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Abstract
Fast and reliable detection of potentially hazardous chemical, biological and explo-
sive substances from intended or accidental output is crucial to reduce the amount
of injuries, as well as to support first responders. Recent terrorist attacks and pan-
demics emphasize the need for robust solutions and justify the increased research
on detection systems for these substances. Spectroscopy systems may prove to be a
useful addition to already established systems due to their capability to detect these
substances from a distance. Adding mobility, for instance, by mounting such sys-
tems on a moving robot, makes them more flexible and utilizable for a larger number
of versatile environments and scenarios. This thesis presents the development of the
required support electronics and software for a compact laser-induced fluorescence
spectroscopy detection unit optimized for the use on mobile platforms. This includes
an autofocus module, a pan-tilt platform for spatial orientation, and a georeference
system for localization and attitude determination, together with temperature con-
trol and other additional features. All subsystems have been individually validated
to ensure proper functionality.

Abstract (Different Language: German)
Eine schnelle und zuverlässige Detektion von versehentlich oder absichtlich freige-
setzten gefährlichen chemischen, biologischen und explosiven Stoffen ist unverzicht-
bar, um Verletzungen zu vermeiden und Ersthelfer und Einsatzteams zu unterstützen.
Jüngste Terroranschläge und Pandemien verdeutlichen die Notwendigkeit und recht-
fertigen den Anstieg an Forschung für robuste Detektionssysteme. Spektroskopiesys-
teme sind in der Lage Substanzen aus einer sicheren Distanz zu detektieren und bie-
ten daher eine vielversprechende Ergänzung zu bereits etablierten Systemen. Das
Anbringen einer solchen Detektionseinheit auf einer mobilen Plattform würde einen
flexibleren Einsatz in unterschiedlichsten Umgebungen ermöglichen. Diese Mas-
terarbeit handelt über die Entwicklung der notwendigen Elektronik und Software
für einen kompakten laserbasierten Fluoreszenspektroskopieaufbau optimiert für die
Nutzung auf einer mobilen Plattform. Das beinhält unter anderem ein Autofokus-
modul, eine Schwenk-Neige-Plattform, ein Georeferenzsystem zur Bestimmung von
Position und Ausrichtung sowie Temperaturkontrolle. Alle Subsysteme wurden in-
dividuell getestet um eine korrekte Funktionsweise sicherzustellen.
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CHAPTER1
Introduction

Within the last decades, the global architecture of security has fundamentally changed.
Recent terrorist attacks and pandemics highlighted, that preventive measures and immedi-
ate countermeasures are essential for protecting critical infrastructures and humans. A fast
and reliable detection of potentially hazardous Chemical, Biological and Explosive (CBE)
substances from intended or accidental output is crucial to reduce the amount of injuries,
deaths and property damage, as well as to support first responders, rescue teams, and
potentially endangered laboratory personnel [1]. Detection methods for explosive residues
[2, 3, 4, 5], for example in airports or cars, as well as the detection of different virus strands
in the fight against uprising pandemics [6, 7] are examples of nowadays security and health
challenges that must be addressed.

Spectroscopy systems have the potential to offer a helpful alternative or addition to many
currently established methods for CBE detection, because of their ability to perform
“stand-off” detection (i.e. remote sensing), having the advantage of detecting the threat
from a perimeter without any contact with the sample, ensuring the safety of operation
personnel and the system itself. One of these spectroscopy methods is using Laser-Induced
Fluorescence (LIF). Unfortunately, not all CBE materials fluoresce naturally. However,
in contrast to Raman and infrared spectroscopy, LIF spectroscopy has a very high sensi-
tivity [7], resulting in very short measurement time requirements. This enables real-time
scanning and rapid area coverage, which is a crucial aspect in emergency situations.

Up to now, this lack of real-time capabilities is one of the major reasons why many
laser spectroscopic systems have remained in stationary applications. Adding mobility
to such systems, for instance, by mounting them on a moving robot, would make them
more flexible and utilizable for a larger number of versatile environments and scenarios,
but this also requires the addition of support electronics and software. First of all, the
measurement distance will constantly vary. In order to effectively focus the incoming
fluorescence signal, one of the lenses must be continuously adjusted accordingly, which
can be achieved by adding an autofocus module. Furthermore, depending on the mobile
platform on which the system is mounted, it needs to be able to point to a desired location
by itself. Resulting from the added mobility, the system must be able to determine its
absolute position and attitude to accurately georeference the measurements taken. In
addition, the system operates outside laboratory conditions. Environmental conditions
directly influence the performance of optical systems, which is why active temperature
control is an absolute necessity. All of these additions must be implemented sufficiently
small in order to overcome current limitations and create a compact LIF spectroscopy
system for mobile platforms.

Nowadays, the use of laser scanners on robots for accurate localization and navigation
purposes is common practice [8, 9, 10]. Due to the georeference subsystem and the required
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distance measurements, the mobile spectroscopic system attains capabilities similar to
those of a laser scanner. By combining these two technologies together, which would
be accomplished by using the same laser system to collect distance measurements and
spectroscopic information, a powerful instrument for robotic exploration, rescue missions,
and threat detection could be created.
This thesis was conducted at the German Aerospace Center (DLR) at the Institute of
Technical Physics in Lampoldshausen. The main focus of the institute is the development
of laser systems for applications in aerospace, security and defense sectors. The working
group in Lampoldshausen especially focuses on laser-based remote detection of harmful
and hazardous substances. Within this context, a mobile, robotic laser-based detection
unit called LUCS is being developed, which tries to accommodate specific requirements
from military and civil security end users.
First of all, a laboratory LIF system was transferred into a compact detection unit to
perform a feasibility study and find the additional requirements necessary for real-world
applications. With this previous system, first LIF measurements were performed on the
DLR laser test range in Lampoldshausen. Next to the missing localization and attitude
determination, and problems with heat transfer, the optical system had mainly two limi-
tations. First, the detection distance was approximately fixed to 10m. A change of target
distance results directly in a reduced measured fluorescence signal. Second, only a sin-
gle point could be analyzed at once. The compact prototype was still too large to be
mounted onto a Pan-Tilt Platform (PTP) or a similar pointing device. The peripherals
were controlled using an Intel NUC Mini PC and breakout boards. Breakout boards are
adapter boards that transfer the interfaces of tiny sensors and other peripherals to easier
manageable sizes and interfaces. This allowed a fast and easy development. However,
the necessary downsizing to fit the detection unit onto a PTP and the addition of more
support electronics require a more sophisticated solution with PCBs.
The overall concept of the mobile LIF spectroscopy system can be seen in Figure 1.1.

Figure 1.1: Mobile LIF spectroscopy system concept. The detection unit is mounted onto
a robot and capable to measure the distance in scan direction, find its absolute position
and attitude, and control its temperature.
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This thesis aims to overcome the previously mentioned limitations to enable the use of LIF
spectroscopy on mobile platforms. For this purpose, the necessary embedded electronics
and software will be developed. This mainly includes:

1. Development of an autofocus solution based on a pre-selected, compact Light Detec-
tion and Ranging (LiDAR) sensor and a pre-selected autofocus module (miniature
piezo linear motor).

2. Communication with a pre-selected PTP to point the detection unit at desired lo-
cations and perform scan maneuvers.

3. Development of a georeference solution to determine the absolute position and atti-
tude of the detection unit.

4. Development of temperature sensors, whose measurements will be used to actively
control two pre-selected fans.

Some other required minor peripherals include an alignment laser with watchdog, a ser-
vomotor, status indication Light Emitting Diodes (LEDs), as well as status outputs of
the main laser. All of these support systems are implemented using two PCBs, each con-
taining an STM32 microcontroller as main processing and control unit. The development
effort will be confined to the electronics and software of the support systems and will not
include any classification algorithms and data processing of the spectroscopy data itself or
the control of the main laser. To verify the functionality and performance of the proposed
electronics and software, the thesis will evaluate the solutions in terms of requirements.
The remainder of the thesis is divided into six chapters. Chapter 2 introduces the basics of
LIF spectroscopy, the major hardware and software components of Embedded Real Time
Systems as well as the basic, relevant principles of attitude kinematics, sensor fusion and
control theory. The chapter also summarizes the state of the art of similar technologies and
projects. Chapter 3 describes the overall design approach and derives requirements for the
desired functionalities and performances of the necessary support electronics. Chapter 4
provides more in-depth descriptions of the technical approaches and designs used to realize
these requirements. Chapter 5 describes the tests and presents their results. Chapter 6
discusses these results with respect to the requirements. Lastly, Chapter 7 concludes the
thesis by summarizing the impact of the developed support systems on the project and
the overall aim of this thesis. Furthermore, it identifies major challenges encountered and
highlights possible improvements and directions for future work.
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CHAPTER2
Background

This chapter introduces the most important concepts for understanding the ideas
and designs realized in this thesis. This includes an introduction to the basics of LIF
spectroscopy, common software and hardware concepts used in embedded systems, and
the relevant principles in attitude kinematics, sensor fusion, and control theory.

2.1 Spectroscopy

In general, spectroscopy refers to the study of the interaction between electromagnetic
radiation and matter. The field is divided into absorption and emission spectroscopy.

In absorption spectroscopy, a continuous and broad range of light is emitted onto the
material. The substance absorbs parts of the radiation and reflects the rest, resulting in
absorption lines (missing frequencies) in the returning spectrum. The missing frequency
ranges can hint at the characteristics of the material.

In emission spectroscopy, thermal, electrical, nuclear or radiant energy is used to excite the
material into a higher energy state. Once the material relaxes again, photons are emitted.
This emission spectrum can be analyzed to acquire information about the material [11].

2.1.1 Laser Induced Fluorescence Spectroscopy

Laser-Induced Fluorescence (LIF) spectroscopy, the specific type of spectroscopy used
in this thesis, is a type of emission spectroscopy, in which a laser is used to excite the
material. As mentioned previously, when transiting back to lower-energy states, many
molecules emit light (they fluoresce) with a characteristic spectrum specific for that par-
ticular molecule. As different molecules will emit different spectra and because the material
is excited by a laser, LIF spectroscopy systems have the capability to detect and differenti-
ate potentially dangerous substances from a distance [12]. The emission spectrum always
has a larger wavelength than the incident radiation [3] (i.e. the laser wavelength here).
Compared to absorption spectroscopy, LIF spectroscopy has a higher sensitivity [7], which
allows faster scanning. The major components required for a LIF spectroscopy system
are introduced by describing the optical system used in the detection unit prototype. An
overview of this can be seen in Figure 2.1.

The main laser (Cobolt Tor) used in this project has a wavelength of 355 nm. Ideally,
a smaller wavelength should have been selected, because fluorescence spectra below this
wavelength will not be emitted and typical military-grade explosives absorb most energy
in the deep ultraviolet range below ∼ 250 nm [13]. However, lasers that are both small
and powerful enough in this wavelength range are not readily available. The goal of the
project is to quickly develop a prototype system, which is why a laser with a more common
wavelength was selected instead. The main laser beam is properly focused using a telescope
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Figure 2.1: LIF Spectroscopy System Overview. The caught part of the fluorescence signal
is drawn in as the more transparent light hitting the detection lens. The colored circles
visualize which fiber cores are connected to which components.

and then directed to shoot out right above the detection lens. A servomotor can be used
to move a filter or shutter in front of the main laser beam for additional safety modes.
The incoming fluorescence signal is focused using the detection lens. The notch filter is
used to remove the laser light that is directly reflected back into the detection lens from
the fluorescence signal. Depending on the distance the light has traveled, the actual focus
point will move back and forth. To accommodate for this, the fiber feed-in is movable by
an autofocus module. The desired autofocus module position is derived from the distance
measured by a LiDAR sensor.

The main laser operates in pulsed mode, where each pulse has a length between 3 ns and
5 ns. These pulses occur with a frequency between 3 kHz and 7 kHz depending on the
laser settings. The fluorescence light is emitted with a slight delay after the laser beam
incidents on the material [14]. The emission is expected to remain for less than 1 µs,
because fluorescence lifetimes are typically in the nanosecond range [15]. The minimum
time the spectrometers can integrate the incoming signal is 10 µs. Therefore, by placing
the laser pulse into the center of the integration window of the spectrometer, the whole
fluorescence emission can be captured.

There are two spectrometers. The signal spectrometer should integrate while the laser
pulse occurs, while the background spectrometer is used to measure the radiation between
laser pulses. Background radiation is a major challenges for LIF spectroscopy outside of
laboratory conditions [12]. The overall background radiation, especially during sunshine,
is significantly stronger than the fluorescence signal. By subtracting the background spec-
trum from the signal spectrum, the fluorescence signal can be extracted, making the
analysis significantly easier. Two spectrometers are required, because the type used would
be too slow to measure signal and background alternatively for every laser pulse. The
optical fiber into which the fluorescence signal is fed has multiple cores. One of the cores
is connected with the signal spectrometer to integrate the signal. Five of the outer cores
are forwarded to the background spectrometer. One fiber core is reserved for a small
alignment laser. The optical equipment is very sensitive to movements. During long mea-
surement campaigns or transports of the system, the optics might need to be re-adjusted
due to minor displacements. The alignment laser can help to re-adjust lenses and other
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equipment more easily. Additionally, a small portion of the main laser beam is decoupled
and also fed into both spectrometers. This helps to get an idea about the laser light
quality and its fluctuations, which can then possibly be taken into account in the analysis
and classification. As both the main laser and the alignment laser are not eye-safe, status
LEDs are used to indicate whether they are actively emitting.

2.1.2 State of the Art

The most promising types of spectroscopy for long-range detection of CBE hazards are
Laser-Induced Breakdown Spectroscopy (LIBS), Raman Spectroscopy and LIF Spectroscopy
[16]. As this thesis focuses on the support systems required for the deployment of a LIF
system on a mobile platform, this section only briefly highlights and lists some recent
advances in the fields of LIF and mobile spectroscopy.

LIF Spectroscopy for Hazard Detection The major challenge in hazard detection
is to differentiate hazardous substances from others. Most of the time, multiple different
techniques must be deployed to accurately identify the material. This is also the case for
most LIF-based methods, since material may be classified but hardly identified, as shown
by Hausmann et al. (2014). The frequency and time dependence (lifetime) were recorded
for different biological and chemical substances to classify them. A classification confi-
dence of more than 90% was reached for the tested substances with laser frequencies of
280 nm and 355 nm [12]. A similar approach with alternating laser frequencies of 266 nm
and 355 nm was tested by Wojtanowski et al. (2015) [17]. With the same wavelengths and
a repetition rate of 100Hz, another LIF system achieved an accuracy of more than 97%
in distinguishing between three different types of bacteria in 2018, highlighting LIF spec-
troscopy as a promising tool for biohazard detection [18]. Li et al. (2019) give an overview
of the development and technology required for LIF-based field and remote detection of
biological aerosols [19]. Fellner et al. (2020) investigated the impact of time-resolved
data next to the spectra on the classification accuracy of different bacterial species and
oils. Time-resolved data partly complements spectral information, leading to an overall
increased classification accuracy from 86% to 92% [1]. Much research for the detection of
explosives currently focuses on LIBS [5]. However, LIF might be a valuable addition to
LIBS in hazard detection if the material in question also fluoresces [13].

