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Abstract
The aim of this thesis has been to investigate if it’s possible to build a system that can be used to automate the process of measuring environmental
parameters, and to examine the performance of the system.
This thesis describes the development of a mobile activity logger and
presents the achieved performance of the system. It consists of three subsystems: The mobile unit, the base station and the NAS (Network Attached
Storage).
The mobile unit measures environmental parameters such as temperature
and acceleration, and connects them to a measured GPS position and time.
This data is sent to the base station using LoRa which transmits the data to
the NAS using GSM where it is stored on an FTP-server. A client application
has been developed for accessing the data and visualizing it on the screen. A
maximum range of 1.84 km during line of sight has been achieved between
the mobile unit and the base station, with a theoretical battery life span
of roughly 50 days. The system has a measured accuracy of 1-2 m in open
areas.
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Introduction

Sweden needs a strong national innovation capacity to meet international
competition and global challenges. The new RISE (Research Institutes of
Sweden) aims to build an institute that will actively support Swedish industry.
RISE is a consortium of research and technology organizations that performs industrial research, innovation, testing and certification. Innventia,
SP and Swedish ICT have merged into RISE in order to become a stronger
research and innovation partner for businesses and society. RISE aims to collaborate closely with academia and industry to advance excellence in strategically important areas, to develop and increase the use of their leading and
dynamic environment for testing and demonstration, and to support and encourage organizations to participate in EU research programs and benefit
from the international collaborative research.
The aim of the project is to research what kind of precision a wireless positioning system is able to achieve if built from already developed open source
hardware. The coverage area will be examined and presented along with an
estimation of the systems battery lifetime. Another important part of the
project is to examine how accurately the system clock can be synchronized
over chosen wireless technology.
The measured position will be connected to environmental parameters
measured with sensors. The system will upload collected data through a
wireless link to a NAS and present the data visually. On the occasion of
extending the system to allow indoor tracking, the product should automatically switch between the different systems to determine its position. The
system will be designed to allow easy implementation of an indoors tracking
system.
The development of this project follows the LIPS project model which
has been specifically created for the educational environment and includes
rules, instructions, and templates to ease the process of project management.
The project model consists of three phases: prestudy, implementation and
evaluation. Due to the limited budget of the project the hardware has been
carefully selected and evaluated by performance and cost.
The thesis is structured in the following way: The “Project specification”
section covers what problem the project aims to solve and the requirements
that have been set. After that comes the “Existing technologies” section
which lists the most common available technologies that are relevant for
the project. The “Implementation” chapter explain how the system was implemented, which technologies that were chosen and why. “Measurements”
contains all the measurements that were performed with the system along
1
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with the results. In the “Discussion” section the results of the project are
shared. The final section of the thesis is the “Conclusion” section where the
results are summed up.
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Project specifications

This chapter covers what problem the project aims to solve and the requirements that have been set. Problem formulations, budget and limitations are
also listed in this section.

2.1

Problem statement

In order for a measurement to be correct it has to be linked to a reference
point such as a time or a position. The measurement needs to have information about where and when it was performed in order to compare the
measurement with previous measured values.
Control measurements of certain values like light and sound are usually
made manually. In some cases there are huge areas that needs to have a lot
of measurement points, for example when measuring the light intensity on
a football field. This measurement is done to maintain a certain standard
set to be able to broadcast football matches on television. This means that
the light intensity on the field needs to be evenly distributed over the whole
football field. To get a correct overview of light distribution the football
field has to be divided into a grid where each square meter is measured. For
this measurement a person has to carry the equipment needed and measure
each individual square meter. This is time-consuming and therefore costly.
This measurement of light intensity for a football field could for example be
automated by a mobile gauging station that automatically moves around the
grid and does the measurements and gives them a time stamp.
Another type of measurement is measuring the activity of moving objects.
One example is logging the acceleration of a forklift and connecting the acceleration to a position in time. A problem with a forklift is that it is very
often used both indoors and outdoors which makes using only one method
for positioning quite hard. This is because GPS-systems won’t work indoors
and outdoors the vehicles could move over such great distances and out of
line-of-sight that the indoors positioning systems coverage won’t suffice.
Both money and time can be saved by automating the measuring process
which means that the measured data will be saved automatically to a NAS.
The data can then be plotted and presented visually. This will give a better
overview of what the collected data actually means. An important part of
the project is to evaluate which different methods that can be used to save
and store data from position tracking with a correct time stamp.

3
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2.2

Requirements

The following requirements were set by the MTt (Measurement Science and
Technology: Time and Frequency) department within RISE.
Table 1: A list of the original requirements set for the system
Requirement 1
Requirement 2
Requirement 4
Requirement 5
Requirement 6
Requirement 7
Requirement 8

2.3

Measure outdoor position using GPS
Measure at least one environmental parameter
Store measured data in a NAS
Clock that can be synchronized by chosen way of communicating
Communication by chosen standardized protocol that is not Wi-Fi
Can be mounted inside a box for outdoor usage
Battery powered

Problem formulation

• Which technologies can be used for positioning and transfer of data?
• Which technologies are best suited for outdoor respectively indoor positioning and transfer of data?
• What is the maximum range that the system can achieve with chosen
technology?
• Which hardware is best suited for the system?
• How high will the energy consumption be with the chosen technology?
• What precision can be achieved for outdoor positioning with chosen
technology?

4
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2.4

Limitations

• With the occasion of an extension to an indoor solution, the system
will be limited to tracking position with line-of-sight.
• No hardware will be developed, only existing open source hardware will
be used.

2.5

Budget

The funds for the project have been supplied by RISE. The budget is stated
below:
• Mobile unit for collecting environmental parameter data and tracking
position: 10 000 SEK ≈ 1030 e
• Equipment for storing data and for LAN of chosen technology: 10 000
SEK ≈ 1030 e

5
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Existing technologies

The most common available technologies that are relevant for this project are
listed in this section. Each technology is described with a brief introduction
followed by the advantages and disadvantages. Existing projects are also
compared to this project.

3.1

Internal communication

The internal communication is what happens between the CPU and peripheral devices. In order for a CPU to communicate with them there are different
protocols that can be used.
I2 C
The I2 C (Inter-Integrated Circuit) is a synchronous serial communication
protocol which was developed in 1982. I2 C has the possibilities of building multi-master and multi-slave systems[1] unlike UART (Universal Asynchronous Receiver/Transmitter) which is suited best for communication between two devices. Although I2 C can have more than one master, they
cannot talk to each other and they cannot talk to the slaves at the same
time. Therefore whichever master starts its communication first gets to talk
to the slaves first. The I2 C system is built with two wires, the SDA (Serial
Data) wire and the SCL (Serial Clock) wire. This won’t increase neither by
introducing more masters nor slaves. This is an advantage in space when doing PCB applications as compared to SPI (Serial Peripheral Interface) which
increases the number of wires by one for each slave added to the system. I2 C
can support devices with bit rates from 0 Hz to 5 MHz depending on which
mode it operates on. I2 C uses bus drivers as “open drain” which means that
they can pull the signal lines low but can not drive them high. This eliminates the possibility of one device trying to drive the line high while another
tries to pull it low, which is still possible in a UART or SPI system. Instead
of the devices driving it high it has a pull-up resistor that restores the signal
to high when no device is pulling it low. Hardware is more complex for a I2 C
than a UART system but less than a SPI system. When it comes to protocol
the communication via I2 C is more complex than both the UART and the
SPI solution.
UART
UART (Universal Asynchronous Receiver/Transmitter) is a type of hardware device used for asynchronous serial communication. It handles serial7
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to-parallel and parallel-to-serial data conversions to establish communication
between a CPU and peripheral devices as seen in Fig. 1. The two computers
are connected with a telephone line. An external clock has to be provided
to the UART which then uses a programmable baud generator to divide the
input. The input clock can be divided by 1-65535 and produce a 16x reference clock or a 13x reference clock. This clock is then used for the internal
receiver and transmitter logic. UART is commonly used with communication standard protocols like RS-232, RS-422 or RS-485[2]. It uses only two
transmission lines (RX & TX) which is fewer compared to SPI. The UART
speed is limited by the transmission media between receiver and transmitter
and speed of the CPU[3].

