single transmitter must not use the entire ISM band but only a maxi-
mum of 10 kHz. In such cases there may be problems.
A transmission pulse with 30 bits must be at least 3 ms.

If the design decides to send one pulse per second the system cannot have
lower duty cycle  than 0.3 %. In practice,  maybe as  much as  1 % has to  be
chosen.

The code is  forced to choose a  higher  duty cycle  than normal  and it  af-
fects the transmission time, but it can also mean that the maximum duty ratio
of the selected band is exceeded.

Cycling of the transmitter can be achieved with electrical components
easily applied to encode the (digital, ones and zeroes) signal.

Direction finding antenna and search sector
A receiving antenna with low gain can be accepted in view of the link budg-
et but only if it is compensated in some way, such as increasing transmitting
power or receiver sensitivity. Low gain enables a small size, but unfortunate-
ly such antennas have a wide coverage area, i.e. directivity is poor. It then
becomes difficult to determine from where the signal comes. The up-side is
that it is possible to get a quick overview of a wide search area.

Mueller et al., (2010) presents ultra-broadband direction finding antennas
comprising ten Vivaldi type antennas in an array. The array is covering the
frequency range 0.3 GHz - 3 GHz. The main lobe is wide and covers a larger
sector.

Direction finding equipment often uses antennas that are a compromise
between size, gain and directivity.
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Ultra Wide Band Antenna

The Ultra Wide Band antenna study resulted in a 50 % smaller antenna with
full functionality. This was made by introducing resonances of the antenna.

The main goal was to reduce the physical size and still maintain a large
beam width and low reflection. The drawback was that the impedance
matching became worse, which shows as a high reflection of power (S11),
approximatively average of -10 dBm. The indoor and outdoor verification
was done by SP and Volvo cars. A practical test showed that the antenna has
functionality enough to be used in car to car (C2C) communication tests,
Andersson (2013).
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Conclusion

In this licentiate thesis, a path loss measurement in the frequency range of
200 MHz to 1000 MHz has been performed over a water surface with small
waves. Using a vertically polarized signal, which is less attenuated compared
to a horizontal signal, range up to 500 m can be achieved. Measured data and
the ground reflection model show some similarity in the distance dependen-
cy,  and also in the fact  that  there is  some antenna height  dependency.   But
the free space model show poor similarity. Nevertheless, the use of special
path loss models for the studied case is found to be motivated.

A wideband and directive antenna was designed and built, covering the
frequency range 0.7 GHz to 6 GHz. At the lowest frequency of operation,
the length of the tapered notch is only 50 % of the free space wavelength,
which is about half of that of standard Vivaldi antennas which result in
a 0.43 m long antenna.

Knowledge gained from path loss measurement and the antenna design
has been used to design a wireless system with purpose to be used as a track-
ing system for people in need of rescue, and endurance tests of mammals of
different sizes. The same hardware system model and hardware platform has
been used.  The research result  is  a  working system which is  scalable up to
254 test stations. The system measures several activity levels in SI units. The
system shows good accuracy for tests on mice and humans.
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Future Work

Building upon the research work with ultra-wide band antennas, wireless
medical measurement systems and RF propagation studies, one future field
of interest is using nonionizing electromagnetic waves to image the human
body to detect cancer (breast cancer). This has been done over the past sev-
eral years. Still a lot of research is needed before a medical instrument is
working in a hospital surrounding as a complement to mammography or
ocular observation during operation. One researched method is to use mi-
crowave treatment of tumor and measure the reflected (backscattered) signal.
The advantage of using nonionizing electromagnetic waves is that it avoids
the harmful effects posed by x-ray radiation. RF technology are also used for
tumor ablation, page 504 (Jacobson, 2006), by directly applying tempera-
tures via needle electrodes, Hines-Peralta and Goldberg (2004). More study-
ing and development of antennas, hardware, data processing and handling
back scattered radio waves needs to be done. This all has a connection to my
research. Early microwave systems for imaging a tumor was based on engi-
neering work of ground penetrating radar and this is a second area of future
work. A third area of future work is linked to radar for Search and Rescue
(SAR).  Using a  tracker  to  detect  distressed people in  water  is  a  way to re-
duce the number of people drowning, but unfortunately a lot of people don’t
have the money to buy a life jacket, or even if they have one, they are not
using it. Can radar or infrared camera be used to track distressed people in
the water? And is it today possible to track a human in water by radar and
how is  the accurate  of  the track.  If  it  is  necessary to increase the accuracy,
can it be done by using conductive fabric for giving a larger radar cross sec-
tion which is calculated in square meter, (Skolnik, 1970).
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