Mobile Spectroscopy Palombi et al. (2021) present a compact LIF Spectrometer for
field-use in polar regions to study biological soil crusts. The device weighs 1.6 kg including
the battery, and is controlled by a smartphone. Its compact size makes it easily portable.
However, it is still a handheld device, requiring a human to point it at the desired location
[20]. Erler et al. (2023) mounted a LIBS spectrometer on a rotatable platform to compare
in-field measurements with laboratory measurements for agriculture applications [21].
In addition, mobile spectrometers can be found on rovers for planetary exploration. The
Curiosity rover and the Zhurong rover both had a LIBS spectrometer equipped (called
ChemCam and MarSCoDe respectively), which were able to perform measurements in
distances of up to 7m [22, 23]. However, both of these instruments had a total mass of
about 10 kg. A much more lightweight LIBS spectrometer was developed by Schröder et
al. (2024), placed on a small DLR rover as part of the Helmholtz ARCHES project. It is
mounted on the moving arm of the robot, allowing flexible positioning. However, due to
the weight and size requirements, the laser had to be kept small and no autofocus system
was developed, resulting in a fixed working distance of 7 cm [24].
Oborny et al. (2021) propose a radiation tolerant LIF spectrometer design for a potential
Europa Lander mission. [25]
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2.2 Embedded Systems

An Embedded System is a system with at least one microprocessor, that fulfills a specific
task. Peripheral devices are involved to interact with the environment. Compared to a
personal computer that can run all kinds of applications, an embedded system is tailored
to fulfill one specific functionality. This can be very different applications with vastly
different degrees of complexity, such as the control of the air conditioning inside a car or
the program selection of a washing machine. In this thesis, it is used to collect and process
sensor data, as well as control actuators within a spectroscopy system. If the provided
functionality of the system is subject to timing constraints, as is the case here, one often
refers to it as an Embedded Real-Time System. The goal of an embedded real-time system
should not be to execute its desired functionality as fast and as perfect as possible, but
as fast as necessary to meet all deadlines and as good as necessary to meet the desired
requirements with the least possible resources. This allows it to remain relatively cheap
and often small in size. Not meeting deadlines can have various different impacts on a
system. For a spectroscopy system, it will most likely lead to measurements with reduced
quality in the less severe cases and possible eye damage due to the use of high-energy
lasers in the worst cases. Therefore, the software running on the microprocessor(s) needs
to ensure that hard deadlines are met. In embedded (real-time) systems, the hardware
ensures that certain tasks and functionalities can be provided, while the software ensures
that these functionalities are executed correctly, both logically and in time [26, 27].

Short introductions to most of the hardware and software components relevant for this
thesis are presented in the next sections.

2.2.1 Hardware

The hardware of an embedded system is made up of a microcontroller and peripherals.
Some peripheral devices might require support electronics like OpAmps and MOSFETs
to be interfaced by a microcontroller.

Microcontroller A microcontroller, sometimes also referred to as µC in short, is typi-
cally the heart of every embedded system. In the classic Von Neumann architecture, which
is still very prominent in modern microcontrollers, it is made up of three major parts: a
Central Processing Unit (CPU) is connected via a system bus to memory. The system bus
can be split into three distinct buses: control, address and data bus. The address bus is
unidirectional and controlled by the CPU. It specifies the location in memory that data is
written to or read from. The bidirectional data bus is used to transfer this data between
CPU and memory. Lastly, the control bus is made up of different control, status, power
and timing lines. Peripherals, such as sensors and actuators, are often implemented as
being part of the memory with their own designated address range. This kind of method-
ology is referred to as memory mapped Input and/or Output (I/O). Writing data into
this address space represents sending data to the peripheral, while reading data from those
addresses represents reading data from the peripheral. The code that is running on the
CPU is also part of the memory [26].

Memory is either volatile or non-volatile. Volatile memory is lost when the power supply
is switched off, while non-volatile memory will persist. A common non-volatile memory
architecture which is also referred to multiple times in this thesis is Flash memory. It is
often used to store program code and configurations that need to persist after shutdowns.
These architectures have a more limited amount of re-write cycles available before they
break down compared to volatile memories, making them inappropriate to store variables
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and other temporary data structures during runtime. For this, Random Access Memory
(RAM) memory is utilized instead [26].
Instructions that need to access the memory are a bottleneck for the overall execution
speed of a program, because they take significantly more time than other instructions.
To enhance the memory access speed, caches are used. Those have higher memory access
speeds than other typical RAM technologies while also being significantly more expensive.
A cache can contain values and parts of the main memory that are read or written fre-
quently to speed up the program. Depending on which part of the program is executed at
that moment, the content of the cache can be exchanged with other parts of the memory.
However, it is not feasible to copy sensor memory space into the cache. When the sensor
updates its measurement values, they are only updated in memory, resulting in the values
inside the cache to be out of date. Instead, there is another solution to prevent the CPU
time being taken up by memory accesses. Direct Memory Access (DMA) controllers can
be instructed to transfer large quantities of data from one location to another. The des-
tination and source memory location can be parts of the main memory or of peripheral
devices. While the DMA transfers data, the CPU can continue with its normal instruction
executions [26, 27].
Microcontroller pins often support different I/O types. Some of these General Purpose
Input/Output (GPIO) pins even support specific digital communication protocols. The
relevant protocols for this thesis are explained in Section 2.2.2. For digital I/O pins, the
voltage is either high (logic 1) or low (logic 0). For an analog input, the voltage has to be
translated into a digital value for further processing. This is done by an Analog to Digital
Converter (ADC). The resolution of the ADC is the number of bits used to represent the
digital number. For instance, an b = 8-bit ADC separates the voltage measurement range
into 28 − 1 steps. The ADC then samples the signal and quantifies the signal voltage to
one of these voltage steps. The resolution can be increased by oversampling, which takes
multiple samples and then averages them [28]. Similarly, an analog signal can be created
from a digital value. This is done by a Digital to Analog Converter (DAC). The same
resolution principle applies. An 8 bit DAC can transfer a digital value into 255 different
voltage levels [26, 29].
Specific I/O devices might have very tight timing constraints. Not fulfilling these timing
constraints might lead to unsatisfying performance in most cases and catastrophic failures
in others, depending on the use case of the embedded system and the constraint violated.
Therefore, they may require the immediate attention of the CPU. This is what interrupts
are for. They can be caused by software or hardware (i.e. change of input signals). When
they occur, the CPU interrupts the current program running, saves its context to memory
and jumps to the Interrupt Service Routine (ISR). Once the ISR finishes, the CPU re-
loads the old program context and resumes its normal execution. To make sure that the
”normal” program still receives enough execution time, the ISRs should be short and the
number of interrupt sources limited [26].
For accurate timing, a microcontroller usually has multiple timer peripherals. For every
timing pulse (source can be the microcontrollers own clock or an external source), the
counter of the timer is increased by one. When the maximum counting value is reached,
it overflows and can generate an event/interrupt if desired. A prescaler can be used to
lower the counting frequency [30]. The corresponding equation for the timer period Tp
(the time from starting to count until overflow) of the microcontroller used in this thesis
(STM32) is simplified

Tp =
fc

(p+ 1)(a+ 1)
(2.2.1)

with timing pulse frequency fc, prescaler value p and autoreload value a.
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The autoreload value is the maximum value of the counter before it overflows. Both p and
a can be set to any value in their maximum range (usually 16 or 32 bit values) [31].

Wheatstone Bridge A Wheatstone bridge, which can be seen in Figure 2.2, is a well-
known circuit to determine unknown resistances (in this case R4) [29]. If R1 = R3 is
selected, then the bridge voltage UG is 0V if R2 is equal to R4.

Ui

R 1

B

R
3

A
R
2

R 4

UG

Figure 2.2: Wheatstone bridge schematic. If R1 and R3 are known and R2 is unknown,
the variable resistance R4 can be adjusted until UG is equal to 0V . At this point, R2 and
R4 are equal, if R1 = R3.

Under the assumption that UG is measured with a negligible current, the following set of
equations can be extracted from the cirucit using nodal analysis.

Node B :
Ui − UB
R1

=
UB
R2

→ UB =
R2

R1 +R2
Ui (2.2.2)

Node A:
Ui − UA
R3

=
UA
R4

→ UA =
R4

R3 +R4
Ui (2.2.3)

From equations (2.2.2) and (2.2.3), the voltage across the bridge UG can be determined:

UG = UB − UA =

(
R2

R1 +R2
− R4

R3 +R4

)
Ui (2.2.4)

To make the measurements as accurate as possible, the sensitivity of UG w.r.t. the resistor
in question R4 should be as high as possible. The sensitivity can be determined by taking
the partial derivative of UG w.r.t. R4:

∂UG
∂R4

= − R3

(R3 +R4)2
Ui (2.2.5)

The sensitivity is highest, when the absolute value of equation (2.2.5) is highest. This is
the case for R3 ≈ R4. Therefore, the bridge has the highest sensitivity, when R3 is in the
same magnitude range as R4. A differential amplifier circuit such as the one explained in
the next section could be utilized to amplify the bridge voltage UG to measure it more
easily.

Operational Amplifier An Operational Amplifier (OpAmp) has next to its power
supply at least a differential input (inverting and non-inverting terminal) and an output
terminal. Typically, it is implemented together with external feedback elements such as
resistors, capacitors, inductors, and diodes, which determine the specific function of the
OpAmp.
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When analyzing OpAmp circuits, they are typically assumed to be ideal OpAmps. Next
to an ideal power supply (zero offset voltage, bias current and no common mode gain),
the following assumptions are true for ideal OpAmps:

• Inputs: High input impedance; low bias current; only respond to differential modes

• Output: Low source impedance

Although the behavior of a real OpAmp will deviate from these assumptions, they make
analyzing OpAmp circuits significantly easier and approximate the overall functionality
and behavior of the circuit [32].

Ui−
Ui+

R1 A

R3

R2

O

B

R4

−

+

Uo

Figure 2.3: Differential amplifier circuit.

Figure 2.3 shows the circuit of a differential amplifier as an example. The ideal OpAmp
only responds to differential input modes. If the input voltages Ui− and Ui+ do not change,
the OpAmp will only respond until the voltage between nodes A and B zeros out. If the
input voltages are changed, the OpAmp will try to equalize the voltages UA and UB. To
further simplify the analysis, the following resistance equalities are chosen: R1 = R3 and
R2 = R4. Now, the system can be analyzed for the static case UA = UB using nodal
analysis and the assumption of high input impedance:

Node A:
Ui− − UA

R1
=
UA − Uo
R2

(2.2.6)

Node B:
Ui+ − UA

R1
=
UA
R2

(2.2.7)

Equation (2.2.7) can be re-arranged to:

UA =
R2

R1 +R2
Ui+ (2.2.8)

Now equation (2.2.8) can be inserted into equation (2.2.6) and re-arranged to Uo:

Uo =
R1 +R2

R1
UA − R2

R1
Ui− =

R2

R1
Ui+ − R2

R1
Ui− =

R2

R1
(Ui+ − Ui−) (2.2.9)

As can be seen in equation (2.2.9), the circuit in Figure 2.3 amplifies the difference between
the two input terminals by a factor R2/R1 and outputs it as Uo with respect to the common
ground. This type of amplifier circuit can for instance be used in measurement systems
that are based on measuring a voltage drop across a resistor, such as done in this thesis
for temperature and current measurements.
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MOSFET To keep it brief, this thesis only introduces two use-cases and the basic func-
tionality of a Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET). A detailed
description of the structure and chemical processes involved in MOSFET production can
for instance be found in Gray (2009) [33]. A standard MOSFET has three pins: source,
drain and gate [29, 33].

Type Symbol Region Condition(s)
N
-C

h
a
n
n
el

U
th
>

0
V

S

D

G

Cutoff UGS < Uth

Triode
UGS ≥ Uth &

UGS − Uth > UDS

Saturation
UGS ≥ Uth &

UGS − Uth ≤ UDS

P
-C

h
a
n
n
el

U
th
<

0
V

S

D

G

Cutoff UGS > Uth

Triode
UGS ≤ Uth &

UGS − Uth < UDS

Saturation
UGS ≤ Uth &

UGS − Uth ≥ UDS

Table 2.1: Symbols (D = Drain, S = Source, G = Gate) and operation regions of MOSFETs
based on the gate-to-source voltage UGS , the threshold voltage Uth and the drain-to-source
voltage UDS . [29, 33]

Table 2.1 shows the symbols for the two different variants. N-Channel and P-Channel
MOSFETs will be referred to as N-type Metal-Oxide-Semiconductor (NMOS) and P-type
Metal-Oxide-Semiconductor (PMOS) respectively.

The behavior of the drain-to-source current IDS based on the drain-to-source voltage
UDS is dependent on the gate-to-source voltage UGS and the threshold voltage of the
MOSFET Uth. Typical threshold voltages are in the range of 0.3V to 1.5V for NMOS
and −1V to −4V for PMOS [33]. Based on the relationship between Uth, UDS and
Uth, the MOSFET operation mode can be categorized into three different regions. In the
cutoff region, only small leakage currents flow through the drain and source terminals
(IDS ≈ 0A). In the triode region, IDS can be approximated as a linear function of
UDS . Once the voltage of UDS reaches sufficiently high for NMOS or low for PMOS, the
current flow saturates, because the drain-to-source resistance RDS(on) increases. At this
point, significant increases in UDS produce almost no change in IDS [29, 33]. Table 2.1
summarizes the relation for both MOSFET types.

A MOSFET is able to switch on and off a high load current from drain to source at
high frequencies using a low current voltage signal at the gate. A standard approach to
achieve this is a low-side NMOS switch like shown in Figure 2.4 with the output terminal
Uo unconnected. A current through the load is only permitted if the NMOS conducts
from drain to source, which is the case when the input voltage Ui = UGS is larger than
the NMOS threshold voltage Uth. The on-resistance RDS(on) of the transistor increases
with higher currents. While RDS(on) << RL, the MOSFET acts like a pull-down on the
drain voltage. This means that the UDS voltage is close to 0V and the MOSFET is in
triode mode. If the supply voltage is increased, IDS will increase almost linearly. While
the current is rising, the on-resistance RDS(on) will also increase. Once RDS(on) reaches
resistances in the same order of magnitude as the load resistance RL, the circuit will start
to act like a voltage divider. This means, that the potential at the drain pin will rise and
therefore also the drain-to-source voltage UDS . If the supply voltage Us is increased high
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enough, the MOSFET enters the saturation region (UDS ≥ UGS − Uth). If Ui is set to
0V, the NMOS will be inside the cutoff region and no significant current will flow through
the load. In this thesis, no MOSFET is operated in saturation region. When using a
MOSFET as a power switch to drive large currents, as done in this thesis with fans, a
sufficient heat dissipation of the MOSFET is required..

Q1

RL

Uo

Us

Ui

Figure 2.4: NMOS circuit example. When leaving Uo unconnected, the circuit represents
an NMOS low side switching circuit for a load RL with potentially big drain-to-source
current IDS . Alternatively, the circuit can be used as a logic signal inverter, which means
Uo is high (Uo = Us) when Ui is low and vice-versa. A resistance may be added in front
of the gate pin to limit the current flow into the gate pin.

MOSFETs are also frequently used in logic circuits due to their fast switching capabil-
ities [33]. A very common type of logic circuit family is Complementary Metal-Oxide-
Semiconductor (CMOS), in which both NMOS and PMOS transistors are used to create
all sorts of logic gates. For example, an inverter can be created using one PMOS and one
NMOS [29]. A less efficient way in terms of energy consumption is to use a resistor instead
of the PMOS for an inverter. This approach has been taken for the developed PCBs here,
because resistors are easier to solder and unsolder than three-legged transistors, allowing
easier debugging and corrections. The circuit in Figure 2.4 also shows such an inverter.
The input voltage Ui can be switched between low (Ui,l = 0V) and high (Ui,h = Us). A
resistance RL is used to pull the output voltage Uo high when the MOSFET is in cutoff
mode, which is the case when the input voltage Ui is low (Ui = 0V → UGS < Uth). When
the input voltage is set high, the MOSFET will enter the triode mode and a small current
IDS is flowing. Since RDS(on) << RL, the voltage at the drain pin and therefore also the
output voltage Uo is pulled low.

2.2.2 Software

Inside a successful embedded system, hardware and software must work in unison. The
software can be divided into multiple levels, as shown in Figure 2.5. Device drivers provide
a standard interface to communicate with the specific hardware resource at hand. The
application software is made up of multiple tasks that achieve the overall aim of the
embedded system by being executed at correct intervals or when specific events occur.
Some of these tasks will require specific hardware resources that are also required for the
execution of other tasks. The operating system creates the bridge between those two
levels of software by making sure that tasks are executed punctually and correctly, and by
preventing any resource conflicts.
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Figure 2.5: Very simplified software layer visualization.

2.2.2.1 Operating Systems

An operating system has the aim of providing a predictable low-overhead platform for
resource sharing and simplifying the design of the application software by making it less
hardware bound. An operating system consists of at least these three software components:
scheduling, dispatching, and intertask communication and synchronization. Scheduling is
the process of deciding which tasks to run next. Dispatching refers to the bookkeeping
required to start tasks. Lastly, the intertask communication and synchronization ensures
that tasks communicate and share resources effectively if required. The part of the oper-
ating system that runs these three software components is called a kernel. A full operating
system might provide additional features, such as user interfaces and file systems. Due to
the limited resources and computation power typically available in embedded systems, a
full-blown operating system is often an unaffordable luxury. More lightweight but often
sufficient alternatives for most single CPU embedded systems are called pseudokernels, in
which intertask communication and synchronization are not present at all or implemented
only very rudimentary [26].