Figure 1: Serial communication between two computers through a telephone
line. The computers use UART to translate from parallel to serial communication in order to communicate with the modems.
SPI
SPI (Serial Peripheral Interface) is a synchronous serial communication protocol. It was introduced in 1979 with Motorolas micro controller that derived
from the same architecture as the Motorola 68000 micro processor announced
in 1979[4]. Compared to UART and I2 C which use two signal wires, the SPI
uses a minimum of four wires. The number of wires used will increase with
the number of slaves introduced in the system due to that each slave needs
its own SS (Slave Select) wire as seen in Fig. 2. The SPI protocol is a single
master communication which means there can only be one master talking to
the slaves. Communication between the master and a slave consists of SS
(Slave Select), MOSI (Master Out Slave In), MISO (Master In Slave Out)
and SCLK (Serial Clock). To start communicating with a slave the master
pulls the SS line low and then generates information on the MOSI line while
sampling information from the MISO line. How the SCLK is used in the
communication is decided by which mode is chosen. There are 4 different
modes which corresponds to if MOSI toggles on rising or falling edge, if MISO
toggles on falling or rising edge (they toggle on each others opposite edge)
and if the SCLK idle state is high or low.
8
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Figure 2: SPI bus topologies. (a) shows a SPI master connected to a single
slave(point to point topology). (b) shows a SPI master connected to multiple
slaves.
The SPI protocol has a very basic design and is straightforward to use in
the way that the master chooses which slave to talk to. It then configures
itself to the frequency used by the slave and then opens the channel. If slaves
with different configurations are used the master will have to reconfigure itself
each time it has to talk to a different slave. When sending information to
a slave the master has no actual knowledge if the slave exists due to the
lack of an acknowledgement mechanism in the SPI protocol. To get this
acknowledgement a higher-level protocol will have to be built on top of the
SPI.

3.2

External communication

For communication between systems there are many possible protocols. To
enable sending data from one way and commands from the other way only
technologies enabling two way communication will be looked at. Preferably
with as long range as possible to widen the usage area of the system and low
energy consumption to increase the battery life span of the device.

9
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Wi-Fi
Wi-Fi provides network connectivity using radio waves. To establish a connection to the network there needs to be a hotspot (access point) to which
the devices connect. This is usually a wireless router which range can be
extended with wireless adapters to create more hotspots connected to the
same network. Wi-Fi gained a lot of attention by using the unlicensed frequency 2.4 GHz, and providing up to 11 Mbps data rate using the 802.11b
protocol and up to 54 Mbps by using the 802.11g protocol[5]. Today’s protocols are used depending on the need of the user. Instead of using 2.4
GHz the 802.11a/n uses the 5 GHz frequency and can transmit a maximum
of 54 or 140 Mbit/s depending on the protocol. Typical ranges indoors is
about 45-90 meter and outdoors up to 250 meter. But it varies with different
environments, frequency used, radio power output, antenna type etc.
Ethernet
Ethernet is a networking technology commonly used in both LAN (Local Area
Network) and WAN (Wide Area Network) and was commercially introduced
in 1980. Most modern computers have an Ethernet circuit that handles
Ethernet. Ethernet is connected by cable unlike the other protocols presented
which are wireless. Ethernet protocols can handle data rates from 10 Mb/s
to 100 Gb/s [6] depending on the protocol. Computers are connected by a
RJ-45 contact and if connected with Cat6 the transmission can handle up
to 10 Gb/s. This is if no other hardware in the network limits the speed.
An advantage of Ethernet over wireless technologies is that a cable needs to
be physically connected to the network in order for someone to listen to the
transmission. The disadvantage of this is that it will make the system more
stationary.
GSM
Global System for Mobile Communication (GSM) is a standard developed
to describe the protocols for 2G networks used by mobile phones. It is a
cellular technology used for transmitting mobile data at the frequencies 850
MHz, 900 MHz, 1800 MHz and 1900 MHz. A GSM network consists of three
main components: A mobile station, a base station subsystem and a network
subsystem. The mobile station is the users cell phone which is identified
by a SIM card. The base station subsystem acts as an interface between
the mobile station and the network subsystem and handles all protocols for
communicating with cell phones. GSM has a theoretical maximum transfer
speed of 50 kbit/s using a packet oriented mobile data service called GPRS,
10
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which results in about 40 kbit/s in practice. The transmission capacity can
be improved even further by using a digital mobile phone technology called
EDGE that improves bit rates up to 1 Mbit/s peaks and typical bit rates of
400 kbit/s.
Bluetooth Low Energy
BLE (Bluetooth Low Energy) or Bluetooth Smart is a part of Bluetooth
introduced as Bluetooth 4.0 in 2011. BLE was developed for applications
where low energy consumption is a key point. It has a range of about 50
meter and can last for up to 2 years driven by a coin cell battery [7]. BLE
operates in the ISM frequency band of 2.4 GHz, it defines 40 channels that
has a spacing of 2 MHz. The BLE protocol stack consists of two main parts
which is the Host and the Controller which can be divided into smaller parts
as seen in Fig. 3. In the Controller there are two layers, the Link layer and
the Physical layer. The physical layer has a maximum data rate of 1 Mb/s
but the application layer has a maximum throughput of about 235 Kb/s [8].

Figure 3: A representation of the core structure for the BLE protocol stack
LoRa
LoRa (Long Range) was developed by SamTech and IBM and is a radio
technology that uses the free ISM band. In EU it operates on either 433/868
MHz and in the US it uses 915 MHz. LoRa modules features low power, long
range and embedded end-to-end AES128 encryption [9]. The LoRaWAN
protocol has a range of data rates between 0.3 - 22 Kb/s but in Europe there
is a GFSK (Gaussian Frequency-Shift Keying) which gives a data rate of 100
Kb/s [10]. Even though these are the defined data rates for the LoRaWAN,
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the PHY (physical layer) or end chip has a possibility of supporting higher
data rates.

3.3

Hardware

Existing open source hardware alternatives that have been looked at are
listed here.
Raspberry Pi
The Raspberry Pi is a series of single-board computers capable of running
their own operating systems and they have hardware support for UART, SPI
and I2 C. The boards do not have real-time hardware access, which means
that users may experience delays when the CPU is busy. The series is not
restricted to a certain programming language, which offers the user the ability
to choose whichever programming language the user prefers. A powerful
processor paired with lots of GPIOs available for interfacing sensors is a
common feature for the Raspberry Pi series.
Arduino
A less powerful alternative to the Raspberry Pi series is the Arduino series.
An advantage is that the Arduino series have many available shields for
different purposes. The Arduino have a lower power architecture compared
to the Raspberry Pi and both the hardware, software and IDE is open source.
The Arduino is limited to C, C++ or Assembly.