Two rudimentary pseudokernel architectures are interrupt-driven and polled loop. In
purely interrupt-driven systems, all tasks and activities are initiated by the arrival of
interrupts [30]. This type of pseudokernel will be implemented on the Trigger PCB. In
polled loop kernels on the other hand, peripherals are actively asked periodically if they
need servicing, which may cause a lot of unnecessary status requests. However, this also
makes them more predictable, but events may be acted on with more latency compared
to interrupt-driven systems if the polling frequency is low. Polled loops can be used as a
background task in interrupt-driven systems [26].

2.2.2.2 Communication Protocols

This section aims to give brief introductions to the serial digital communication interfaces
used in this thesis.

I2C Inter-Integrated Circuit (I2C) is a communication protocol that supports multiple
slave devices (for instance sensors and actuators) connected to the same master device
(often a microcontroller). It uses only two signal lines, referred to as Serial Data (SDA)
and Serial Clock (SCL), both requiring a pull-up resistor. The master and all the slaves are
attached to these two lines. The SCL line provides a reference clock for the communication
speed. It is driven by both the master and the devices, allowing the device to acknowledge
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the reception of a byte from the master (hardware handshake). The SDA line is used
to carry the actual data. Next to the hardware handshake on the SCL line, the master
also uses start and stop bits on the SDA line to control the communication. The master
always initiates write (master to device) or read (device to master) transactions. Each
slave device has its own 7-bit I2C address, which is used to ensure that only the desired
device answers the master. The master starts by transmitting the device address with the
remaining bit signaling whether a write or read transaction is initiated. When the device
acknowledges the reception of this byte, the master typically transmits additional data.
For a read transaction, this data may for example contain the device addresses the master
wants to read from. In case of a read transaction, the slave device answers by transmitting
data via the SDA line. [27]

UART Universal Asynchronous Receiver/Transmitter (UART) is sometimes referred
to as a communication protocol, but in reality refers to the peripheral responsible for
transmitting binary data in the form of logic levels. Actual protocols based on UART
peripherals such as RS-232 and RS-485 also include the voltage levels in their specification.
UART ports are typically used for full-duplex device-to-device communication. In the most
baisc form, UART peripherals drive only two signals: RXD and TXD (sometimes also only
RX and TX). They indicate the direction of the data flow from the perspective of the port.
The RXD pin of the port is for receiving data and the TXD pin for transmitting data
to the other device. Next to RXD and TXD, UART protocols might contain additional
signal lines. Most prominently, these are Ready-To-Send (RTS) and Clear-To-Send (CTS),
which can be used for a hardware handshake. As the name suggests, UART protocols are
asynchronous, which means that there is no common clock signal. As a result, both
devices need to be configured for the same bitrate in order to communicate with each
other successfully. [27, 34]

USB The Universal Serial Bus (USB) interface consists of at least four wires. One
ground wire ensures both devices use the same reference voltage. A VBUS wire can op-
tionally be used to power devices from the host with 5V. The other two lines (D+ and D-)
are used for the communication itself. There are several standard communication speeds,
for example low speed (1.5Mbit/s), full speed (12Mbit/s) and high speed (480Mbit/s).
In USB, a host (most of the time a Personal Computer) supervises the communication
and initiates all data transfers with a device [35]. USB devices are divided into classes,
such as audio, human interface devices and mass storage. The class used in this thesis
is Communication Device Class (CDC), which is a general-purpose class for many com-
munication devices that do not fit into other standard classes [36]. More modern USB
connectors, which utilize USB 3.0 and newer like USB-C, often have additional wires for
more advanced and faster communication options [37].

PWM Pulse Width Modulation (PWM) is very commonly used to control servomotors
or the brightness of LEDs, as it is done in this thesis. In PWM, the signal is switched on
and off at very high speeds, creating an effective average voltage. If an LED is switched on
and off at sufficiently high speeds, the human eye will not see a rapidly blinking LED, but
a dimmed LED. The time between two rising edges is the period of the PWM signal. The
ratio of time the signal is on compared to its period is called duty cycle. A servomotor is
often controlled with a frequency of 50Hz and a duty cycle between five and ten percent.
Therefore, the pulse lengths are roughly between 1ms and 2ms, which maps to the full
swing of the servo motor. As a result, the servo motor is in its central position with a
pulse length of about 1.5ms [38].
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2.3 Global Navigation Satellite Systems

Within this thesis, the detection unit will localize itself mainly by using Global Navigation
Satellite Systems (GNSSs). These types of satellite constellations allow a device to find
its global 3D position on Earth. Several constellations offer this service, most notably
GPS (USA), GLONASS (Russian), Beidou (Chinese) and Galileo (European). If the
transmission time between the client and a satellite is known, it can be multiplied by
the speed of light to find the apparent distance between them. Since it is unlikely that
the satellite and the device clock are perfectly synchronized, there will be an error in the
distance calculation, which is why this apparent distance is referred to as pseudorange.
The location of the satellites can be computed with their transmitted navigation data.
There are four unknowns in the system: the 3D location of the client device and the clock
offset. By knowing the location of at least four satellites and their respective pseudoranges
to the client device, a set of four nonlinear equations can be created, which can be solved
numerically to estimate the four unknowns. As all measurements have some additional
noise, advanced filtering techniques are required [39].

UHF

Rover Base

GNSS Constellation

Figure 2.6: Visualization of the GNSS RTK concept. Both rover and base have a GNSS
antenna (visualized as the black box like a patch antenna) and a radio antenna. The base
station transmits GNSS correction data to the rover via UHF radio.

RTK The GNSS receiver utilized in this project offers Real Time Kinematics (RTK).
With RTK, the pseudorange measurement is not based on the time the signal travels, but
rather on the phase of the carrier signal. However, the carrier wave with a wavelength
of 19 cm itself does not contain any timestamp, making it challenging to estimate the
number of full wavelengths between satellite and receiver. For this reason, the receiver in
RTK mode requires correction data. The system containing the receiver in RTK mode is
referred to as rover, while the (typically) stationary reference that provides the correction
data is called base. In order to provide the necessary correction data, the base must acquire
an accurate GNSS fix as well [40]. In this thesis, the base transmits its correction data
via Ultra High Frequency (UHF) radio waves as shown in Figure 2.6. Several correctional
GNSS data message formats are available. This thesis uses the RTCM3 protocol.
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2.4 Attitude Kinematics

In kinematics, the motion of particles and rigid bodies is described, irrespective of involved
forces and moments [41]. In order to georeference measurements from the detection unit,
its attitude needs to be determined. The two representations of attitude used in this thesis
are Euler angles and quaternions.

Euler Angles When using Euler angles, three consecutive rotations around the principal
axes are applied: roll ϕ is the rotation around the x-axis, pitch θ is the rotation around
the y-axis and yaw ψ is the rotation around the z-axis. The order in which these three
rotations are applied does matter and there are varying conventions [42]. The Tait-Bryan
3-2-1 (z-y-x) convention is used as rotation sequence in this thesis. The resulting rotation
matrix, when following this convention, can be seen in equation (2.4.1).

BRA = Rx(ϕ)Ry(θ)Rz(ψ) (2.4.1)

=

 1 0 0

0 cos(ϕ) − sin(ϕ)

0 sin(ϕ) cos(ϕ)


 cos(θ) 0 − sin(θ)

0 1 0

sin(θ) 0 cos(θ)


 cos(ψ) − sin(ψ) 0

sin(ψ) cos(ψ) 0

0 0 1


=

 cos θ cosψ cos θ sinψ − sin θ

sinϕ sin θ cosϕ− cosϕ sin θ sinϕ sin θ sinψ + cosϕ cosψ sinϕ cos θ

cosϕ sin θ cosψ + sinϕ sinψ cosϕ sin θ sinψ − sinϕ cosψ cosϕ cos θ


This rotation matrix BRA encodes the attitude of a rigid body in 3D. Multiplying a vector
Ap represented in the stationary world frame A with BRA yields the same vector, but
expressed w.r.t. the body frame B:

Bp = BRA
Ap (2.4.2)

The transpose of the rotation matrix R can be used to perform the opposite rotation [41]:

Ap = (BRA)
T Bp = ARB

Bp (2.4.3)

Euler angle representations are prone to numerical instabilities for certain attitudes, which
are known as gimbal locks [42]. In these, the number of rotational degrees of freedom is
reduced from three to two. With the convention used in this thesis, the gimbal lock occurs
at a pitch angle of ±90◦, where a change in roll in the body frame represents a change in
yaw in the world frame. To ensure that these instabilities do not propagate, Euler angles
are used only as intermediary representations, while quaternions are used for the actual
attitude and its propagation.

Quaternions Quaternions are defined in four-dimensional vector space and can be used
to describe a 3D rotation with respect to some fixed coordinate frame. Notations vary
significantly across literature [42]. A quaternion in this thesis is defined as:

q = [qw qv]
T = [qw qx qy qz]

T (2.4.4)

where qw is the real or scalar part of the quaternion and qv is the imaginary or vector
part of the quaternion. If the axis of rotation is v and the angle of rotation around this
axis is α, then the quaternion can be derived as shown in equation (2.4.5) [42].

q = [cos(α/2), vx sin(α/2), vy sin(α/2), vz sin(α/2)]
T (2.4.5)
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All quaternions used in this thesis are unit quaternions, meaning their norm defined by
equation (2.4.6) is always 1.

||q|| =
√
q2w + q2x + q2x + q2y (2.4.6)

In software applications, the norm might slowly start to deviate from 1 after many oper-
ations due to numerical inaccuracies. To prevent unpredictable behavior, the quaternion
should be re-normed after every operation, as shown in equation 2.4.7.

q :=
q

||q||
(2.4.7)

The complex conjugate of a quaternion is the same quaternion with its rotation axis flipped
[42, 43]:

q∗ =

[
qw

−qv

]
(2.4.8)

Therefore, it represents a rotation around the same axis, but in the opposite direction.

The multiplication of two quaternions is defined by the Hamilton product [41, 42]:

p⊗ q =


pw −px −py −pz
px pw −pz py

py pz pw −px
pz −py px pw



qw

qx

qy

qz

 (2.4.9)

The resulting quaternion describes the final attitude if the two rotations of the quaternions
were applied consecutively in their multiplication order.

Euler angles can be transformed into quaternions by writing each principle axis rotation
into a quaternion using equation (2.4.5) and then multiplying the quaternions in the
desired rotation order. For the chosen 3-2-1 convention, this is:

q = qψ ⊗ qθ ⊗ qϕ =


cos(ψ/2)

0

0

sin(ψ/2)

⊗


cos(θ/2)

0

sin(θ/2)

0

⊗


cos(ϕ/2)

sin(ϕ/2)

0

0

 (2.4.10)

=


cos(ϕ/2) cos(θ/2) cos(ψ/2) + sin(ϕ/2) sin(θ/2) sin(ψ/2)

sin(ϕ/2) cos(θ/2) cos(ψ/2)− cos(ϕ/2) sin(θ/2) sin(ψ/2)

cos(ϕ/2) sin(θ/2) cos(ψ/2) + sin(ϕ/2) cos(θ/2) sin(ψ/2)

cos(ϕ/2) cos(θ/2) sin(ψ/2)− sin(ϕ/2) sin(θ/2) cos(ψ/2)


The opposite transformation (also for 3-2-1) is given by equation (2.4.11) [42, 43]. ϕ

θ

ψ

 =

 arctan2(qyqz + qwqx, 0.5− (q2x + q2y))

arcsin(−2(qxqz − qwqz))

arctan2(qxqy + qwqz, 0.5− (q2y + q2z))

 (2.4.11)

When applying equation (2.4.11) in a software application, the singularities at ±90◦ pitch
need to be taken into account. Furthermore, note that the arctan2 function is used, which
maps to all four quadrants.
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A quaternion can be used to represent a vector p in the body frame B w.r.t. the world
frame A: [

0
Ap

]
= q

[
0
Bp

]
q∗ (2.4.12)

Alternatively, the quaternion can be transformed into a rotation matrix [41, 43]:

ARB(q) =

 q2w + q2x − q2y − q2z 2(qxqy − qwqz) 2(qxqz + qwqy)

2(qxqy + qwqz) q2w − q2x + q2y − q2z 2(qyqz − qwqx)

2(qxqz − qwqy) 2(qyqz + qwqx) q2w − q2x − q2y + q2z

 (2.4.13)

With the angular velocity vector Bω given in the body frame, the quaternion change can
be determined using equation (2.4.14) [41, 43].

q̇ =
1

2
q⊗

[
0

Bω

]
(2.4.14)

2.5 Coordinate Frames

Table 2.2 lists all coordinate frames used in this thesis.

Name Symbol Type

Body Frame B Cartesian, Rotating

Detection Unit Frame D Cartesian, Rotating

Magnetic Frame M Cartesian, Fixed

GNSS Frame G Spherical, Fixed

NED Frame T Cartesian, Fixed

Navigation Frame N Cartesian, Fixed

Table 2.2: List of used coordinate frames and whether they are rotating or fixed w.r.t.
Earth’s surface.

The GNSS receiver describes the position of the detection unit on Earth by providing
longitude Gλ and latitude Gφ, as well as the height above mean sea level GhMSE . To make
the data more intuitive to interpret, this should be transferred to a fixed local cartesian
coordinate frame that is tangential to Earth’s surface. This frame will further be referred
to as navigation frame N . The cartesian coordinates in the navigation frame N are found
by applying an equirectangular projection like shown in equations (2.5.1) to (2.5.3).

Nx = RE(
Gλ− Gλ0) cos(

Gφ1) (2.5.1)
N y = RE(

Gφ− Gφ0) (2.5.2)
N z = GhMSE − Gh0 (2.5.3)

This projection only works well as long as the distances traveled are sufficiently small. RE
is Earth’s average radius. Here, Gφ1 is the latitude region at which the local cartesian
frame is placed. Gλ0,

Gφ0 and Gh0 define the origin of the local system. For example, the
first GNSS lock with sufficient accuracy can be used to define Gλ0,

Gφ0,
Gh0 and Gφ1. The

navigation frame then points to geographic north with its y-axis, up with its z-axis and
to the east with the x-axis.
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The coordinate frame used by the GNSS receiver to describe ground velocities is the
North, East, Down (NED) frame T . It is also tangential to Earth’s surface at the specified
location, but its orientation differs. Vectors in the T frame can be represented in the N
frame by using a rotation matrix:

Nv = NRT
T v (2.5.4) vx

vy

vz

 =

 0 1 0

1 0 0

0 0 −1


 vn

ve

vd

 (2.5.5)

An Inertial Measurement Unit (IMU) is used to determine the attitude of the detection
unit. A local coordinate frame called Body Frame B is fixed to the GNSS antenna with
the same orientation as the IMU is mounted into the detection unit. The IMU is capable
of estimating the direction of magnetic north and gravity in the B frame. With these
two vectors, the absolute attitude w.r.t. the magnetic frame M can be found. M has
its origin at the same position as B and is defined with its z-axis pointing up (negative
gravity vector) and its y-axis pointing to magnetic north.

The difference between the attitude of M and N is the difference between magnetic north
and geographic north, known as magnetic declination δ. The value of δ obviously differs
depending on the location of interest on Earth. To determine the value based on the
coordinates, the World Magnetic Model (WMM) created by NOAA can be used [44].
However, since no tests outside of Germany with the prototype detection unit are planned
for now, δ is treated as a configurable constant in the data analysis.

Some of the coordinate frames are visualized in Figure 2.7

M

B

N

N

M

Figure 2.7: Visualization of body frame B, navigation frame N and magnetic frame M
(x-axis = red, y-axis = green, z-axis = blue). The laser beam points towards magnetic
north. The y-axis of N is aligned with geographic north. The body frame is fixed w.r.t.
the movable detection unit mounted on the robot. The black arrow shows the location of
the laser spot w.r.t. N .