3.4

Position fixing

The first step in determining the position of a device is in most cases to measure the distance between the device and some access points with a known
location. There are several techniques available for measuring the distance,
and they can be divided into four main types: Received Signal Strength
Indicator (RSSI), Time of Flight (ToF), Angle of arrival (AoA) and fingerprinting.
The most common technique for distance approximation is based on measuring the RSSI value of the signal, which is a measurement of the power
present in a received signal. This measurement is done between the device
and several different access points, and by using the distances measured one
can trilaterate the position of the device. This method is easy to implement
but has the drawback of not being very accurate when implemented indoors
12
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(median of 2-4 meters). This is due to the fact that the RSSI measurements
often vary due to multi-path fading caused by obstacles such as walls and
furniture.
The Time of Flight (ToF) method uses the already known signal propagation speed (approximately 300 000 km/s) and multiplies it with the time
it took for the signal to arrive at its destination to calculate the distance
between the known access point and the device. Just like the RSSI method
it is only used to estimate a distance. By measuring the ToF between three
or more access points with known positions the device is able to trilaterate
its own position.
Any system using the ToF-method has to be able to measure differences in
the order of nanoseconds due to the propagation speed of the signals. Systems
which use this technique have reported localization errors with a median of 2
m[11]. Due to the small time differences being measured, time synchronizing
is an issue. The access points and the device have to be synchronized in
order for the measurements to give an accurate value.
The Angle of Arrival (AoA) method uses an array of multiple connected
antennas which work together as one single antenna to determine the direction of propagation of a signal incident on the antenna array. The direction
of propagation of the signal can be calculated by measuring the Time Difference of Arrival (TDoA). The difference in phase-shift between the antennas
is used to calculate the angle of arrival. As seen in Fig. 4, an array of ’M’
antennas are separated by an equal distance ’d’. The additional distance
the signal has to travel to reach the second antenna compared to the first
antenna is calculated by d × sin(θ).

Figure 4: Antennas that are placed at a known distance from each other
can be used to determine the incoming signals direction of propagation.
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Fingerprinting is done by installing nodes at known locations which take
continuous measurements to record the signal strength between the receiver
and each node every few meters. By storing these measurements in a “fingerprint database” along with the coordinates of the device and letting the
receiver compare its current RSSI value to the database, it can be assumed
that the closest match is close to the current location.
GPS
The GPS network is made up of about 30 different satellites orbiting the
Earth in a medium earth orbit also known as MEO at an altitude of about
20 000 - 26 000 km [12]. The system was first developed by the US military
to calculate the exact position of their own submarines. If the exact position
of a submarine carrying missiles and the exact position of a target is known,
then it’s possible to calculate the trajectory of the missile with high accuracy.
The result of this is the Global Position System, a system that has simplified
navigation.
The system has since its invention been adapted to the public so that
anyone with a GPS device can receive the radio signals from the satellites and
calculate their position. No matter where you stand on earth, at least four
satellites are within range at any time. Each satellite continuously transmits
information about its own position and the current time. Since the speed
of the signals is known, the GPS receiver can calculate how far away the
satellite is based on how long it took for the signal to arrive.
Since the distance between GPS receiver and the satellite doesn’t give
any information about the location of the receiver, two additional satellites
are required. The GPS receiver calculates the distance between itself and
each satellite and creates a “sphere” around each satellite where the receiver
may be positioned. The actual position is obtained by calculating where all
three circles intersect as seen in Fig. 5. By adding additional satellites, a
higher accuracy can be obtained.
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Figure 5: Shows three satellites using triangulation to pin point a certain
location.
Bluetooth Low Energy (BLE)
Due to the fact that GPS does not work indoors, an alternative for indoor
positioning is Bluetooth Low Energy (BLE). The technology is relatively
cost-effective with a low energy consumption, has a range of about 30 meters
indoors and accurate up to one meter [13]. BLE nodes send out signals which
a receiver picks up. The strength, phase or time-of-flight of the signal can be
measured and utilized to estimate the position of the receiver. A downside
of this technology is that the signal strength and time-of-flight can increase
dramatically when walking around corners or obstacles since the signal is
unable to pierce walls or obstacles and has to find other ways of reaching
the receiver, such as deflecting off other walls which increases the distance
and may give a false distance. A way to overcome this problem is by using
fingerprinting, which eliminates any false distances.
Wi-Fi
Similar to BLE, this technology can be used to track position where GPS
and GLONASS are inadequate due to signal blockade. The technology can
utilize existing Wi-Fi infrastructure and has a range of about 150 m. The
accuracy of indoor positioning using Wi-Fi is relatively inaccurate, which a
median of 5-15 m.
Ultra Wide-band (UWB)
The most widely used technique for indoor positioning using UWB is the ToF
method. One major advantage of using UWB for measuring indoor position
15
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is the frequency range of the technology. Most of the wireless standards
today such as Bluetooth and Wi-fi uses a small frequency range. Wi-fi for
example uses frequencies ranging from 2.4 GHz to 2.5 GHz, which is a range
of less than 100 MHz. UWB on the other hand uses a broad frequency range
that’s often more than 1 GHz as seen in Fig. 6.

Figure 6: Frequency ranges of Wi-Fi and UWB. a) Shows the frequency
modulation for narrowband behavior in the time-domain and b) in frequencydomain. C) Shows impulse modulation for UWB in the time-domain and d)
in the frequency-domain
An important advantage that UWB has compared to other narrow band
technologies is that it maintains its structure even when noise is present as
seen in Fig. 7 & 8. The longer narrow band signal is affected by noise which
makes it harder to distinguish a precise point where the real signal reaches
the threshold. This noise affects the measuring precision of the receiving
device. The UWB signal on the other hand is not affected by the noise and
can be measured precisely even when noise is present.
UWB uses pulses to determine distance, which means that any signal
reflections or multi-path effects won’t have any negative impact on the direct
signal received by the device. This is due to the fact that any reflections will
arrive later than the direct signal which enables the device to separate the
desired signal from the unwanted reflected signals as seen in Fig. 9 & 10.
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Figure 7: a) UWB signal with noise
caused by signal reflections, multipath effects or other sources. The
noise does not affect the direct signal
which means that any messages received by the receiver that are above
the threshold are actual data packets. b) Close-up of where the signal
crosses the threshold.

Figure 8: a) Narrowband signal
such as Wi-Fi with noise. The noise
affects the real signal which makes it
hard to read the exact time where the
direct signal crosses the threshold. If
noise crosses the threshold before the
real signal does, a false time value
is given which means that the calculated position of the receiver will be
off-set from the actual position. b)
Close-up of where the signal crosses
the threshold.

This is due to the nature of noise which doesn’t affect the UWB signal
which is a short pulse. The short length of the signal also means that multipath effects usually won’t overlap with the real signal as seen in Fig. 9.
The narrow band signal on the other hand will be affected by any reflections
interfering with the real signal as seen in Fig. 10. This causes problems when
measuring distance as the sum of two signals can be interpreted as the real
signal and give off a false distance value.
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Figure 9: Blue direct UWB signal
with a red reflected signal. Due to
the short length of the UWB signals,
any reflections will arrive after the direct signal has been received by the
receiver and will therefore not interfere with the signal.

Figure 10: a) Narrowband signal
along with another reflected narrowband signal. The sum of the two signals may be interpreted by the receiver as a real signal and then give
off a false distance value between the
transmitter and the receiver. This
can cause the calculated position to
be off-set from the real position. b)
Close-up of where the signal crosses
the threshold.

In practice this means that UWB is an accurate technique for measuring
distance and position indoors with an accuracy of approximately 10 cm and
with a range of around 300 m compared to the accuracy of 1-4 m of Bluetooth
and Wi-Fi.