A custom attitude sensor fusion introduced in Section 4.5.3 utilizes a frame referred to as
detection unit frame D, which is fixed w.r.t. the body frame B and also uses the same
origin. D is used as an intermediate step in the sensor fusion to make the derivation of the
required equations more intuitive, because it uses the same reference frame as airplanes
described in DIN (German Institute for Standardization) norm 9300. This way, the laser
points towards positive x-direction and the z-axis points down. Therefore, a positive
pitch angle means that the detection unit is inclined up. A vector p in frame B can be
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represented in frame D by applying a 180◦ rotation around the z-axis followed by a −90◦

rotation around the x-axis, which is encoded into the following rotation matrix DRB:

Dp = DRB
Bp (2.5.6) Dpx

Dpy
Dpz

 =

 −1 0 0

0 0 −1

0 −1 0


 Bpx

Bpy
Bpz

 (2.5.7)

As laser and LiDAR are fixed to the detection unit, they are also stationary w.r.t. frame
B. By using the LiDAR distance, the vector to the current position of the laser spot can
be found w.r.t. frame B This vector can now be represented in the magnetic frame by
using the attitude provided by the IMU. By rotating it around the z-axis by the magnetic
declination and shifting it by the current location of the detection unit provided by the
GNSS receiver, the location of the laser spot can be computed w.r.t. the navigation frame
N . With this information, a 3D map of the scanned locations can be created.

2.6 Sensor Fusion

Sensor fusion is the methodology of combining measurements from multiple sensors. This
is done in a fashion that provides more or more accurate information on the system, than
any of these sensors alone would be able to provide. For this, a mathematical model of
the system at hand is often required [45].
In this thesis, a very common approach called Kalman Filter (KF) is utilized to combine
measurements of the GNSS receiver, the IMU and the LiDAR to estimate the position of
the laser spot w.r.t. the navigation reference frame N .
A state vector x̂ is used to keep track of the estimates of important system variables
together with a covariance matrix P, which encodes the covariance of the state estimate.
Based on this state estimate, the next state is predicted by using the mathematical model
derived for the system. If the model is linear, the prediction can be encoded in the process
matrix F. The covariance of the state P increases during this prediction, because the
mathematical model is not perfect. The covariance of the mathematical model is encoded
in the process noise matrix Q.
This predicted state can now be used to predict the next sensor measurements y. If the
dependency between the current state and the sensor measurements is linear, it can be
encoded in the measurement matrix G. Together with the state covariance matrix P and
the measurement noise matrix R, which encodes the covariance of the measurements, a
regularized least squares problem can be created for an updated state:

x̂updated = argmin
x

(
(y −Gx)TR−1(y −Gx) + (x̂− x)TP−1(x̂− x)

)
(2.6.1)

in which y − Gx is the difference between measurements and measurement prediction,
x̂ − x the change in state and the covariance matrices R and P work as scaling factors,
basically deciding if the prediction from the mathematical model or the measurements
should be trusted more for each state. The covariance matrix P is also updated. Due
to introduction of the measurements, the covariance will overall decrease again, as long
as the measurements covariance is not significantly higher than that of the mathematical
model.
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These two steps (Prediction and Update) can be repeated to constantly propagate the
system state estimate x̂. When using n − 1|n − 1 as index for a state or covariance at
timestamp n − 1, n − 1|n for a prediction of state and covariance at timestamp n based
on timestamp n − 1, and n|n to indicate the updated state and covariance, then the KF
can be summarized using the following equations:
Prediction:

x̂n|n−1 = Fnx̂n−1|n−1 (2.6.2)

Pn|n−1 = FnPn−1|n−1F
T
n +Qn (2.6.3)

Update:

Kn = Pn|n−1G
T
n (GnPn|n−1G

T
n +Rn)

−1 (2.6.4)

x̂n|n = x̂n|n−1 +Kn(yn −Gnx̂n|n−1) (2.6.5)

Pn|n = Pn|n−1 −Kn(GnPn|n−1G
T
n +Rn)K

T
n (2.6.6)

The Kalman GainK is extracted from the solution of the regularized least squares problem
described by equation (2.6.1). The process noise matrix Q and the measurement noise
matrix R have to be selected by the user. These matrices decide, whether the KF prefers
to trust the mathematical model or the measurements for each of the state variables. They
might need to be adjusted, if the system enters states in which the model produces less
accurate results or the measurements decrease in accuracy due to a change of environment.
Under the assumption that all noises (process and measurement) are gaussian and matrices
Q and R encode the real covariances of the mathematical model and the measurements,
the KF produces optimal estimates for linear systems [45].
In case the system is nonlinear, an Extended Kalman Filter (EKF) can often be used
instead. The predictions then uses the nonlinear functions f(x̂) and g(x̂) in order to
predict the next state estimate and measurement vector. To still be able to compute the
state update and new covariance matrices using linear algebra, these functions can be
linearized around the current estimate by deriving their Jacobi matrices:

F =
∂f(x̂)

∂x̂
, G =

∂g(x̂)

∂x̂
(2.6.7)

Equations (2.6.2) and (2.6.5) change to (2.6.8) and (2.6.9), respectively [45].

x̂n|n−1 = f(x̂n−1|n−1) (2.6.8)

x̂n|n = x̂n|n−1 +Kn(yn − g(x̂n|n−1)) (2.6.9)

Furthermore, if some measurements cannot be easily added to the update step, but to the
state prediction, they can be added as input u to the prediction step instead. In case they
are a linear addition to the state prediction, their relation can be encoded in an input
matrix B and the new state prediction becomes equation (2.6.10). Otherwise, they are
embedded into the process function f , as shown in equation (2.6.11).

x̂n|n−1 = Fnx̂n−1|n−1 +Bnun (2.6.10)

x̂n|n−1 = f(x̂n−1|n−1,un) (2.6.11)
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2.7 Simple Control Systems

This section is kept brief, since no complex control is required within this thesis. As an
example for a control system, imagine a water tower. A valve is used to control the water
flow to consumers. Most of the time, the water tower is almost filled and a certain setting
for the valve corresponds to a certain water flow. This is a very basic example of open
loop control. A specific flow rate is needed and the valve is set to the matching position.
However, if the water level inside the water tank is a lot lower than usual, the pressure
is lower as well and as a result also the water flow. With a water flow sensor next to the
valve, this deficit can be detected and the valve can be opened further as a countermeasure
to reach the desired flow. Adding a sensor to the system expanded the open loop control
system into a closed loop control system, where the sensor provides feedback [46]. These
two types of control principles are visualized in Figures 2.8 and 2.9.
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Figure 2.8: Visualization of the Open Loop Control concept.
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Figure 2.9: Visualization of the Closed Loop Control concept.

A very simple type of closed loop control is called on/off control, in which the actuator
affecting the system is either on or off, depending on if the measurement is above or below
a certain threshold. To prevent rapid switching close to this threshold, a hysteresis can
be added like shown in Figure 2.10 [46].

0

1

LB UB

x

u

Figure 2.10: Concept of on/off control. If the output u is off in the beginning, it stays
off until the measured variable x increases above the upper threshold (UB). The actuator
then remains on until the variable x falls below the lower threshold (LB).

A slightly more advanced closed loop control scheme is Proportional, Integral, Differential
(PID) control. Here, the control output is a linear combination of the current error, the
accumulated error over the runtime and the difference in error with the previous control
step [46]. The three corresponding parametersKp, Ki, andKd need to be tuned for desired
responses. For example, a large differential gain Kd will make the controller act quickly
on changes in the desired or the feedback value. However, this also makes the controller
more susceptible to high-frequency noise in the measurement, as these fast changes are
amplified and fed into the control signal, leading to an unsteady control response.
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2.8 Linear Regression

A regression can be used to fit a desired type of function to a set of n data points (xi, yi)
for i = 1...n. In linear regression, two parameters β0 and β1 are calculated, for instance
by the least squares criterion, to fit the linear function (2.8.1) to all data points.

f̂(x) = β0 + β1x (2.8.1)

When defining

Y =


y0

y1
...

yn

 , X =


1 x1

1 x2
...

...

1 xn


the least squares criterion can be applied to find the parameters β0 and β1 by using
equation (2.8.2) [47].

β =

[
β0

β1

]
=

(
XTX

)−1
XTY (2.8.2)

The Coefficient of Determination R2 is the square of the correlation between the regression
data and the given data points and calculated as shown in equation (2.8.3) [47]. It will be
used to assess the quality of the fit achieved by the regression within this thesis.

R2 = 1−
∑n

i=0(yi − ŷi)
2∑n

i=0(yi − ȳ)2
(2.8.3)

yi is the ith y value of the data points, ŷi is the estimated value received when inserting
xi into f̂ and ȳi is the average of all y-values. If R2 = 1, the regression fully correlates
with the data set. The closer R2 is to 1, the better f̂ fits to the data.
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CHAPTER3
Methodology

This chapter introduces the technical design approach. Based on the chosen ap-
proach and information presented in Chapter 2, requirements are derived, justified,
and listed, as well as link to a test in Chapter 5 that aims to verify it.

The overall goal of the project this thesis is part of, is the development of a prototype
system to enable the use of LIF spectroscopy on a mobile platform. To validate different
design ideas and concepts early on, an iterative design approach is used. Similarly, the
PCBs that were designed as part of this thesis went through several iterations, which
added, altered, or fixed design ideas after some functional tests. To keep this thesis concise,
only the most recent hardware and software is described. Please refer to Appendix A.4
for a change log between the different PCB iterations.

3.1 Technical Design Approach

A Raspberry Pi Compute Module 4 with I/O board will be responsible for the main
laser control and the data handling of the spectrometers and two Red Green Blue (RGB)
cameras. It is referred to as Processing Microcontroller (PMC) and the programming of
it is not part of this thesis. For all other subsystems and peripherals, a custom embedded
system needs to be developed.
The two spectrometers must be triggered with a precise timing. Other projects at DLR
may also benefit from a small and modular solution for this basic part of LIF spectroscopy,
which is why the spectrometer triggering got its own designated PCB called Trigger PCB.
As the timing needs to be precise, a dedicated micrcontroller from here on called Trigger
Microcontroller (TMC) will be used to control it. All other peripherals inside the detection
unit will be handled by the Control PCB, also equipped with a microcontroller referred
to as Control Microcontroller (CMC). The overall command and data flow between these
microcontrollers is visualized in Figure 3.1. Additionally, an Operation Unit (OU), which
is external to the detection unit, will be used to show incoming measurement data to
a human operator and control the system as a whole. The major drawback of this line
communication architecture is, that if one link breaks, whole parts of the system are
severed off from the rest. However, its simplicity allows for a very intuitive understanding
of the system. Each layer towards the OU increases the abstraction and the amount of
data, but the overall timing becomes less critical.

Processing
μC

Control
μC

Trigger
μC

Operation
Unit

CMD

Data

CMD CMD

DataData

Figure 3.1: Data and command flow between the four major computing units.
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The scope of this thesis is therefore defined by the development of the Control PCB and
the Trigger PCB, programming the CMC and TMC, and testing their functionalities.
Furthermore, the communication interface with the PMC needs to be defined.

Table 3.1 lists all major peripherals and which of the controllers is responsible for each of
them. Furthermore, it groups the peripherals into subsystems used later on to simplify
overview block schematics.

Peripheral Subsystem Interfaces with

Main Laser (Control) Spectroscopy System Processing Microcontroller

Main Laser (Status Signals) Spectroscopy System Control Microcontroller

Main Laser (Pulse Signal) Spectroscopy System Trigger Microcontroller

Alignment Laser Spectroscopy System Control Microcontroller

Spectrometers (x2) (Data) Spectroscopy System Processing Microcontroller

Spectrometers (x2) (Trigger) Spectroscopy System Trigger Microcontroller

LiDAR Sensor Spectroscopy System Control Microcontroller

Autofocus Module Spectroscopy System Control Microcontroller

Status LEDs (x2) Spectroscopy System Control Microcontroller

Servomotor Spectroscopy System Control Microcontroller

Pan-Tilt Platform Pointing System Control Microcontroller

RGB Cameras (x2) Pointing System Processing Microcontroller

GNSS Receiver Georeference System Control Microcontroller

Inertial Measurement Unit Georeference System Control Microcontroller

UHF Transceiver Georeference System Control Microcontroller

Temperature Sensors (x3) Temperature System Control Microcontroller

Fans (x2) Temperature System Control Microcontroller

Table 3.1: All major peripherals with interfacing microcontroller grouped by subsystems.

The Trigger PCB will trigger both spectrometers based on the pulse signal from the
main laser. A servomotor, controlled by the CMC is used to have the possibility of
moving a shutter in front of the main laser for additional safety. Furthermore, the CMC
interfaces the alignment laser, a LiDAR and the two status RGB LEDs, as well as the
autofocus module. The rest of the spectroscopy system is controlled by the PMC and
the corresponding development is not included in this thesis. Figure 3.2 visualizes which
microcontrollers will interface with which part of the LIF spectroscopy system previously
shown in Figure 2.1.

Figure 3.3 shows the location of most of the large peripherals in the detection unit. The
position and sizes for the Control and Trigger PCB were chosen early in the design process
and given as constraints. Especially the Control PCB has many surrounding structures
that severely limit the position of components and connectors. As seen in Figure 3.3, the
Control PCB is directly placed next to a main laser electronics, limiting the height of PCB
components on this side of the PCB. As a result, all the larger power electronics are placed
on the opposite side. Figure 3.4 shows the position of the Control PCB more clearly with
the laser electronics PCB hidden. It also shows the location of two heat pipes and their
surrounding structures, which block more parts of the PCB surface. On the other side
of the PCB, three vertical mounting structures further block areas for components. The
location of the heat pipes and the vertical mounting structures is printed on the overlay
of the PCB and can for example be seen in Figures A.2 and A.3 in the Appendix.
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Figure 3.2: Overview of all optical components and which microcontroller interfaces them.
The data direction is indicated by black arrows.
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Figure 3.3: CAD model of the detection unit without its casing mounted onto the PTP.
Major components are labeled. The Control PCB is hidden behind the main laser elec-
tronics.
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Figure 3.4: Closer look onto the Control PCB in the CAD model with the main laser
electronics PCB hidden. The heat pipes and the structures surrounding them can be seen
restricting areas of the surface of the PCB to have no components.

To allow easy initial debugging, electric test points are placed on both sides of the Control
PCB. They are strategically placed below the blocking structures (see Figures A.2 and
A.3 in the Appendix), so that they cannot cause any short circuits in case of accidentally
unconnected wires during operation in the detection unit.

3.2 Requirements & Constraints

Each requirement has a distinct ID that can be used to refer to it. The ID is made up of
two letters in beginning, specifying if it is a functional requirement (FR), a performance
requirement (PR) or a constraint (CT). These are followed by a dash and a three digit
number to ensure uniqueness. For example, FR-001 is the first functional requirement.

There are three severity levels of requirements distinguished by the key-words shall, should
and may. Shall requirements are mandatory to be fulfilled to mark this part of the project
as successful. Should requirements need to be fulfilled to achieve a desired performance.
May requirements define nice-to-have features that are not crucial for the success of the
project, but would improve its quality, for instance in terms of user-friendliness.

All functional requirements can be found in Table 3.2, all performance requirements in
Table 3.3 and finally all constraints in Table 3.4.

The functional requirements FR-001, FR-002, FR-003, FR-004, FR-007, FR-008 and FR-
017 are a direct result of the design of the LIF spectroscopy system as described in Section
2.1, and the chosen communication architecture seen in Figure 3.1. FR-009 covers the PTP
and FR-011 and FR-012 the required Georeference System. To get a better overview of
the heat transfer within the system and a safer temperature control, a total of three
temperature sensors are implemented. One of them is placed at the main laser heat
sink, which will probably become the hottest part in the system. Another temperature
sensor will be located at the heat exhaust near the fans. The third temperature sensor is
mounted to the housing of the main laser. This is summarized in FR-013. Based on these
measurements, the fans will be controlled (FR-014). To get an idea of the power efficiency
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of the Control PCB, FR-016 was introduced. Lastly, but most importantly, the safety
requirements FR-005, FR-006, FR-010 and FR-015 were introduced. Since the alignment
laser is not eye-safe, it should be switched off when an emergency stop signal was received
or the CMC behaves unexpectedly, which will be checked by using a watchdog timer.
Furthermore, all moving peripherals (PTP and fans), as well as the alignment laser, will
be stopped when an emergency stop signal is received.