3.5

Data collection

For data collection there are many different environmental parameters that
could be measured. Three common environmental parameters are listed below.
Light intensity
Measuring light intensity (lux) is something that can be of good use in many
applications, for example measuring the light intensity of a football field as
mentioned in the introduction. It could be used to detect sunrise/sunset or
when an object is directly hit by a certain amount of light intensity. Modern
sun visors or roller blinds can be controlled by sensing when the amount
of light intensity of a house is too high and then roll down and cover the
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windows. For a light sensor to work it has to be in line-of-sight of the light
source that should be measured. A common light sensor is a photo resistor
which varies in resistance depending on the amount of light affecting the
sensor. The change in resistance is almost linear with the change in light
intensity. By measuring the output voltage it can be converted to lux.
Temperature
Measuring temperature (°C) is commonly done, not only to check temperature outside but also inside of different systems. Temperature is something
that is important to keep track off, since overheating can be avoided by measuring the temperature of a system. Many computers, mobile phones and
other applications have temperature sensors that act as fail safes. They can
warn the system and ensure that if the CPU starts to overheat then the
system will shut down to avoid damage to the system. An example of how
temperature is measured is by using a thermistor, which is a resistor whose
resistance is temperature dependent. Unlike a photo resistor the thermistor’s
resistance change is not linear to the change in temperature. By checking
the datasheet for the specified thermistor used, the measured output voltage
can be converted to temperature.
Acceleration
Acceleration (m/s2 ) is the net result of any and all forces acting on an object. Therefore the more force or less mass of an object will result in higher
acceleration [14]. Acceleration can be measured when a car accelerates from
0 - 100 km/h in 10 seconds, the acceleration will then be 10 km/h/s which
is equal to 2.78 m/s2 . Cars use accelerometers to sense the sudden negative
acceleration of a crash to activate airbags. But accelerometer’s are not only
used to measure objects as they accelerate or decelerate. An object standing still will still feel the constant force provided by the gravitational field.
Using this force an accelerometer can determine its orientation and sense if
it is tilted. Accelerometers with all three axis can measure the orientation in
x, y and z axis to see in which direction an object is moving. But it can also
see if the object is going up/down a hill or even if it has fallen over on the
side or upside down.
There are many different ways to build an accelerometer. Some examples
are mechanical, capacitive and piezoelectric accelerometers. The mechanical ones use a mass and spring. When the object accelerates the mass will
stretch the spring due to the force of acceleration. Then the length difference
of the spring which is proportional to the stretching force can be measured
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and converted to acceleration. The capacitive make use of a mass attached
to one of two metal plates to alter the distance between the two plates during acceleration. Depending on if it is positive or negative acceleration the
metal plates will come closer or go further apart which will give higher and
lower capacitance that can be measured and converted to acceleration. The
principle for the piezoelectric accelerometer is the same but instead of metal
plates a mass will press against a piezoelectric crystal. The crystal will then
generate a voltage depending on how much force is used to compress it. That
voltage can then be measured and converted to acceleration.

3.6

Existing projects

In this chapter the Mobile Activity Logger (MAL) is compared to already
existing projects.
3.6.1

Design and Implementation of object tracking system based
on LoRa

This project uses LoRa communication between a number of MCUs that are
mounted on bikes and connected through LoRaWAN gateways [15]. Each
MCU serves as a tracking device and is equipped with a LoRa module, a
GPS device and an acceleration sensor. Through a website and mobile app
it is possible to show the location of the bike. An acceleration sensor is
used to sense if the bike is moving which causes it to send GPS data at a
faster interval than compared to when the bike is standing still. Comparing
this project to the MAL project it can be seen that both use LoRa, GPS
and accelerometers as well as open source hardware. Both projects are also
uploading and storing data on a server. The MAL does not use a stationary
gateway compared to this project which uses a Meshlium gateway which is
a stationary gateway powered by 220 V AC [16]. Instead the MAL project
has opted for a mobile and completely battery powered solution which does
not need any cable connections. As for the data collection this project keeps
track of the nodes current position. The MAL project instead stores the
position together with sensor values and the time to be able to track where
an object has been and what sensor values it had at a certain position and
time.
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3.6.2

Data logger management software design for maintenance
and utility in remote

In this project a monitoring station was built that measures environmental
parameters such as rainfall, solar radiation, temperature, humidity, wind direction etc [17]. It stores the data but also uploads the data to a server data
base. This upload is done using GSM to eliminate the need for Wi-Fi or Ethernet infrastructure. Comparing this project to the MAL similarities can be
seen in the environmental sensors which are read and stored on the unit and
the GSM communication to a server. But the monitoring station is stationary and powered with 220 V AC while the MAL is powered by batteries and
can be placed anywhere without the need of any cable connections. Another
difference is that since the monitoring station is stationary the position of it
is fixed. The MAL instead uses GPS to determine where the measurements
have been performed.
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4

Implementation

This chapter gives a general explanation to how the system as a whole is
implemented, which technologies that were chosen and why. The chapter is
then divided into three subsystems: Mobile unit, Base station and NAS &
visualization.

4.1

System overview

Fig. 11 gives an overview of how the system is built. The mobile unit tracks
its own position using a GPS module, measures environmental parameters
and attaches these values to a position and a correct time. Time will be
determined by synchronizing the mobile unit’s internal clock to the base
station’s RTC so that all mobile units receives the current time from the
same source. The mobile unit then sends the measured data connected to a
position and time to the base station using LoRa. It will be battery driven
and contained in a container that can withstand Swedish weather conditions.
The base station collects data from all available mobile units and forwards
it to a NAS using a GSM-module. If the system is equipped with a way of
measuring indoor positioning, then the base station is in charge of collecting
the data from various access points and trilaterating the position of any
mobile units that may be present.
By installing the visualization program on a computer the user is able to
download any measured data from a dedicated FTP server and visualize the
data on the screen.

Figure 11: Overview of how the system is divided into subsystems. The
mobile unit is connected to the base station using LoRa. The base station
is the gateway between the mobile unit and NAS & visualization which is is
where data is stored and displayed for the user.
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4.2

Mobile unit

The mobile unit is able to track its own position using a GPS module and
measure environmental parameters. This data is then sent to the base station
using LoRa. The mobile unit periodically receives the correct time from the
base station and uses it to synchronize its own internal clock. A system
overview of the mobile unit is shown in Fig. 12.

Figure 12: Description of the mobile unit. The MCU has a GPS module,
LoRa module and sensors connected to it. Receives data from sensors and
GPS-module and sends data to base station through the LoRa radio module.
4.2.1

Internal communication

The Adafruit Feather M0 MCU (Micro controller unit) supports I2 C, SPI
and UART. The Featherwing add-on modules that are used for GPS, OLEDdisplay and LoRa all communicate with the SPI protocol. But since these
were made to be used together, the pins used are predefined together with the
libraries and functions that make them communicate. Looking at the sensors
the TMP102 temperature sensor uses I2 C while the LIS3DH accelerometer
can use both SPI and I2C. Since SPI uses more wires than I2 C the choice
was done to use I2 C for both sensors to keep it as small and clean as possible
in the design.
4.2.2

External communication

The communication between the mobile unit and base station does not exceed
100 bytes per package and does not send packages faster than an interval of
1/s. This is feasible with all the protocols looked at for external communication in Design Space. Therefore as long range as possible is the next priority.
LoRa was chosen which operates on a lower frequency compared to the other
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protocols. A lower frequency attenuates less in air. In the US LoRa operates
on 915 MHz while in Europe the choice stands between 433 MHz and 868
MHz which both lie in the free ISM band. These frequencies provide long
range in open space compared to the higher frequencies of 2.4 GHz which
handle indoors better due to their ability to deflect off objects. Outdoors
there might also be obstacles and not always free line-of-sight which is why
it is good that 433 MHz and 868 MHz can penetrate through such things
as concrete walls [18]. Looking at the limitations of 433 MHz and 868 MHz
and what they are commonly used for it can be seen that 433 MHz has very
vague limitations [19] about usage. More applications using the frequency
means more traffic which could lead to disturbance. Therefore 868 MHz was
chosen as the frequency for the project.
The radio packet being sent between the mobile unit and the base station
was designed as shown below in Fig. 13.
The packet begins with two bytes which contains the sender ID. This
means that several other mobile units can be added and in the case of extending the system with an indoors positioning system, the required access
points can be assigned a unique ID. The four following bytes indicate what
type the packet is, for example if it is a data packet containing a coordinate
and sensor values or if it is a packet requesting a time for synchronizing the
clock. Next is eight bytes containing the current time, two digits for hour,
two digits for minutes, two digits for seconds and two digits for milliseconds. After the time comes a single byte indicating if the packet contains
a coordinate from the GPS module or if it contains a distance value from a
UWB sensor that is supposed to be used by the base station to trilaterate
the position of the base station. Next comes the sensor part of the packet
which consists of two bytes indicating how many bytes the sensor data value
is, which is followed by the sensor data value. If multiple sensors are present
then this sensor part of the packet is repeated for the amount of N sensors.

Figure 13: Radio packet structure, numbers below the names indicates how
many bytes are used by each section.
4.2.3

Position fixing

The technology deemed best for outdoor positioning was GPS due to its
worldwide area of operation and the lack of required installation of near
ground access points.
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For any eventual indoor positioning system where GPS won’t work, UWB
was chosen as the prevailing technology. This due to its long range and
superior precision as seen in the comparison in Tab. 2. These advantages
outweighs the high price of the UWB access points.
Table 2: A comparison between range, precision and price for different methods of positioning
GPS
Range
worldwide
Precision 4 m
Price
37 e
4.2.4

BLE
30 m
1m
82 e

Wi-Fi
150 m
5-15 m
96 e

UWB
300 m
10 cm
123 e

Data collection

The choice of sensors used for data collection came down to temperature
and acceleration. Light was not an option as it has to be on the outside
of the box which means it can not be implemented directly on the mobile
unit circuit. Therefore the choice of an accelerometer was deemed more
appropriate since it could be implemented directly on the circuit board on
the mobile unit inside the box. An accelerometer can also give a lot of
movement oriented data which was deemed more interesting for mounting
the mobile unit on a vehicle. This compared to measuring light shined on
the vehicle. A temperature sensor was also implemented to be able to keep
track of the temperature inside the box in which the mobile unit is mounted.
This is to be able to see if the device could overheat from heat developed
from the device itself or from outside sources heating the box.
4.2.5

Hardware

One of the limitations was that only existing hardware would be used, in
order to examine what precision that could be achieved with already existing
hardware.
Micro controller
The choice of micro controller for the mobile unit was limited to three of the
most common existing micro controllers: the Adafruit Feather M0, Raspberry
Pi 3 Model B and the Arduino UNO Rev.3. A comparison of these three is
shown in Tab. 3.
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Table 3: In order to implement position tracking with GPS and LoRa additional modules need to be installed. The modules required vary with the
type of micro controller being used. The prices of these modules are listed
in the table above.
Micro
controller
Price
Processor
Clock speed
RAM
GPIO
LoRa
GPS
Total price

Adafruit Feather M0
32 e
ATSAMD21G18
ARM Cortex M0
48 MHz
32 K
20 pins
+0 e
+37 e
69 e

Arduino
UNO Rev.3
24 e

Raspberry Pi 3
Model B
47 e

ATmega328

ARMv8

16 MHz
2K
14 pins
+90 e
+37 e
151 e

1.2 GHz
1 GB M
40 pins
+126 e
+37 e
210 e

Since LoRa was chosen as the external communication interface, the
Adafruit Feather M0 (shown in Fig. 14) was deemed the best choice due
to its small size and low price. In order for the Raspberry Pi 3 Model B and
the Arduino UNO Rev.3 to use LoRa, a radio shield along with a compatible
LoRa shield has to be added in order for the micro controllers to be able
to communicate using LoRa. The GPS module needed to track the location
of the mobile unit exists as a shield for the Adafruit Feather M0, with the
same pricetag as a common GPS-module normally used with Arduino and
Raspberry Pi. Another feature of the Adafruit Feather M0 is is that the
Adafruit Feather series features a large amount shields. This is ideal for this
project since most of the necessary components required for the system to
function are available as shields for the Adafruit Feather.

Figure 14: Adafruit Feather M0 with on-board RFM95 LoRa radio module
In order to achieve maximum range with the Adafruit Feather M0 an
antenna with a 868 MHz center frequency was installed. The antenna is a
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tiltable half wavelength antenna from Linx Industries with a gain of -2.3dBi
and a frequency range of 853 MHz - 883 MHz.
GPS
The Adafruit Ultimate GPS Featherwing was chosen as the GPS module for
the mobile unit. This module is compatible with the Adafruit Feather M0
which is the micro controller being used. The module is equipped with a
MTK3339-based module with -165 dBm sensitivity. It is also equipped with
an internal patch antenna and a u.FL contact for connecting an external
active antenna.
For the antenna a “AA.162.301111” from Taoglas Limited was chosen. It
has a center frequency of 1.6 GHz, a frequency range of 1.575 GHz - 1.61
GHz, a gain of 29dBic and IP67. The antenna has an average gain of -3.63
dBi in the XZ plane [20], and an average gain of -3.46 in the YZ plane.
The weak spot in the XZ plane is between 220-245 degrees where the gain is
roughly -16 dBi. The weak spot in the XY plane is between 105-135 degrees
where the antenna has a gain of roughly -10 dBi.
Clock Synchronization
The clock of the mobile unit is based on the internal clock function of the
MCU “millis()” which is milliseconds counted since start up. Therefore the
mobile unit synchronizes the clock with the base station before starting a test
or measurement program. Sending a request for and receiving the current
time from the base station through a wireless network means it will not be
correct once the time arrives at the mobile unit. The time will be off by
the uncertainty already in the base station as well as the time between the
base station sending the time and the mobile unit implementing it. The time
sending a message from the mobile unit to the base station and back will be
the time of flight times 2 plus the time for execution of commands in both
base station and mobile unit. Compensating for this by timing how long it
takes to send and receive the time and dividing that time by 2. This time is
then added to the time which is set in the mobile unit.
Display
In order to aid the implementation process a “FeatherWing OLED - 128x32
OLED” OLED-display was purchased. The display is shown below in Fig.
15
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Figure 15: Adafruit FeatherWing 128x32 OLED module
Sensors
The mobile unit was equipped with two sensors, one temperature sensor
“TMP102” [21] and one accelerometer “LIS3DH” [22]. The temperature sensor is a digital sensor ideal for situations where high accuracy is needed. The
sensor offers an accuracy of ±0.5°C.
The “LIS3DH” sensor is a low-power high-performance three-axis linear
accelerometer with digital I2 C/SPI serial interface.
Both these sensors can operate on 3.3 V and are compatible with the
Adafruit Feather M0.
Battery
The mobile unit is powered by a 3.7 V Li-Ion battery from Luxorparts, which
is compatible with the Adafruit Feather M0 and the surrounding modules.

4.3

Base station

The base station is able to receive data from the mobile unit and forward it
to a NAS where it is stored. The base station periodically sends the time
to any mobile units within range which synchronizes their internal clocks. A
system overview of the base station is shown in Fig. 16.