ID Requirement Test

FR-001
A LiDAR shall measure the distance to the closest object in laser
direction.

5.1.1

FR-002
An autofocus module should focus the main laser based on the
LiDAR measurements from FR-001.

5.1.2

FR-003
A Trigger Microcontroller should be able to switch between the
signal and environment spectrometers with the desired frequencies
of 3 kHz, 4 kHz and 5 kHz.

5.1.3

FR-004
The Processing Microcontroller should be able to activate or deac-
tivate the alignment laser by sending the corresponding commands
to the Control Microcontroller.

5.1.4

FR-005
The alignment laser shall be automatically switched off in case of
unexpected Control Microcontroller behavior.

5.1.4

FR-006
The alignment laser shall be switched off in case the emergency
stop signal is received.

5.5.2

FR-007
Two RGB LEDs shall indicate the status of the main laser and
alignment laser.

5.1.5

FR-008
A Servomotor may be used to move a shutter in front of the main
laser.

5.1.6

FR-009
The detection unit should be able to change its attitude using a
Pan-Tilt Platform.

5.2

FR-010
The Pan-Tilt Platform shall stop moving in case the emergency
stop signal is received.

5.5.2

FR-011
A GNSS receiver shall estimate the global position of the detection
unit on Earth.

5.3.1

FR-012 The absolute attitude of the detection unit shall be estimated. 5.3.2

FR-013
Three temperature sensors inside of the detection unit shall mea-
sure the temperature at the main laser heat sink, the main laser
aluminum plate (casing) and the fans.

5.4.1

FR-014
Two fans shall be controlled for active cooling based on the tem-
perature measurements mentioned in FR-013.

5.4.2

FR-015
The fans shall stop moving in case the emergency stop signal is
received.

5.4.2

FR-016
The Control Microcontroller may measure and log the power flow-
ing across the Control PCB.

5.5.1

FR-017
The Processing Microcontroller shall be able to instruct and com-
municate with the Control Microcontroller.

5.5.3

Table 3.2: All Functional Requirements (FR) and the tests that aim to verify the corre-
sponding requirements.
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To successfully georeference the position of the main laser spot, the LiDAR, IMU and
GNSS receiver require high update rates and accuracy. The values in requirements PR-
001, PR-002, PR-005, PR-006, PR-007, PR-008 and PR-009 were chosen as a compromise
between the required computational overhead for high measurement rates, design effort
for decent accuracy and the expected performance under the assumptions that this first
prototype will not be moved rapidly. This is also reflected in the low scanning speed
encoded in PR-004, which at the same time makes a control rate of 2Hz for the autofocus
module reasonable (PR-003). The yaw angle requirement is less strict than the requirement
for the other two angles, because the yaw angle accuracy is limited by the accuracy of the
magnetometer, which suffers massive drifts and inaccuracies from surrounding electronics.
The temperature control is very crude, because the fans can be either on or off, which
also diminishes the need for high accuracy, large range and very frequent temperature
measurements. This is reflected in requirements PR-010, PR-011 and PR-012. Lastly,
The current measurements are a feature and do not require fast rates (PR-013).

ID Requirement Ref. to Test

PR-001
The distance estimation to the closest object less than
30m away in laser direction shall have an accuracy of
at least 0.5m.

FR-001 5.1.1

PR-002
The distance estimation to the closest object away in
laser direction shall be updated with a frequency of at
least 20Hz.

FR-001 5.5.3

PR-003
The Control Microcontroller should be able to control
the autofocus module with a frequency of at least 2Hz.

FR-002 5.5.3

PR-004
The Pan-Tilt Platform should be able to change the
pitch and yaw angle of the system with an angular
velocity of at least 5 ◦ s−1.

FR-009 5.2

PR-005
The global position estimate shall have an accuracy of
at least 1m.

FR-011 5.3.1

PR-006
The global position estimate shall be updated with a
frequency of at least 2Hz.

FR-011 5.5.3

PR-007
The yaw angle of the absolute attitude estimation shall
have an accuracy of at least 5◦.

FR-012 5.3.2

PR-008
The roll and pitch angle of the absolute attitude esti-
mation shall have an accuracy of at least 3◦.

FR-012 5.3.2

PR-009
The absolute attitude estimation shall be updated
with a frequency of at least 10Hz.

FR-012 5.5.3

PR-010
The temperature sensors shall be able to measure the
temperatures between 0 °C and 60 °C. FR-013 5.4.1

PR-011
The temperature measurements should have an accu-
racy of at least 3 °C. FR-013 5.4.1

PR-012
The temperature measurements shall be taken with a
frequency of at least 1Hz.

FR-013 5.5.3

PR-013
The power flowing across the Control PCB may be
logged with a frequency of at least 1Hz.

FR-015 5.5.3

Table 3.3: All Performance Requirements (PR), which Function Requirements they refer
to and the corresponding tests that aim to verify them.
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As described before, the PCBs need to fit into their allotted slots without colliding with
any other components (CT-001 and CT-003). Furthermore, they need to be able to be
fully hooked up and integrated during the assembly process (CT-002 and CT-004). This
will be verified by integrating them into the current prototype during a partial assembly
referred to as Mechanical Test (see Section 5.5.4).

ID Constraint Test

CT-001

The Control PCB shall fit into its predetermined location within
the detection unit by complying with the given dimensional re-
quirements (horizontal dimensions: 154.5mm × 65.1mm and po-
sitioning of mounting holes, as well as by not colliding with any
other previously known mechanical component.

5.5.4

CT-002
All necessary connectors for the full functionality of the Control
PCB shall be reachable and connectable at at least one point in
the assembly process.

5.5.4

CT-003

The Trigger PCB shall fit into its predetermined location within
the detection unit by complying with the given dimensional re-
quirements (horizontal dimensions: 50mm × 40mm) and posi-
tioning of mounting holes, as well as by not colliding with any
other previously known mechanical component.

5.5.4

CT-004
All necessary connectors for the full functionality of the Trigger
PCB shall be reachable and connectable at at least one point in
the assembly process.

5.5.4

Table 3.4: All Constraints (CT) and the corresponding tests that aim to verify compliance
with them.
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CHAPTER4
Implementation

This chapter provides an overview and the necessary details on the implementation
effort carried out to fulfill all the requirements. After a small overview and gen-
eral comments, the power design is summarized, followed by the different subsystems
(spectroscopy, pointing, georeference and temperature), communication architecture
between the different microcontrollers, and finally a summary on the implemented
software architecture.

4.1 Overview

Figure 4.1 visualizes the subsystems and how they are connected to the different micro-
controllers.

CMC
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+ Power
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(STM32)

Temperature
System

Spectroscopy
System

PMC
(RPi)

Pointing
System

Operation
Unit

+ Power
Supply
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Info

Legend:

Georef.
System

Figure 4.1: Simple block schematics of the connections and power between the different
subsystems and microcontrollers.

A more detailed version of this overview can be found in Figure A.1 in the Appendix.

Both, the CMC placed on the Control PCB, and the TMC placed on the Trigger PCB,
are STM32 microcontrollers. The main driving factor for the selection of the specific
microcontrollers was the familiarity with an STM32F446RE already present in previous
projects at DLR. For this reason, an STM32H533RET6 was chosen for the Control PCB,
which has a faster system clock (250Mhz vs. 180MHz), but the exact same footprint,
providing improved performance while maintaining maximum compatibility. After verify-
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ing the functionality of the STM32H5RET6 with the first version of the Control PCB, an
STM32H533CET6 (the same processor with 48 instead of 64 pins) was utilized as TMC,
because it needs to be connected with fewer peripherals and as small as possible. This
allowed a reuse of already written code for CMC on the TMC, increasing the development
speed.
Both CMC and TMC are programmed using the Serial Wire Debug (SWD) interface with
an STLink connected to it. The STM32CubeIDE is used as the programming framework
and to automatically generate code for some of the communication interfaces, further
accelerating the software development. Furthermore, both microcontrollers have external
high-speed oscillators connected to them to improve their timing.
The PCBs were designed using Altium Designer, produced by Beta LAYOUT GmbH and
manually assembled at DLR Stuttgart. The Control PCB has four layers (two signal and
power layers, two Ground (GND) planes) and the Trigger PCB has two layers (one signal
and power layer, one GND plane). In order to prevent Electrostatic Discharges (ESDs)
in the assembly process, most digital and analog inputs of the PCBs are equipped with
Transient Voltage Suppressor (TVS) diodes.
Commands sent from the PMC to the CMC are referred to as Telecommands (TCs). The
data that is sent from the CMC to the PMC is referred to as Telemetry (TM).

4.2 Power Design

The main power supply of the system has a voltage of 12V. However, most of the com-
ponents on and connected to Control and Trigger PCB need supply voltages of 12V, 5V,
or 3.3V. As a result, the latter two voltage levels have to be created. These power stages,
as well as corresponding current measurements are placed on the Control PCB. A 3.3V
supply line is forwarded to the Trigger PCB in order to supply it.
A DC/DC converter converts one DC voltage into a different DC voltage. Linear voltage
regulators use a transistor in linear mode to achieve this. However, there is a huge power
loss in the transistor when it is used in linear mode, making linear regulators comparatively
inefficient. Switching regulators on the other hand, utilize a constantly switching MOSFET
in cutoff or triode region to achieve an average voltage (similar to PWM) followed by a
low-pass filter to make it a DC voltage again. Please note that this is a very simplified
explanation of a DC/DC buck converter. This sort of switching makes the converter more
efficient, but also introduces the so-called switching noise to the voltage lines [48, 49]. To
keep the voltage drops for the converters as low as possible, a simple step design is used
for the three voltage levels: 12V → 5V → 3.3V.

Component Max. Current [A] Power [W]

CMC 0.100 0.33

IMU 0.045 0.15

GNSS receiver 0.100 0.33

Trigger PCB 0.200 0.66

Total 0.445 1.47

+ Margin (∼50%) 0.668 2.20

Table 4.1: Estimated current and power consumption on the 3.3V power line.

Tables 4.1 and 4.2 were created after preliminary component selections. Please note that
the main laser, the two spectrometers, the two RGB cameras and the PTP are powered
from the main power supply directly or via the PMC and are therefore not considered
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Component Max. Current [A] Power [W]

LiDAR 0.085 0.425

Autofocus 0.400 2.000

Align. Laser 0.350 1.750

Fans (x2) 0.280 1.400

Servomotor 0.300 1.500

Converted to 3.3V 0.668 2.204

Total 2.083 10.415

+ Margin (∼50%) 3.000 15.000

Table 4.2: Estimated current and power consumption on the 5V power line.

here. Furthermore, the RGB LEDs are powered with 12V and as a result do not need to
be considered for the converter selection. Most of the sensors that have to achieve high
accuracies are connected to the 3.3V power line. Therefore, this line should be as free
of noise as possible. Furthermore, the combined power is fairly low (∼2.2W), making
a linear regulator a reasonable choice. Specifically, the Low-Dropout Regulator (LDO)
LT1086 from Linear Technology is used. Most peripherals on the 5V line are actuators,
which do not require very accurate voltage levels. To keep the power efficiency high, a
DC/DC buck converter (TPS40305 from Texas Instruments) was selected. Both, LDO
and buck converter can regulate the voltage for the desired power requirements calculated
in Tables 4.1 and 4.2. The TI-WEBENCH Power Designer tool was used to help with
the buck converter design [50]. The input voltage range was selected as 10V - 14V. The
output voltage is set to 5.1V and the output current to 3A. The output voltage was
selected as 5.1V, because small voltage drops are expected at connectors and during the
switching of peripherals, such as fans and alignment laser. The buck converter did not
work as intended in the first iteration of the PCB, because the soft start capacitance
indicated in the generated TI-WEBENCH report was too small. Increasing it from 3.3 nF
to 100 nF resulted in the buck converter working as expected.

A voltage measurement is placed at the power input of the Control PCB. It is made up of
a voltage divider with resistances 100 kΩ and 22 kΩ. Since the CMC can measure voltages
up to 3.3V, the total voltage measurement range is from 0V to 15V. Therefore, small
fluctuations in the power supply can be logged and analyzed.
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RR R

Current
Measurement

Current
Measurement

Current
Measurement
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To 12V
Components

To 5V
Components

To 3.3V
Components

Control PCB

Figure 4.2: Power Design block schematic with measurement resistors marked with R.

To assess the performance of the power design, three current measurements were added to
the Control PCB. They are placed directly behind the 12V power supply of the Control
PCB, directly behind the buck converter and directly behind the LDO. Each current
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measurement is made up of a differential amplifier as shown in Figure 2.3, with each of
the input terminals connected to one side of a measurement resistor. The measurement
resistors are placed in series with the main power lines. Naturally, a very low resistance
is chosen to ensure the voltage drop is kept low. The differential amplifier then amplifies
this small voltage drop in a way that allows an ADC of the CMC to accurately measure it.
With an amplification of 100 and a resistance of 10mΩ, the circuit can measure currents
up to 3.3A with a voltage drop over the resistor as low as 33mV. The power design is
summarized as a block schematic in Figure 4.2.

The schematics of the power design can be seen in Figure A.5 in the Appendix. Three
LEDs were added to indicate that the corresponding power level is active. On both PCBs,
100 nF capacitors are placed close to the power pins of all connectors and peripherals to
reduce noise levels.

4.3 Spectroscopy System

4.3.1 LiDAR Sensor

A Light Detection and Ranging (LiDAR) sensor measures distances by emitting light (in
this case infrared) and measuring the time it takes to reflect back. Using this distance,
the detection unit can adjust the focus for the fluorescence signal (see Section 4.3.2). The
specific device used is GARMIN LIDAR-LITE V3HP and was pre-selected before the start
of this thesis. It can measure up to 40m with a target reflectivity of 70% or larger [51].

Hardware The LiDAR sensor is connected to the Control PCB with its power supply
(5V) and to an I2C port of the CMC. Even though I2C ports can support multiple devices
with different addresses, the LiDAR sensor is the only device connected to this port to
ensure a reliable and clean communication. As recommended by Garmin, a capacitance
of 330 µF is added to the power supply of the LiDAR close to the connector [52]. As can
be seen in the schematics (see Figure A.7 in the Appendix), both I2C lines have a 4.7 kΩ
pull-up resistor and TVS diodes for ESD protection.

Software A measurement can be acquired by performing the following I2C read and
write operations:

1. Write 0x04 to register 0x00.

2. Read register 0x01.

3. Repeat steps 1 and 2 until the least significant bit of register 0x01 is 0.

4. Read registers 0x0F (high byte) and 0x10 (low byte).

The resulting 16 bit value is the distance the LiDAR measured in cm [51]. A small delay
was added between steps 1 and 2 of 3ms. Without the delay, the LiDAR took longer
to provide a distance measurement, possibly because it was kept busy by the constant
I2C transactions. A timeout of 15ms was added to ensure that the program does not get
stuck in the distance acquisition for too long, in case the LiDAR has trouble detecting
enough reflected light. With the delay, the LiDAR provided a distance measurement after
executing step 2 for the first time in most cases. This active waiting between steps 1 and
2 makes this function inefficient, but for the first tests of the prototype functionality and
the required polling frequency of 20Hz (PR-002), this was deemed reasonable for now.
The resulting distance measurements are transmitted via TM to the PMC.
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4.3.2 Autofocus Module

For the autofocus module, a small linear servo motor is used. The module (Piezolution
PZM-M12-06) was pre-selected before the start of this thesis. It controls the position and
velocity of the motor with an integrated PID controller using an encoder as feedback. The
total travel length of the linear servo motor is 6mm.

Hardware The autofocus module is connected via a flat cable to the Control PCB. Be-
sides the power supply (5V and GND, this includes an UART interface which is connected
to the CMC). Both UART pins (RXD and TXD) are protected against ESDs using TVS
diodes (refer to schematics in Figure A.7 in the Appendix).

Software Due to the integrated PID controller, the user only needs to send position
commands via the UART interface to the module. The module then controls the servo
motor to reach the desired position. The overall control response may contain a small
overshoot and the final position of the motor will not be perfectly at the desired location,
but within reason. The module will transmit a response with the new final position after
the command was executed. Each command and response is terminated with a return
character. One command sent to the module may result in multiple responses. A DMA
channel is used to transmit commands to the module. After a command was transmitted,
a command-specific number of responses is expected. For example, using the ma (move
absolute) command results in three responses: command echo, current position, and final
position once the motor has been moved. Whenever a new byte is received via the UART
interface, an interrupt fires. The basic idea for the ISR structure is shown in Pseudocode
1. Each time all responses for the last transmitted command were received, the response
can be analyzed and then the buffer pointer and the response counter are reset.