Figure 16: Description of the base station. MCU is connected to a LoRa
module and a GSM module. It receives data from mobile unit through LoRa
and sends it to NAS through GSM.
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4.3.1

Internal communication

The GSM module uses UART as communication protocol. The combined
RTC and SD-card Featherwing add-on uses both I2 C and SPI, the RTC uses
I2 C and SD-card uses SPI.
4.3.2

External communication

The external communication for the base station is divided into two parts.
Part one is between the mobile unit and the base station and part two is between the base station and the NAS. Part one was set by the communication
protocol used by the Adafruit Featherwing modules. GSM was chosen over
Ethernet and Wi-Fi for part two to make the system more flexible. With
Ethernet the base station would most likely have to be put inside a house
which would limit the coverage of the LoRa communication. With a Wi-Fi
connection the base station could be put outside and the problem of attenuating the LoRa communication with the outside walls of the house would not
be a problem. By choosing GSM the system does not need to be connected to
a building directly but can be placed anywhere in an outside environment. It
can then connect to the network used for storing the data on a NAS through
a GSM connection.
4.3.3

Hardware

One of the limitations was that only existing hardware would be used, in
order to examine what precision that could be achieved with already existing
hardware.
Micro controller
The choice of micro controller for the base station was limited to the same
three micro controllers as the mobile unit since the base station has a similar
functionality as the mobile unit.
Because of the similarities between the base station and the mobile unit
and since the base station also communicates with the mobile unit using
LoRa, the same micro controller as the mobile unit was chosen. The Adafruit
Feather M0.
GSM
For communication between the base station and the NAS, a GSM Click
module is used. It features a “Telit GL865-QUAD” quad-band GSM/GPRS
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module which has worldwide coverage, using the 850, 900, 1800 and 1900
MHz frequencies. The module communicates with the base station using
UART. A tiltable “Delta 7B” antenna from Siretta with a gain of 2 dBi is
connected to the GSM Click.

Figure 17: GSM Click Telit GL865 module
LED
In order to aid the implementation process of the base station the same
“FeatherWing OLED - 128x32 OLED” LED-display as the mobile unit was
installed.
RTC
A “Adalogger FeatherWing RTC & SD card module” is used to keep track
of time. It contains a I2 C “PCF8523” real time clock with a 32KHz crystal,
battery backup, and a microSD socket that connects to the SPI port pins.
The RTC on the combined RTC and SD card module gets synchronized
each time the modules get connected to a computer. This is done by getting
the time and date from the computer using the serial communication between
the MCU and computer. Comparing the synchronized RTC time to the
computer clock it can be visually determined that there is a delay in the
synchronization. It was then later found that the RTC is synced to the time
of when the sketch downloaded on the MCU was compiled. This means
that the RTC mounted on the MCU will fall behind the computer clock
by the time it takes to upload the sketch to the MCU after it is compiled.
To synchronize the RTC with real-time from a PC then there has to be a
software providing time on the serial port.
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Figure 18: Adalogger FeatherWing RTC & SD card module
Storage
A “Adalogger FeatherWing RTC & SD card module” acts as backup storage
on the base station. All data that is sent from the base station to the NAS
is saved on an SD card on the base station. This is to ensure that no data is
lost if the connection between base station and NAS is disrupted.
Completed base station
The center of the base station is a Adafruit Feather M0 micro controller with
a on-board RF95 LoRa radio module. This micro controller handles all the
communication with the mobile units and forwards the information to the
NAS using a GSM Click Telit GL865 module. A Adalogger FeatherWing
RTC & SD card module is installed on top of the module, which tracks the
current time and stores all received measured data as a backup. On top of the
Adalogger FeatherWing RTC & SD card module is a Adafruit FeatherWing
128x32 OLED module. This module is used to scroll through the various
menus available for testing purposes, and to give feedback about the current
state of the system. The GSM module is powered by a switched variable
voltage regulator from Luxorparts that is based on the LM2596 circuit, since
the GSM module requires a power source with a current output capacity of
2 A. The base station is powered by the same 3.7V Li-Ion as the mobile
unit, which is compatible with the Adafruit Feather M0 and the surrounding
modules. The hardware of the base station can be seen below in Fig. 19.
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Figure 19: The base station equipped with RTC/SD-card module, GSMmodule and OLED display.

4.4

NAS & visualization

The system structure for NAS & visualization is shown in Fig. 20. The
NAS uses a FTP server and receives data sent from the base station through
GSM. An application placed on a PC can then download data from NAS and
visualize this data graphically for the user.
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Figure 20: Description of NAS & visualization. NAS receives data from
the base station through a GSM connection. The application can connect to
the NAS using the internet and visualize the data.
4.4.1

Application

For the visualization of measured data, a decision was made to develop a visualization program from scratch to be able to match any criteria that might
come up during the implementation of the system. C# was chosen as the
programming language due to its capabilities in building visual application
that run on the .NET Framework. A large amount of support libraries are
available, which aids the implementation process of the application.
The application is able to download text files containing measured data from
an FTP-server and visualize the data on a map. It uses an open source .NET
control called Gmap.NET which enables the application to access maps from
Google, Yahoo, Bing etc, and it also enables the use of geocoding and routing.
A list of all measure points is available, in case the user wants to examine
certain points.
Fig. 21 shows the layout of the application. The user is able to choose
whether to read measured data from the FTP-server or browse through local
files and import measured data in the form of text files.
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Figure 21: Layout of the application. The user is able to choose whether
to download measured data from the FTP-server or to browse and visualize
local files
4.4.2

Data storage

An FTP-server is used to store any data sent from the base station. The data
is saved in text files on the server that can be accessed from any computer
with an internet connection. Data is sorted by each day which means when
there is a change in date there will be a new text file created and data
measured will be put in a new text file.
At the moment an online web hosting service is being used as the FTPserver. The purchased server is set up but has not been connected to a
network and tested with the system. Getting the server up and running was
deemed to be of low priority due to the fact that the GSM module is not
operational yet.
4.4.3

External communication

Ethernet was chosen as network connection for the NAS since the choice of
hardware was a server which is stationary inside the facility of RISE.
4.4.4

Hardware

A “Dell PowerEdge T20 Mini Tower Server” acts as the NAS for the project.
It comes with 4 Gb RAM and a 1 TB HDD harddrive. Windows Server 2012
was chosen as the operating system.
35

4 IMPLEMENTATION

36

5 MEASUREMENTS

5

Measurements

This chapter lists all the tests and measurements that have been performed
and presents the results.

5.1

RTC

When reading values from the RTC module the date and time are available.
The RTC does however not provide the user with milliseconds. This means
there is an uncertainty of up to 1 second even if compensated for synchronization delay. Tests were done trying to decrease the uncertainty using the
internal clock of the MCU. This clock increases its count every 1 millisecond
beginning at 0 when the MCU starts. This clock is then used to make a
timer which resets each time the RTC increases by 1 second. This generates
the milliseconds missing when reading time from the RTC. The uncertainty
then instead depends on how long time it takes for the program to execute
the commands looping between two readouts of the RTC. This is since if the
RTC changes its value directly after a readout there will be nothing that resets the milliseconds before the next RTC readout. Thus uncertainty equals
time of execution of commands between each RTC readout. Measuring the
time for the program to execute the loop between each RTC readout gave
an uncertainty of 1-3 ms. Using this for the synchronization however did not
give the wanted result. The results showed that it still was up to 1 second
difference in the RTC of the base station and MCU clock of the mobile unit
when synchronized.

5.2

Clock synchronization

There were tests done using oscilloscope and pulsing the clock each second
from both the mobile unit and the base station on a digital pin and compare
them in time as seen in Fig. 22. Odd seconds write a digital one to the pin
and even seconds set the pin back to zero. In both pictures the arrows show
the distance between the rising edge of the base station pulse and the mobile
unit pulse. When compensated as seen in Fig. 22 b) the arrow is smaller
which indicates a smaller distance. The red lines represent where the pulse
was located before the compensation.
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Figure 22: Oscilliscope measurement where the top pulse “A” is from the
mobile unit and the bottom pulse “B” is the base station. The arrow shows
the distance between the pulses in time. a) Shows a comparison between the
two clock pulses without compensating for delay from sending the time. b)
Shows the same comparison as in “a)” but with the mobile unit compensated
for 169 ms. The red line shows the position of the pulse before compensation.

5.3

Sensors

Temperature sensor TMP102 works as intended and the MCU can read the
temperature in °C. It has a sleep mode which is used to lower power consumption for when the MCU is not reading temperature values. No accuracy
measurements were done and therefore trusting the ±0.5°C as written in the
datasheet.
Accelerometer LIS3DH also works and the MCU can read acceleration in
all the axis. What axis represent top, down, left and right depends on how
the unit is mounted. Therefore it might be good to take a note once the unit
is installed. When opening the box the unit is mounted in the direction of
all the axis are displayed on the circuit board. What axis is up and down
can be determined even as the unit is standing still since the gravitational
field will act on the accelerometer at all times by 9.8 m/s2 .

5.4

GPS

The accuracy of the measured position depends on the amount of satellites
within line-of-sight, which means that the environment has a big impact on
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the accuracy of the system. When walking between building as seen in Fig.
23 the system is able to achieve an accuracy of approximately 1-2 m. This
accuracy is estimated by examining the figures and comparing the measured
data to the known path taken when the measurements were performed.

Figure 23: Route walked around RISE to test the accuracy of the GPS
system. The measured position varies approximately 1-2 m compared to the
actual position. The position was measured every third second.
Next measurement shown in Fig. 24 was partly performed on a bus
which yielded the same accuracy as the previous measurement and some on
foot when visiting a store. When visiting a store the accuracy decreased
tremendously as seen in Fig. 25. This is due to all line-of-sight between the
system and the satellites being blocked by entering the building. Something
worth noting is the decrease in accuracy when walking to and from the store.
This is due to the buildings on the street blocking the systems view of some
satellites.
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Figure 24: The route consists of a bus ride along with a bus change and a
visit to a store. Accuracy of approximately 1-2 m. The position was measured
every third second.

Figure 25: Close-up of the measurement point received when entering a
store. All line-of-sight between the system and the satellites is blocked. Some
satellites are blocked by buildings when walking to and from the store, which
results in decreased accuracy. The position was measured every third second.
By placing the GPS antenna below the windshield of a car when driving
from Borås to Halmstad, the following result as seen in Fig. 26 was achieved.
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The system logged position along with a temperature and an acceleration
every three seconds during the whole trip.

Figure 26: Measurement performed with GPS positioning during a car ride
from Borås down to Getinge.

5.5

Range

When measuring the distance the system was able to achieve when transmitting through a forest, an interesting result was presented. The test was
performed by placing the base station on top of a hill about 10 m above the
mobile unit as seen in Fig. 27 a). Every three seconds the base station would
send out a radio packet and the mobile unit would receive it and bounce it
back to the base station. The mobile unit was moved further away from
the base station until no packets were received. The base station stopped
receiving packets when the mobile unit was 249 m away. Distance between
base station to location of mobile unit when last packet was received is shown
below in Fig. 27 b).
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Figure 27: Measurement performed by placing the base station on top of a
hill about 10 m above the mobile unit and walking away from the base station
with the mobile unit until no packets were received. a) Yellow dot represents
the location of the base station and the red line is the path of the mobile unit.
b) White line is the longest distance from base station to mobile unit with a
successful package received.
Table 4: 150 radio packets were sent by the base station to the mobile unit.
90 packets were received and sent back by the mobile unit and 34 packets
were receive by the base station. Any packets received by the mobile unit were
logged onto the SD card.
Packets sent from
base station
150

Packets received
at mobile unit
90

Packets received
at base station
34

As seen in Table. 4 out of the 150 packets sent out by the base station,
90 were received by the mobile unit and 34 packets were received back by the
base station. The reason why the mobile unit received almost three times
the amount of packets as the base station did was because the base station
sent out packets with a length of 14 bytes containing a sender ID and the
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current time, compared to the 72 byte packet that the mobile unit sends back
containing sensor data and GPS coordinates.
The base station was then placed below the hill so that the base station
and the mobile unit were on the same level as seen if Fig. 28 a), and the
same measuring process was repeated. The system now reached a range of
370 m, which is an increase in range of 48.6%. Distance between base station
to location of mobile unit when last packet was received is shown below in
Fig. 28 b).

Figure 28: Range measurement through forest at ground level. a) The
maximum distance acquired before losing connection between the mobile unit
and the base station. b) Yellow dot represents where the base station was
located at and red line is the path of the mobile unit.
Table 5 shows the amount of packets that were sent by the base station,
received by the mobile unit and the packets received back by the base station.

43

5 MEASUREMENTS
Table 5: 150 radio packets were sent by the base station to the mobile unit.
86 packets were received and sent back by the mobile unit and 76 packets
were receive by the base station. Any packets received by the mobile unit were
logged onto the SD card.
Packets sent from
base station
150

Packets received
at mobile unit
86

Packets received
at base station
76

By placing the base station on the same level as the mobile unit, the
system was able to communicate further than the last measurement as seen
in Table. 5. This may be the result of bad antenna placement during the
first measurement or other unknown factors.
A measurement was performed at a beach in Halmstad in order to get
the maximum range of the system, which resulted in a maximum range of
approximately 1.84 km during line-of-sight as seen in Fig. 29.

Figure 29: Maximum distance acquired from base station to mobile unit
during line-of-sight
To see how the range of the system is affected by antenna placement two
measurements were made. One where the antennas were placed inside the
plastic boxes and one measurement where the antennas were placed outside
the plastic boxes as seen in Fig. 30.
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Figure 30: a) Antennas placed within the plastic boxes. b) Antennas placed
outside the plastic boxes.

Figure 31: a) Both measurements plotted in one window. Antennas placed
within boxes & antennas placed outside boxes. b) Distance between the last
received position from both measurements.
As seen in Fig. 31 the maximum range was increased by roughly 106 m
when placing the antennas outside of the plastic boxes.

5.6

Percentage of received packets

An overview of the percentage of packets that are lost during a time period
can be achieved by placing the base station and the mobile unit at a known
distance apart and measuring how many packets were sent, how many packets
the mobile unit received and how many packets the base station received
back. Because the focus is on how many packages get lost during testing,
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packages lost in transmission are not resent or handled in any other way than
being counted as a lost package.
The base station was placed on top of a hill and the mobile unit was
placed 136 m away from the base station as seen in Fig. 32. Separating
the two units was a small overgrown forest, consisting of large bushes, trees
and tall grass. The test was performed in the same manner as the previous
test, except that the mobile unit was now stationary and the packets were
counted. Out of 100 packets, 91 were received back at the receiver which
gives the system a packet success rate of 91% at 136 m through dense foliage
& bushes.

Figure 32: Stationary packet error rate measurement from hill down to
playground at ground level. Small overgrown forest blocking sight. Yellow dot
represents location of the base station and red dot is the mobile unit.
Distance between the base station and the mobile unit is shown below in
Fig. 33.

Figure 33: Distance for stationary measurement from hill to playground.
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A packet error test was performed at 363 m with almost free line-of-sight
as seen in Fig. 34, which was the furthest clear line-of-sight that was available
at that location. The base station sent out a packet to the mobile unit which
was then bounced back to the base station. Out of 100 radio packets, 89
were received back by the base station.

Figure 34: Stationary packet error rate measurement from hill down to
parking space at ground level. Free sight during measurement. Yellow dot
represents location of the base station and the red dot is the mobile unit.
Distance between the base station and the mobile unit is shown below in
Fig. 35.

Figure 35: Distance for stationary measurement from hill to parking space.
The next measurement was performed on a beach in Halmstad. The base
station was placed at a stationary position while the mobile unit was placed
at seven different points. 100 packets were sent from the base station to the
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mobile unit and back at each points. The points are located at 200 m, 500
m, 800 m, 1000 m, 1300 m, 1600 m and 1800 m away from the base station,
with free line-of-sight.