Pseudocode 1 Autofocus byte received ISR structure.

1: rxIndex++ ▷ Increase character counter
2: if RX Buffer[rxIndex - 1] = ’\r’ then ▷ Full response received
3: rxCounter++ ▷ Increase response counter
4: if cmd is MA and rxCounter is 3 then ▷ All exp. resp. for ma cmd. received
5: ReadPosition()
6: ClearCounters() ▷ Reset both counters
7: else if cmd is AUTO and rxCounter is 6 then
8: ClearCounters()
9: else if ... then ▷ Other commands

10: end if
11: end if
12: UART Receive IT(RX Buffer[rxIndex]) ▷ Read next byte into buffer at interrupt

The motor of the autofocus module should be calibrated during initialization. Note, that
this is a different calibration from the one described in the next paragraph. A specific
sequence of commands are transmitted to the autofocus module during initialization. First,
an inform command is sent and the response is analyzed to make sure the communication
works as intended. Then, the optauto and auto commands are sent, which move the module
to its end positions in order to calibrate the motor. This may take up to 3 s and accounts
for a majority of the start-up time the system requires. Then, a home command is issued
to move the motor back to a position of 0mm. Lastly, a status command is transmitted.
The response is analyzed to ensure that the motor calibration was successful.
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In addition to that, the control frequency and the maximum movement speed can be
increased by transmitting freq and speed commands to the module. This configuration
can be saved to flash memory with a save command. Since flash memory is non-volatile,
this part of the initialization was only executed once and is commented out in the current
software version. Between any of the initialization steps, the program actively waits for all
responses to be received. If this active waiting times out during any point of the initializa-
tion and motor calibration, the autofocus module is considered damaged or disconnected
(marked as error in the TM) and any future commands that would be transmitted to focus
the fluorescence signal are held back by software. The initialization and calibration of the
module can be repeated by transmitting the autofocus reset TC to the CMC, in case the
first initialization failed.
Two control modes are implemented. In automatic mode, the measured LiDAR distance
is used as a basis for the motor position (see next paragraph). In manual mode, the user
can transmit a desired position via TCs. The most recent actual position of the autofocus
module is transmitted via the focus TM frame alongside the LiDAR data.

Autofocus Calibration This calibration refers to the relationship between the mea-
sured LiDAR distance and the desired position of the autofocus module. After this de-
pendency is found, simple open loop control can be applied to move the autofocus module
into a reasonable position. The closed loop control for the motor of the module itself will
make sure this desired position is reached as accurately as possible and within a reasonable
time span.
The setup used for calibration can be seen in Figure 4.3.

Figure 4.3: Autofocus Calibration Setup. The output of the alignment laser is fed via a
fiber into the autofocus module and from there through a lens onto a target. The Control
PCB controls the autofocus stroke based on the distance measurement from the LiDAR.
The UART-USB-Bridge is used to send TCs to the Control PCB to change the autofocus
control mode and position.
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The alignment laser is fed via a fiber through the autofocus module and a lens. The idea
is to move the lens into a position that would result in the laser spot being focused onto a
target at mid-distance (as this calibration was conducted in the laboratory, this was only
5m), while the autofocus module is at mid-stroke. Then, by altering the distance to the
target, the correct position values for the autofocus module can be obtained by adjusting
the stroke until the laser spot on the target is in focus again. A laser spot in focus can be
seen in Figure 4.4b. Obviously, the calibration will need to be adjusted and corrected for
the lens used and its actual distance to the autofocus module within the detection unit
prototype.

This kind of calibration setup is not ideal and serves only as a proof of concept. A change of
2000 (∼200 µm) in autofocus position often did not lead to significantly different laser spot
sizes. To possibly achieve better results, the intensity of an actual fluorescence response
should be monitored using a spectrometer for different distances and autofocus positions.

The dependency between the focal length f , the base distance between autofocus module
and lens a, the position of the autofocus module x and the distance between target and
lens d, such that the laser spot is focused on the target, can be represented using the thin
lens equation (4.3.1) [53].

1

d
+

1

a+ x
=

1

f
(4.3.1)

This dependency can be re-arranged into a function x(d), which encodes the iedal autofocus
position x for a given target distance d, as shown in equation (4.3.2).

→ x(d) =
f2

d− f
+ f − a (4.3.2)

Since the focal length was unknown during this calibration and for simplicity, a regression
in the shape of equation (4.3.3) was attempted instead.

x̂(d) =
β̂1
d

+ β̂0 (4.3.3)

The result for the estimated parameters β0 and β1 when using

β =
[
β0 β1

]T
, X =

[
1 1 . . . 1

1/d1 1/d2 . . . 1/dn

]T
and Y =

[
x1 x2 . . . xn

]T
and applying equation (2.8.2) is

β0 = −1.721× 104mm, β1 = 2.358× 107mm/cm

The recorded measurements, as well as the resulting regression x̂(d), are plotted in Figure
4.4a. Using equation (2.8.3), an R2 value of 0.996 was found, which is sufficiently close
to 1 considering the fact that large changes in autofocus position did not produce vastly
different results in laser spot sizes and that the regression function does not perfectly
correlate with the physical model of equation (4.3.2). The software function that transmits
position values to the autofocus module based on LiDAR measurements limits the function
values of x̂(d) to the maximum control range of the autofocus module to ensure predictable
behavior.
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Figure 4.4: Autofocus calibration results.

4.3.3 Laser Handling

Main Laser Status The main laser has two digital 5V output pins, one for the laser
status (on/off) and one for the laser error (error/no error). Since the CMC inputs are
only rated for 3.3V signal, voltage dividers with resistances 100 kΩ and 200 kΩ (5V →
3.33V) are used. In addition, those two inputs on the Control PCB are equipped with
TVS diodes for ESD protection (see Figure A.7 in the Appendix).

In case these input pins change change state, an ISR is invoked that reads the logic level
of the pin and sets the RGB LEDs accordingly to visually signal possible danger. For
additional safety, these two pins are read in at the beginning of the main loop as well.
This ensures that the system does not end up in the wrong state if these signal lines for
whatever reason flicker rapidly, in which case some interrupts may be missed.

Emergency Input The Control PCB has an emergency stop input, which is a 12V
signal that can be either high (12V, no emergency) or low (0V, emergency stop). It can
be triggered by an operator, in case of some system failure or safety hazards to prevent
damage to personnel and equipment. A voltage divider with resistances 100 kΩ and 22 kΩ
(12V → 2.164V) is used to ensure that the signal that is sampled at the GPIO pin of the
CMC stays within 3.3V. A voltage of 2.164V is interpreted as logic high on the CMC.
Similar to the main laser status, the state of this pin is monitored using an interrupt and
a periodic read at the start of the main loop. No TVS diodes are used here to keep the
circuit as simple as possible and prevent the addition of any parasitic capacitance. The
schematics can be seen in Figure A.4 in the Appendix.

In case an emergency stop is detected (emergency input GPIO pin low), the CMC reacts
in the following order:

1. Switch off alignment laser

2. Switch off fans and go into manual temperature control mode

3. Stop any PTP movement (Send PTP Stop command)
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These peripherals (alignment laser, fans, and PTP) cannot be controlled in any way, while
the emergency input GPIO remains low. When the emergency input GPIO is pulled high
again, the former state of the peripherals is not reinstated for safety reasons. The PTP,
the alignment laser, as well as the fans have to be set to the previous or desired settings
and modes by using TCs for additional safety.

Alignment Laser The alignment laser is controlled directly by the Control PCB. As
it is not eye-safe, additional hardware was added for safety. Two MOSFETs are used in
an AND gate configuration. Only if both NMOS MOSFETs are not in cutoff region, the
alignment laser switches on. One of these MOSFETs is controlled directly by the CMC
and can be switched on and off by TCs. The other one is controlled by a combination of
watchdog Integrated Circuit (IC) (Texas Instruments TPS3813-Q1) and latch circuit.

The watchdog has a reset pin that is normally pulled up. If a fault is detected, the
watchdog reset pin is pulsed low for a short period of time. The faults that are detected
by the watchdog are:

• Supply voltage below certain threshold voltage (2.93V in this case)

• watchdog input pin not pulsed with correct frequency

In normal operation mode, the watchdog input pin has to be pulsed with a frequency, that
is determined by an external capacitance connected to the watchdog IC. The rising edge
of these pulses must occur between the maximum lower boundary (here ≈26ms) and the
minimum upper boundary (here ≈366ms) to ensure that the watchdog IC does not issue
a reset pulse. Correct input pulse timing is visualized in Figure 4.5.
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Figure 4.5: Watchdog input pulse timing requirement visualization with upper boundaries
(UB) and lower boundaries (LB).

If the CMC does not obey this timing, the program might have crashed or is trapped inside
an infinite loop. The watchdog circuit makes sure that the alignment laser is automatically
switched off if this should ever be the case.

In case of a fault, the alignment laser shall remain off until a designated reset TC was
issued by the operator for safety. To account for this, a latch circuit is used to keep the
watchdog reset pin pulled low, and thereby actively preventing the alignment laser to be
switched on. This is achieved by using cross-coupled inverters constructed from the logic
MOSFET circuit shown in Figure 2.4. The watchdog output logic must be inverted to
act as a set input of the latch, which is also done by using a MOSFET. A red LED is
used to indicate whether the latch is latched (fault detected, LED on) or not (LED off).
The schematics for this circuit can be found in Figure A.7 in the Appendix. To ensure a
proper design of the circuit, it was simulated with LTSpice before ordering the PCB. The
simulation can be seen in Figure 4.6.
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Figure 4.6: LTSpice latch circuit simulation. The watchdog reset pin (WDO), latch reset
pin (RST) and alignment laser enable pin (AL) are simulated using voltage sources. R1
simulates the alignment laser load and D1 the LED. M1 and M2 create an AND logic
gate.
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Figure 4.7: Latch circuit simulation results. The first plot shows the simulated watchdog
reset pin output. The second plot shows the latch reset pin. The third plot shows the
resulting latch output. Plot 4 shows the simulated alignment laser enable GPIO pin and
the 5th plot shows the current flowing through the alignment laser and the LED.

The results of this simulation can be seen in Figure 4.7. The alignment laser can only run
if the enable GPIO and the latch output are high (watchdog reset pin was not pulled low).
The LED is on, when the latch output is off (a fault was detected). In the default state of
the system, the latch output is low. This means, that the operator has to first reset the
latch, if the alignment laser has to be used for the first time, which adds additional safety.
As soon as the watchdog reset pin is pulled low by the watchdog IC, the latch output is
pulled low, even while the latch reset pin is active. Only when the watchdog IC does not
actively pull the reset pin low and the latch reset pin is temporarily pushed high, the latch
output is set high again and the LED is switched off.
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4.3.4 Spectrometer Triggering

The purpose of the Trigger PCB is to provide a trigger signal for two spectrometers based
on the pulse timing of the main laser, as described in Section 2.1. One spectrometer needs
to be triggered right before the laser pulse to make sure it is integrating while the laser
pulse occurs. The other trigger signal should be shifted by half a period to measure only
the background radiation, while the main laser is right between two pulses.

Hardware The pulse signal generated by the laser is about 3 ns to 5 ns short. The pulse
voltage is dependent on the triggering frequency and is in the range of a few hundred mV.
First, a comparator IC (Texas Instruments TLV3501A-Q1) is used to amplify the pulse
to the supply voltage of 3.3V, once it surpasses a certain threshold. This threshold is
generated with a DAC converter from the TMC and set to ∼260mV in the latest software
version, which is low enough to amplify every pulse with the triggering frequencies listed
in requirement FR-003, and high enough to not amplify any noise by mistake. Using the
DAC makes the PCB flexible, in case it is reused in other projects with different lasers
and triggering frequencies. Next, the pulse must be extended to ensure that the rising
edge is captured on the digital input GPIO of the TMC. A monostable multivibrator
IC (Texas Instruments SN74LVC1G123) is integrated onto the Trigger PCB to achieve
this. The pulse duration depends on the selection of an external capacitor and resistor
pair. The capacitor is fixed to 22 pF, while the resistance can be selected by a digital
potentiometer (Microchip MCP4551T) with a resistance of up to 100 kΩ. The resistance
can be set by the TMC using I2C write transactions with a resolution of 257 steps in total.
Similarly to using the DAC, this allows for increased flexibility through software. In the
latest software release, the resistance is set to a fixed value of 10 kΩ, which according to
Figure 5-4 in the datasheet of the multivibrator IC will result in a pulse duration of about
700 ns. This should be long enough to easily detect the pulse signal using interrupts on
the TMC. Alternatively, the digital potentiometer can be replaced with a screw trimmer
by disconnecting JP1 and connecting JP2. Then, the pulse length can be set using a
screwdriver, without having to update the software. If the pulse signal of the laser is very
noisy and drops below the threshold multiple times, the output of the comparator will also
flicker between 0V and 3.3V multiple times. However, since a monostable multivibrator
is used, the final signal that reaches the digital input of the TMC will be one long and
stable pulse, which is exactly the desired result. This circuit can be seen in Figure A.17
in the Appendix.

Software Whenever a rising edge on the laser pulse GPIO pin of the TMC is detected,
a timer is started. The timer is started in one-pulse mode, which means that it does not
restart automatically once the autoreload value is reached. Furthermore, it generates an
interrupt once its autoreload value is reached by the counter.

Counter Action

480 Set background spectrometer trigger pin

492 Reset background spectrometer trigger pin

980 Set signal spectrometer trigger pin

992 Reset signal spectrometer trigger pin

Table 4.3: Counter values for capture-compare and overflow interrupts for the spectrometer
triggering and actions taken in the corresponding ISRs.

43



Three capture compare interrupts are activated as well. These interrupts fire when the
counter reaches a fixed count value. All these counter values that will result in an interrupt
are listed in Table 4.3 together with the actions that are taken in the corresponding ISRs.
The timer peripherals on the CMC are running with a frequency of 250MHz. When
selecting the correct prescaler, the desired spectrometer timing can be achieved. Obviously,
the pulse times of the triggering pins will differ for different prescalers, but as long as
they stay within a certain threshold, that is no problem. The integraton time of the
spectrometers is 10 µs. As a result, the signal trigger pulse must be less than 10 µs before
the laser pulse. The different prescalers selected for the different laser pulse frequencies
listed in requirement FR-003 are listed in Table 4.4.

Frequency Timer Prescaler

3 kHz 82

4 kHz 61

5 kHz 49

Table 4.4: Prescalers used for different triggering frequencies.

With this timing, the laser pulse should occur right after the signal spectrometer trigger
pulse. The background spectrometer trigger pulse should have the same frequency, but
with a phase shift of 180◦ compared to the signal spectrometer trigger pulse.

4.3.5 PWM Peripherals

Servomotor A 5V Servomotor is used to move a shutter in front of the main laser
output for additional safety. To achieve the generation of a 5V PWM Signal, a level
shifter is used (see schematics in Figure A.7). The level shifter, made up of a resistor and
a MOSFET, also inverts the signal. This must be taken into account when generating
the PWM signal on the CMC side, because duty cycles between 90% and 95% are no
required at a frequency of 50Hz, instead of the classical 5% to 10%. This is achieved with
a prescaler of 499 and an autoreload value of 9999. The servomotor can be positioned
with a resolution of 999 steps by sending TCs.

Condition Color Hexadecimal code

Main Laser Error Red 0xFF0000

Main Laser On Blue 0x0000FF

Alignment Laser On Orange 0xFF0100

Emergency Stop detected White 0xFFFFFF

None of the above Green 0x00FF00

Table 4.5: List of colors the RGB LEDs show based on different conditions. The list is
ordered by priority, meaning if main laser and an emergency stop was detected, the LEDs
will emit blue light. Due to the different forward voltages of the LEDs, the red LEDs shine
less bright. This was taken into account when selecting the hexadecimal code for orange.