Figure 36: Measurements performed at 200 m, 500 m, 800 m, 1000 m,
1300 m, 1600 m and 1800 m. RSSI values show the signal strength of the
last received radio packet.
The amount of packets received back at the base station starts to drop at
around 1000 m, as shown in Table 6. The RSSI values in Fig. 36 shows the
signal strength of the latest incoming radio packet, with -15 dBm being the
highest possible and -105 dBm the lowest possible. During the measurements
an interesting result was acquired. When performing the RSSI measurements
the systems calculated position did not deviate at all. Normally the system
deviates from the actual position with an accuracy of 1-2 m even when standing still, but during these measurements the system was within line-of-sight
of enough satellites to be able to accurately measure its own position without
deviating from its position. Out of all the packets received at each distance,
all packets reported the same position.
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Table 6: Table of measurement data acquired when doing RSSI tests at the
beach in Halmstad. 100 radio packets were sent by the base station to the
mobile unit. Any packets received by the mobile unit were sent back to the
base station and logged onto the SD card.
Distance
200m
500m
800m
1000m
1300m
1600m
1800m

5.7

Packets sent from
base station
100
100
100
100
100
100
100

Packets received
at mobile unit
94
90
90
75
94
87
67

Packets received
at base station
89
88
88
50
60
39
51

Battery lifetime

The current drawn by the mobile unit when sending a radio packet was
measured to 60 mA for 200 ms, which is the time it takes for the system to
send a radio packet. The system has a drawn current of 0.63 mA when in
listen mode. The mobile unit sends a radio packet every ten seconds, and
with this information it is possible to calculate the median current drawn
during this ten second span as below:
0.00063A ∗ 9.8s + 0.06A ∗ 0.2s
= 1.18174mA
(1)
10
The median current is now known, and the battery capacity is known
to be 2200 mAh. The theoretical battery lifetime can now be calculated as
below:
2200mAh
≈ 1210.5h ≈ 50days.
(2)
1.18174mA
In optimal conditions where every packet is received and no packets need
to be re-sent the mobile unit should have a battery lifespan of approximately
50 days. This value has not been tested and since discharging batteries
completely may harm the batteries this value will be lower in practice.
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6

Discussion

In this section the project and the completed system are presented.

RTC
Overall using the RTC was easy and not too much work if we want to limit
our system clock to being precise at the second. However since it is used to
synchronize the clock on the mobile unit which uses milliseconds it might be a
good idea to use a RTC with millisecond precision. The radio communication
between the modules and execution of commands also goes much faster than
a second, which is why a higher precision clock would be better for the
overall system precision. Then there would be no need for using the internal
MCU timer “millis()” in the base station to get the precision down to a few
milliseconds which did seem to work while checking time in the base station
while testing only on the base station.

Clock synchronization
Unfortunately when sending time and synchronizing clock to the mobile unit
we could not get it to match better than a second when measuring the clocks
on the mobile unit and base station. This was even though the RTC clock on
the base station was compensated with milliseconds using the MCU internal
function “millis()”. Sending the time from the base station and receiving it
at the mobile unit seemed to work during tests. The times to execute the
program were measured not to vary more than a few milliseconds and time
of flight as well. But we could not get it to synchronize better even though
it should work.
A problem later found out was that synchronizing the RTC did not work
as we first thought at the beginning. We found out that it did not synchronize
to the computer time if connected through a serial port. But instead it
synchronized the time of the last time the sketch was compiled. This could
be compensated for but then we need to know how long it takes to compile
and download the program on the MCU and differs the more the program
grows. Another way to synchronize the clock would be to use an application
on a PC that can send the computer time on the serial port when the MCU
asks for it. We could also use the GPS-module on the mobile unit to read
the time from the satellites which are equipped with atomic clocks. This
would probably be the best option since it would mean that there is no need
to connect the system to a PC for synchronizing the RTC. It can then be
done anywhere where the system gets a GPS signal. The GPS-module has
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a PPS (Pulse per second) output which output a pulse every second with
an accuracy of 10 ns. This could be used to accurately measure the current
time.

Radio range
The 1.84 km communication range was a very positive result. We believe that
we have shown that it is possible to build a system that can communicate over
long distances with already available open source hardware. If the system
did not have the requirement of having the possibility to be extended with a
indoor positioning system, we would probably have skipped the base station
and put a GSM module directly on the mobile unit instead. The system
would then be operational globally and would not be required to be near a
stationary base station.

Collecting & storing data
Handling the collection of data from many different sources and storing them
in a long message has provided us with a few errors during testing. Saving all
values and sending them is not a problem in itself but we must have a way to
read these values. When saving the messages we have followed the structure
presented in implementation of external communication. The problem has
been when certain criteria is met for the sensors which make them change
the format of its output. Because if this change in format is not handled
before saving it with the other values the whole message past the changed
value will not be read correctly by the visualization app. This is why it has
been important to check what output all sensors give in different situations
to be able to correct the format of the message before it is sent away and
is stored. An example found during testing: When too close to the water
surface the GPS would instead of writing only zeros not give any output for
the altitude. This means the message length was 7 bytes shorter than it was
supposed to be when this happened.
Data lost in transmission is not being handled in the test measurements,
but when the system will be operational there are functions used to resend
the messages a few times depending on what limit is predetermined. Transmission is the most power consuming action of the modules, i.e. more retransmissions means more power consumption and it will reduce the battery
lifespan of the system. This is why there must be a balance between trying
to decrease lost packages and still having good enough battery lifespan.
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GPS
The results of the GPS measurements were quite good in overall quality
compared to the accuracy of the GPS module specified in the datasheet for
the “PA6H (MTK3339) GPS module” [23]. The GPS module has a position
accuracy of 3.0 m (50% Circular error probability) according to the datasheet.
This means that 50% of the measured points will be within a 3.0 m radius
of the actual position.
One thing that can be said about the tests is that it is clear in which
conditions that are optimal for the GPS to operate in. When close to obstacles that obscure the vision between the system and satellites, the system
decreases in accuracy rapidly. On the other hand when free line-of-sight in
most directions is available, such as open fields or beaches, the system can
achieve accuracy of below 1 m. This was achieved during the measurements
performed on the beach in Halmstad where the GPS coordinates were exactly
the same for all 100 packets received for all the measurements.
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Conclusion

The aim of the project was to develop an outdoor positioning system built
out of already available open source hardware that could measure position
and environmental parameters and store this data on a NAS. Another part
of the project was to research what level of precision was possible to achieve.
The only thing remaining for the system to be fully functional is getting
the GSM module to upload the measured data to the FTP-server. All other
parts are functional.
In case the server would not be operational at the end phase of the project,
the base station was programmed to store all measured data on the on-board
SD card. This means that the system is still functional even though the
connection between the GSM module and the FTP-server is lacking. In order
to visualize the measured data in the application, the user has to transfer
the measured data from the base station’s SD card to the computer running
the application.
One of the requirements was that the system can be extended with an
indoor positioning system. The radio packet is designed so that each packet
has an ID which allows for several radio transmitters to be added, which
means that if access points for indoor positioning were to be added they could
communicate with the base station without disrupting any communication
between base station and mobile unit.
The system has a maximum range of around 1.84 km during free line-ofsight, which is longer than any other alternatives of wireless communication
that has been discussed.
As for environmental aspects of the project, the base station and the
mobile unit is battery powered. Batteries are a consumable part of the system
even though they are rechargeable and will have to be replaced at some point.
Therefore the consumption of batteries is this systems negative contribution
to the environment.
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