RGB LEDs Both RGB LEDs are controlled by the same three PWM signals, one for
each of the three LEDs per RGB LEDs. Each PWM signal controls a circuit of two
MOSFETs that act as a high-side switches. By combining the three LEDs with different
intensities, different colors can be emitted. The frequency must be high enough to ensure
the LEDs do not appear blinking to the human eye, which is achieved by setting the
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prescaler for each of the used timer channels to 31. The autoreload value is set to 256 to
easily map with hexadecimal color representations. Two control modes are implemented.
In manual mode, the user can send the desired hexadecimal color code to show via a TC.
In automatic mode, the RGB LEDs show a color based on the state of the main laser
status signals, the alignment laser and the emergency input as listed in Table 4.5.

4.4 Pointing System

For the pointing system, only the Pan-Tilt Platform (PTP) is important in this thesis. It
has an USB interface for serial communication. In order to communicate with the PTP,
the Control PCB has to act as USB host for an USB CDC device.

USB Communication The CMC can provide a full-speed host interface. However, as
efforts were poured into this, it became clear that the additional required computational
overhead would be significant. For this reason, it was decided to use an external IC for
this task instead. The FTDI VNC2 IC can act as a USB host and forward data coming
in via UART to a USB device. However, it needs to be programmed to act as such
an USB CDC modem via an additional debug interface and the corresponding debugger
(FTDI VNC2 Debugger Module) [54]. Precompiled software for especially this use case is
available on FTDI’s website (”UART to CDC Modem Sample Application ROM”). For
flashing the IC, the VNC2 Toolchain was used (note: exclusively software version v2.0.2-
SP2 recognized the IC while older and newer software versions did not). The UART
interface utilizes flow control via RTS and CTS signals. Communicating with the USB
chip and an STM32F4 development board worked as expected, although some losses were
encountered in the responses of the PTP. However, significant issues were encountered
when trying to communicate with the chip and the PTP using the HAL driver of the
CMC (STM32H5). This could possibly be fixed by writing custom functions instead, but
this has not been attempted yet. When changing the CMC settings to only use RTS, the
communication does not fail completely anymore, but data losses in the responses from
the PTP are encountered as well. It is assumed that these losses stem at least partly from
the different communication speeds used between PTP and USB IC (12Mbit/s) and USB
IC and CMC (default: 9600 bit/s). To counteract this, the precompiled VNC2 software
was altered in order to increase the UART speed to 115 200 bit/s. This actually led to
more messages from the PTP being received intact, but also decreased the reliability of the
communication in total. Unrecoverable communication faults occurred more often when
responses from the PTP were attempted to be received. Furthermore, communication
sometimes did not start at all after power was supplied to the PCB. Most likely, these
errors are resulting from the USB IC booting up faster than the CMC. Resetting the
USB IC manually after power was supplied fixed this issue. However, the reset pin of the
USB IC is not connected to any GPIO pin of the CMC in the most recent Control PCB
version (v1.2.0, see the schematics in Figure A.9 in the Appendix). Since the UART CTS
signal on the CMC side is currently unused, this pin has been rerouted to the reset pin
of the USB IC instead by using a wire. It is assumed that the layout and schematics on
the Control PCB are not responsible for these problems, because similar issues are also
encountered when connecting the PTP and Control PCB to the USB IC evaluation board
(V2DIP1-32).

The UART communication protocol of the pre-selected PTP (emotimo ST4) is not clean.
Responses have varying lengths, and some responses are terminated with a new-line char-
acter, while others are not. This makes receiving message-by-message from the PTP very
challenging. Due to the previously mentioned problems with the communication in general
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and this additional inconvenience, all reception software attempts were removed for now.
This at least led to a very robust simplex communication from CMC to PTP without any
communication faults. Naturally, this comes with the major drawback of not having any
feedback on the reception of move commands or the motor positions of the PTP.

The FTDI VNC2 IC caused major headaches during the development effort of the USB
communication between Control PCB and PTP. In case custom HAL UART functions,
which possibly could enable the full use of flow control do not lead to significantly better
results, the direct CMC USB host approach or the integration of another USB host IC
should be pursued instead, if further Control PCB versions are created in the future.

PTP Control Since the standard motor speeds of the PTP are too slow for this appli-
cation, G100 (Set Motor Performance) commands with the settings specified in Table 4.6
are transmitted to the PTP.

Motor vmax amax R S vmax [◦ s−1]

Pan Motor 300000 4000 8 3 87.35

Tilt Motor 400000 7000 10 2 43.94

Table 4.6: PTP Motor Settings. The maximum velocity vmax can be be between 1 and
600000, the maximum acceleration amax can be between 1 and 65535, the maximum power
during run (R) between 1 and 15 and the maximum power during stop (S) between 0 and
5. These values do not map to physical units directly. The velocity in degrees per second
can be calculated using the communication protocol reference [55], for all other values, no
correlation to physical units is given.

Increasing motor performance values will also lead to higher power requirements. As no
large power supply was available, these values were deemed sufficient for testing. For faster
scanning, additional tests will have to be performed. For the movements itself, the G0 (Go
Rapid) command was utilized. The developed software differentiates between two types
of movement modes: Single and Scan. Both are started via TCs. In Single mode, the
motors are moved to desired target locations with exactly one G0 command. The target
position must be previously set by two TCs (one for each axis). In Scan mode, the PTP
runs through a sequence of movements around the previously specified target position.
In the latest software version, the start scan TC can select between two different scans:
a wide scan and a smaller one. However, more different scans can easily be added by
extending the scan structure array. A scan structure contains all the movement positions
and fixed time spans that have to be elapsed after each of the movements, before the next
one can be started. Keeping track of the time is required here, because no direct feedback
is currently available ob the motor positions of the PTP. The pseudokernel periodically
calls a service function. This function, as long as the PTP is in scan mode, checks whether
the required time since the start of the last move has elapsed. If that is the case and the
end of the structure (i.e. the last move) has not been reached yet, it transmits the next G0
command. The position the PTP is in while the power supply is switched on represents
its absolute zero position for both motors. Therefore, always ensure that the motors are in
the desired initial/home position before connecting the power supply. Furthermore, ensure
that the PTP is completely switched on before connecting the USB cable to it. Otherwise,
the motors of the PTP might not be initialized correctly. A reset TC command can be
transmitted to the CMC to reset the USB IC in case the communication is not working.
Lastly, if a stop PTP TC is received by the CMC, a G911 (Stop All Motors) command is
transmitted to the PTP at an instant.
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4.5 Georeference System

The Georeference System needs to determine the location and attitude of the detection
unit w.r.t. to the navigation frame N . For localization, it mainly uses a GNSS receiver,
while for attitude determination, an IMU is utilized.

4.5.1 Localization

A Global Navigation Satellite System (GNSS) receiver (here: u-blox NEO-F9P) is used to
determine the location of the detection unit on Earth. It communicates with the CMC via
UART and is placed on the Control PCB. Its patch antenna is connected to the Control
PCB via a SubMiniature version A (SMA) connector. The receiver is protected from ESDs
from the antenna with a bipolar TVS diode. A backup battery can be used to keep specific
receiver registers, which contain information about the positions of satellites, loaded even
after the power supply is disconnected, when connecting jumper JP8 (see schematics in
Figure A.6 in the Appendix). This allows a faster GNSS fix when the system is rebooted
shortly after the last fix. The space between the pads of the battery needs to be covered
with isolation tape before soldering on the battery cell, because it contains vias. The
USB interface of the receiver, as well as the second UART port and the RTK status pin
are connected to pin connectors in case they are needed for debugging. A blue LED will
start blinking with a frequency of 1Hz when the receiver has a GNSS fix. The receiver
supports RTK. For this reason, a UHF transceiver (HopeRF HM-TRP-433) was placed
on the Control PCB as well. Its antenna is also connected to the Control PCB via an
SMA connector. The UHF receiver selection was based on the receiver of the u-blox
NEO-M8P development board (u-blox C94-M8P-3). However, as was found out later,
the UHF transceiver on the development board, which is later also used as base station in
RTK mode, is flashed with a different software (SiK radio), while the transceiver currently
placed on the most recent Control PCB is still flashed with the standard HopeRF firmware.
This becomes important during the RTK tests in Section 5.3.1. In the schematics, the
DTX pin of the UHF transceiver is still connected to an UART RX pin of the CMC. This
was convenient for debugging the radio communication. However, with this setup, the
RTCM3 messages need to be received from the CMC and then forwarded to the GNSS
receiver. To reduce computational overhead, this pin was rerouted to the second UART
port of the receiver directly (UHF transceiver DTX to GNSS receiver RXD2). The UHF
transceiver remains in its standard configuration for now, and is only used to receive
RTCM3 messages from the base station.
The GNSS receiver supports two major types of configuration and data messages: NMEA
and UBX. NMEA messages utilize ASCII symbols in a human-readable format, while UBX
is a custom message format from u-blox that encodes the data more effectively with fixed
lengths, but is not human-readable. Due to their higher efficiency and fixed length, UBX
messages will be used to communicate between receiver and CMC. Since message lengths
are sometimes longer than 100 bytes, DMA channels will be used for communication in
both directions to reduce the computational overhead for the CMC. Furthermore, the
baudrate on this port is increased to 115 200 bit/s to speed up the data transfer. The
GNSS receiver transmits some standard GNSS NMEA messages by default, which are
disabled to not confuse them with UBX messages and to lessen the overall communication
load. The baudrate of UART port 2 is changed to 9600 bit/s to allow communication with
the UHF transceiver in its default configuration. RTCM3 messages for RTK are accepted
as input messages on this GNSS receiver port by default.
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The GNSS receiver provides new navigation solutions with a fixed frequency. One navi-
gation solution can contain multiple measurements. When polling the module for a new
solution and the navigation solution rate is only 1Hz, the response from the receiver may
take up to 1 s to arrive. Some UBX output messages can be configured to be sent by
the receiver in a fixed rate. By setting the measurement rate to 2Hz and configure the
module to use only one measurement per navigation solution, a message can be configured
to be received with a frequency of 2Hz as well. However, this setting in combination with
the DMA was not working as desired and resulted in massive delays and unpredictable
behavior. Instead, the desired output messages are now polled. To ensure that a naviga-
tion solution is ready very closely after the polling request, the measurement rate of the
receiver was increased to 25Hz, while the receiver is configured to provide one navigation
solution per measurement.
To summarize the previous paragraphs, the following changes are applied to the standard
configuration of the GNSS receiver:

• Disable NMEA output messages on UART port 1.

• Set UART port 1 baudrate to 115 200 bit/s

• Set UART port 2 baudrate to 9600 bit/s

• Set measurement rate to 25Hz.

• Set to one measurement per navigation solution.

All of these configuration changes are encoded in one UBX-CFG-VALSET message [56]
with the additional information, that this new configuration should be written to flash
memory. Therefore, the GNSS configuration has to be performed only once for every new
PCB. The message is transmitted from the CMC via UART port 1 to the receiver. Note,
that the UART port baud rate for this port is changed in the configuration. Therefore,
the following sequence of tasks must be executed:

1. Set the baudrate of the correct CMC UART port to 38400 (default baud rate of the
GNSS receiver).

2. Transmit the configuration message to the GNSS receiver.

3. Change the baudrate of the correct CMC UART port to 115 200 bit/s.

4. Transmit the configuration message again to ensure that all new settings were re-
ceived.

5. Comment out the configuration section of the GNSS receiver in the CMC software,
because it was written to the flash memory of the receiver.

During operation, the CMC polls the NAV-PVT [56] message from the GNSS receiver with
a frequency of about 2Hz. The message contains the time and date, position estimate in
longitude, latitude and height above sea level, the velocities in the NED frame, how many
satellites have been used for the solution, the fix type (none, 2D or 3D) and the RTK state
(none, floating or fixed). Furthermore, it contains the horizontal and vertical accuracy of
the position estimate and a speed accuracy estimate.
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4.5.2 Attitude Determination

The employed Inertial Measurement Unit (IMU) (CEVA BNO086) consists of an ac-
celerometer, a gyroscope and even though it is not an inertial sensor, a magnetometer.
All three of these sensors provide measurements in all three cartesian axes. Using mea-
surements from these sensors, the absolute attitude w.r.t. magnetic north and the gravity
vector can be determined. Next to the raw measurements, the IMU is capable of providing
filtered results for each of the sensor readings with bias and drift removed. Furthermore,
it can also provide estimates for the absolute attitude as quaternions and estimates for
linear acceleration and gravity, among some other sensor outputs which are not relevant
for this thesis.
The IMU IC can communicate with the CMC via an I2C port (see schematics in Figure
A.6 in the Appendix). Furthermore, several jumpers are used for the possibility to change
the I2C address or disable pull-up resistors on the I2C lines. Just like the LiDAR, the
IMU gets its own I2C port to keep the communication as clean and easy as possible.
Unfortunately, the sensor measurements cannot be attained by simple register reading
often implemented with I2C peripherals. Instead, the IC uses CEVA’s Sensor Hub Trans-
port Protocol (SHTP), which increased the implementation effort significantly. The SHTP
header contains the length of the message (which is not fixed), a channel which indicates
what kind of data is transmitted and a sequence number to ensure no packages are lost.
Since messages can have varying lengths, the standard STM32 HAL functions for I2C
communication cannot be used and custom ones had to be written instead, to account for
a length calculation mid-reception and to ensure all I2C flags are set at appropriate times.
Furthermore, the use of a sequence number implies, that the software needs to keep track
of how many messages have been sent so far to avoid communication errors [57].
Each SHTP message may contain multiple SH-2 messages. Most of these SH-2 messages
will be output reports (contain sensor data sent from the IMU to the CMC) or feature
reports (instructions from the CMC to the IMU). Using feature reports, the CMC can
instruct the IMU which sensor data should be provided in the output reports with which
frequency. Then, when the CMC reads from the IMU, it will send an SHTP message
containing all the sensor reports in SH-2 message format, which are due since the last
read [57, 58]. Table 4.7 lists all sensor reports that are activated in the latest Control
PCB software version with their corresponding report frequency.

Sensor Report Report ID Frequency [Hz]

O
p
e
ra

ti
o
n

Accelerometer 0x01 25

Gyroscope 0x02 25

Magnetic Field 0x03 25

Linear Acceleration 0x04 25

Rotation Vector 0x05 25

Gravity 0x06 25

C
a
l. Game Rotation Vector 0x08 10

Magnetic Field 0x03 50

Table 4.7: Activated SH-2 Sensor Reports [58] on the IMU during normal operation and
during calibration (Cal.). All sensor reports are 3D vectors, except for the rotation vector
and the game rotation vector, which are quaternions.
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During normal operation, the CMC performs a SHTP message read every 40ms. As a
result, the new SHTPmessage will most of the time contain all the activated sensor reports.
Note, that the first three sensor reports listed in Table 4.7 are not the raw measurements,
but the already filtered ones. All sensor reports listed in the Table contain an integer
status field, which indicates how accurate the measurements are estimated to be (0 =
unreliable, 1 = accuracy low, 2 = accuracy medium, 3 = accuracy high). These will be
useful in the sensor fusion in the next section.
At start-up, the IMU will transmit several unsolicited messages to indicate whether it
started up correctly. The following steps are performed during the IMU initialization:

1. Read unsolicited SHTP advertisement message.

2. Read unsolicited SHTP reset message and compare it to a correct reset message.

3. Read unsolicited SH-2 initialization message and check if it was successful.

4. Configuration: Send SHTP message containing all operation feature reports listed
in Table 4.7.

If one of these steps fails, the IMU is marked as faulty peripheral in the pseudokernel and
no further transactions are attempted. In this case, the IMU initialization can be repeated
using a TC.
A calibration can be started and stopped manually by using a TC. For the calibration,
different sensor reports should be activated with different frequencies [59], which are listed
in Table 4.7. The Game rotation vector automatically activates the gyroscope and the
accelerometer, while the magnetic field sensor report ensures that the magnetometer is
running on a high frequency, which is necessary to achieve good calibration results. Once
these sensor reports have been activated, the PCB should be moved in a specific sequence
of attitudes for a decent calibration of all three sensors. The expected calibration attitude
changes are listed in Table 4.8.

Sensor Calibration Movements

Accelerometer Put the sensor into six different attitudes (preferably aligning each
axis with the gravity vector twice) and let it rest there for >1 s.

Gyroscope Let the sensor remain stationary for at least 3 s.

Magnetometer Rotate the sensor by ∼180◦ and back in each axis. Each of these
rotation should last about 2 s.

Table 4.8: Sensor movements that should be performed during the IMU calibration [59].

The IMU should be calibrated inside the environment in which it is expected to run.
This ensures that the influence of devices that emit strong magnetic fields are taken into
account in the calibration [59].
For an initial testing of the internal sensor fusion of the IMU, a live visualization of
the orientation of the Control PCB was created using Robot Operating System 2 (ROS2)-
Foxy and Gazebo Harmonic. The implementation was created for the Control PCB v1.0.1,
which still had an USB device port. The quaternion provided by the IMU was forwarded
to a laptop via this USB port. On the laptop, a ROS2 node reads the data from the USB
port of the laptop. A 3D model of the Control PCB was imported into a custom world file
in Gazebo. The ROS2 node sets the attitude of the PCB model in Gazebo according to
the last received quaternion. A photo of this can be seen in Figure A.24 in the Appendix.
This life-visualization has yet to be updated for the most recent Control PCB (v.1.2.0).
Furthermore, it should be transferred to the newest ROS2 version.
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4.5.3 Sensor Fusion

In order to test the georeference system as a whole, the IMU, the GNSS and the LiDAR
data are combined. In theory, no sensor fusion is necessary for this. The most recent
LiDAR measurement can be described in the body frame, then rotated into the magnetic
frame using the quaternion provided by the most recent IMU data, then rotated into the
navigation frame by the magnetic declination δ and finally translated by the most recent
GNSS measurement.
However, the GNSS receiver is polled with a frequency of only 2Hz, while the IMU provides
data with more than 20Hz. One of the output reports generated by the IMU contains the
linear acceleration in the body frame. When rotating this acceleration into the navigation
frame, it can be used together with the NED velocities provided by the last GNSS receiver
fix to predict the new positions of the detection unit until the next GNSS location fix is
received. If done correctly, this localization fusion should help to smooth out the data and
prevent jumps in the data caused by fast movement.
Furthermore, the heading of the IMU attitude estimate was found to drift and sometimes
even jump significantly over larger periods of time (see Section 5.3.3). Implementing a
custom attitude sensor fusion that puts more trust into the gyroscope and less trust to
the magnetometer might be able to prevent these inconveniences.

Localization Fusion A KF is used to accomplish the localization fusion. The estimated
linear acceleration in the navigation frame is used as input uL = N âl for the prediction.
This vector is either provided by the IMU directly or part of the state of the custom
attitude fusion and then rotated from the magnetic frame M into the navigation frame
N . The measurements from the GNSS receiver need to be prepared for the sensor fusion.
First of all, the determined spherical coordinates GpG (longitude, latitude and height above
see level) need to be projected into the navigation frame (→ NpG) by using equations
(2.5.1) to (2.5.3). Furthermore, the determined NED velocities T vG need to be rotated
into the navigation frame (→ NvG) by using equation (2.5.5). The final six-dimensional
measurement vector yL contains the position and velocity measurements in the navigation
frame:

yL =

[
NpG
NvG

]
The six-dimensional state estimate x̂L consists of the position and velocities in the navi-
gation frame in each cartesian direction:

x̂L =

[
N p̂
N v̂

]
The first GNSS measurement defines the origin of the navigation frame. Furthermore, the
covariance matrix will converge within a few iterations and can therefore simply be chosen
as a multiple of the identity matrix.

x̂L(0) =
[
01×3

NvG(0)
]T

PL(0) = 10 I6×6

Equations (4.5.1) and (4.5.2) show the discretized equations for propagating position p
and velocity v with a given acceleration a and time span ∆t.

pn+1 ≈ pn + vn(tn+1 − tn) +
1

2
an(tn+1 − tn)

2 = pn + vn∆t+
1

2
an(∆t)

2 (4.5.1)

vn+1 ≈ vn + an(tn+1 − tn) = vn + an∆t (4.5.2)
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∆t in this case is the time span between the current and the previous timestamp of the
IMU TM. Therefore, the next state can be predicted by using

x̂L(n|n− 1) = FLx̂L(n− 1|n− 1) +BLuL(n) (4.5.3)

with

FL =

[
I3×3 ∆t I3×3

03×3 I3×3

]
, BL =

[
(∆t)2/2 I3×3

∆t I3×3

]
The process noise covariance matrix QL uses the accuracy estimate σq of the quaternion
provided by the IMU:

QL(n) =
1

10(σq(n) + 1)
I6×6

With this matrix, the new covariance can be predicted by using equation (2.6.3). As
a reminder, the accuracy estimates of the IMU are integer values (0 = unreliable, 1 =
accuracy low, 2 = accuracy medium, 3 = accuracy high). This means that with higher
accuracy, the covariance is increased less in the prediction step. Furthermore, note that
due to measurement frequency difference between IMU and GNSS receiver, there will be
multiple prediction steps before a measurement update will be performed with the next
GNSS measurement.
Due to the pre-processing of the GNSS measurements, the measurement prediction matrix
GL simply becomes the identity matrix I6. The measurement noise matrix RL is set as

RL(n) = diag(σ2h(n), σ
2
h(n), σ

2
v(n), σ

2
s(n), σ

2
s(n), σ

2
s(n))

with horizontal accuracy estimate σh, vertical accuracy estimate σv and speed accuracy
estimate σs. These values are provided by the NAV-PVT message together with GpG and
T vG. All matrices for the KF are now defined. The state is updated using equation (2.6.5)
and the covariance matrix is updated with equation (2.6.6).

Attitude Fusion: Version 1 Due to the nonlinearities produced by rotation matrices,
the attitude fusion will be implemented using an EKF. Note, that this fusion derives the
attitude of the detection unit, i.e. frame D, wr.r.t. to the magnetic frame. However, an
additional rotation of −90◦ around the z-axis next to the magnetic declination needs to be
applied to rotate vectors into the navigation frame N , because the magnetic frame used
by this fusion has the x-axis pointing towards north instead of the y-axis. This fusion will
nevertheless use M to indicate this augmented magnetic frame.

Sensor Measurement/Estimate Symbol Comments

Accelerometer
Acceleration Ba Measured in m s−2

Accuracy σa Integer between 0 and 3

Gyroscope
Angular Velocity Bω Measured in rad s−1

Accuracy σg Integer between 0 and 3

Magnetometer
Magnetic Field Strength Bm Measured in µT
Accuracy σm Integer between 0 and 3

Table 4.9: Measurements and estimates provided by the IMU used in the custom attitude
fusion. The integer accuracy values are: 0 = unreliable, 1 = low accuracy, 2 = medium
accuracy, 3 = high accuracy.
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The measurements and estimates provided by the IMU relevant to this fusion are listed
in Table 4.9.
Under the assumption that the detection unit never rotates fast enough for angular accel-
eration to play a big role in the acceleration measurement and when ignoring measurement
noise, the accelerometer measures a combination of gravity and the remaining linear ac-
celeration caused by movement in the body frame:

Ba = Bg + Bal (4.5.4)

The measurement vectors Ba, Bω and Bm need to be rotated into frame D using equation
(2.5.6) before they can be used inside the EKF implemented here.
The gyroscope measurements are used as input for the prediction step: uA = Dω. The
other two measurements are used inside the six-dimensional measurement vector yA of
the EKF:

yA =

[
Da
Dm

]
The seven-dimensional state estimate is made up of the estimate of the quaternion q̂
that encodes the rotation between D and M, and the linear acceleration estimate in the
magnetic frame Mâl:

x̂A =

[
q̂

Mâl

]
The first acceleration Da and magnetic field strength Dm measurements can be used to
estimate the initial attitude. An initial roll and pitch estimate can be derived by equations
(4.5.5) and (4.5.6).

ϕ0 = arctan2(Day,
Daz) (4.5.5)

θ0 = arctan2
(
−Dax,

√
Da2y +

D a2z

)
(4.5.6)

By using ϕ0 and θ0 in equation (2.4.10), a quaternion can be computed. This quater-
nion can then be used with equation (2.4.12) to rotate the magnetic field strength into a
temporary world frame A. Then, an initial yaw estimate ψ0 is calculated with:

ψ0 = arctan2(Amy,
Amx) (4.5.7)

Lastly, all three angles can be used again in equation (2.4.10) to compute the final initial
quaternion q̂0. It is assumed that at the start of the filter, the detection unit is at rest
(Mâl ≈ 03×1). Similar as before, the covariance matrix can be chosen as a multiple of the
identity matrix. Therefore, the initial state of this EKF is:

x̂A(0) =

[
q̂0

03×1

]
PA(0) = 10 I7×7

Equation (2.4.14) can be used for the quaternion estimate at the next timestamp. The
process matrix for the quaternion prediction containing the input uA can be extracted, as
shown below.

q̂(n|n− 1) = q̂(n− 1|n− 1) +
1

2
q̂(n− 1|n− 1)⊗

[
0

Dω(n)

]
(4.5.8)

= Fq(uA(n))q̂(n− 1|n− 1) (4.5.9)
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The extracted Fq has the following form:

Fq(uA) =
1

2


2/∆t −ωx −ωy −ωz
ωx 2/∆t ωz −ωy
ωy −ωz 2/∆t ωx

ωz ωy −ωx 2/∆t

∆t

Predicting the acceleration is tricky. For now, it is assumed that movements are overall
smooth and the robot the detection unit is mounted on performs no violent direction
changes. Most of the time, the acceleration will remain in the same direction, but the
magnitude may change significantly nevertheless. To provide a small estimate in the
likely correct direction, the prediction is a tenth of the previous acceleration:

Mal(n|n− 1) =
1

10
Mal(n− 1|n− 1) = Fa

Mal(n− 1|n− 1) (4.5.10)

Fa =
1

10
I3×3

The full process matrix FA becomes:

FA(uA(n)) =

[
Fq(uA(n)) 04×3

03×4 Fa

]
and the prediction:

x̂A(n|n− 1) = FA(uA(n))x̂A(n− 1|n− 1) (4.5.11)

The process noise covariance matrix QA is chosen as:

QA(n) =

[
q

1+σg
I4×4 04×3

03×4 qI3×3

]
with a tuning parameter q. The covariance matrix can then be predicted with equation
(2.6.3). For the measurement update, the acceleration vector must be predicted in the
detection unit frame. As shown in equation (4.5.4), the measured acceleration is a com-
bination of gravity and linear acceleration. The needed rotation matrix DRM can be
acquired from the quaternion estimate q̂ by using the transpose of equation (2.4.13):

Dâ = DRM(Mg + Mâl) = ga(x̂A) (4.5.12)

As a reminder, Mâl and
DRM can be extracted from the state x̂A, while the gravity in

the magnetic frame is:

Mg =
[
0 0 g

]T
with local gravity constant g = 9.808 in Lampoldshausen. The acceleration caused by
gravity acts in positive z-direction, because the accelerometer measures the acceleration
caused by the normal force of the ground, which opposes the gravity.
Similarly, the first magnetic field reading Dm0 rotated into the magnetic frame (→ Mm0)
using the initial quaternion q̂0 and equation (2.4.12) can be used to predict the next
magnetic field strength reading by rotating it into the detection unit frame with the
current quaternion estimate:

Dm̂ = DRM
Mm0 = gm(x̂A) (4.5.13)
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These functions ga and gm are nonlinear w.r.t. the state, which is why an EKF is needed
instead of a KF. The final six-dimensional measurement prediction function is then:

gA(x̂A) =

[
ga(x̂A)

gm(x̂A)

]
The measurement update for the state estimation can then be performed by equation
(2.6.9). For the measurement update of the covariance matrix, the jacobian of this function
w.r.t. the state has to be computed:

GA =
∂gA(x̂A)

∂x̂A

For readability, the full equations for gA(x̂a), gA(x̂m) and GA are derived in Appendix
A.10.
Lastly, the measurement noise matrix RA(n) will be estimated using

RA(n) =

[
r

1+σa(n)
I3×3 03×3

03×3
r2

1+σm(n)I3×3

]
with tuning parameter r. Then, the update for the covariance matrix can be performed
using equation (2.6.6).

Attitude Fusion: Version 2 The idea of the custom attitude sensor fusion was to
counteract shortcomings of the internal fusion of the IMU in terms of sudden heading
drifts. However, the first attitude fusion version resulted in very inaccurate heading es-
timations overall. This is why a second version was created. Instead of predicting the
whole magnetic field strength vector, this second version predicts the yaw angle as a
pseudo-measurement [60]. This yaw pseudo-measurement ψm is derived from the actual
magnetometer measurement by first rotating it into the magnetic frame:

Mm = MRD
Dm (4.5.14)

Like before, the rotation matrix is derived from the current quaternion q̂ by using equation
(2.4.13). Then the vertical component is removed and the vector is rotated back into the
detection unit frame. This process aims to produce a cleaner yaw estimate and reduce the
impact of the vertical component of the magnetic field on the roll and pitch estimates in
the measurement update.

Dmh = DRM

[
Mmx

Mmy 0
]T

(4.5.15)

Finally, the yaw pseudo-measurement is obtained by equation (4.5.16).

ψm = arctan2(Dmh,y,
Dmh,x) (4.5.16)

The new four-dimensional measurement vector is

yA =

[
Da

ψm

]
Now this pseudo-measurement needs to predicted in the update step. To achieve this, the
yaw angle is directly obtained from equation (2.4.11) by using the current quaternion q̂:

ψ̂m = arctan2(2(qxqy + qwqz), 1− 2(q2y + q2z)) = gψ(x̂A) (4.5.17)
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The new measurement prediction function and the corresponding Jacobi matrix are:

gA(x̂A) =

[
ga(x̂A)

gψ(x̂A)

]
(4.5.18)

GA =
∂gA(x̂A)

∂x̂A
(4.5.19)

To increase the readability of this section, the full equation for GA can be found in
Appendix A.10. Lastly, the new measurement covariance matrix is chosen as

RA(n) =

[
r

1+σa(n)
I3×3 03×1

01×3
r2

1+σm(n)

]

LiDAR vector Since the internal IMU fusion and the custom attitude fusion utilize
different rotating frames, there are also two definitions of the LiDAR vector:

DpL =
[

Ddx + dL
Ddy

Ddz

]T
BpL =

[
Bdx − dL

Bdy
Bdz

]T
where d = [dx dy dz]

T is the vector connecting the GNSS antenna to the LiDAR position
in the corresponding frame. The final quaternion estimate q̂L then used to rotate the
LiDAR measurement from the rotating frame (either D or B) into the navigation frame
N is obtained by:

q̂L = q̂⊗ qN (4.5.20)

where qN is derived by inserting the negative magnetic declination −δ into equation
(2.4.10) for the yaw angle when using the internal IMU fusion, and inserting −90◦ - δ
when using the custom attitude fusion. The vector to the point the LiDAR laser beam
is reflected from can then be found w.r.t. to the navigation frame by applying equation
(2.4.12). As mentioned previously, the additional −90◦ rotation around the z-axis for the
custom attitude sensor fusion originates from the fact, that the magnetic frame in the
custom fusion is defined with its x-axis pointing north, instead of with its y-axis.

4.6 Temperature System

As specified in the requirements, two fans shall be controlled based on three temperature
measurements located in different positions within the detection unit.

4.6.1 Temperature Measurement

To measure the temperature, three thermistors are connected to the Control PCB. Ther-
mistors have a large resistance/temperature coefficient [29], which means that they change
their electrical resistance when the temperature changes significantly more than normal re-
sistors. The implemented thermistors in this thesis are PT1000 elements. These platinum-
based thermistors have an almost linear temperature/resistance behavior and feature a
wide temperature range [29]. Furthermore, they are comparatively cheap (often <€10)
and readily available. Typically, the current flowing through a thermistor must be very
small to reduce the effect of self-heating as much as possible [29].
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The PT1000 used here (PTFD102B1G0 from Measurement Specialties) should be embed-
ded into a circuit to fulfill the following two local requirements:

TR1 According to the datasheet, the current flowing through the thermistor shall be
smaller than IR,max = 500 µA to prevent self-heating.

TR2 The full expected temperature range (∼ −30 ◦C to 70 °C) shall map to the full ADC
range of 0V to 3.3V to achieve the highest precision.

Note, that the temperature range used here is larger than the one specified in requirement
PR-010 to account for some more flexibility in the development.
The first measurement idea was to use a current limiting resistor in series and then utilize
a differential amplifier as described in Section 2.2 to simply amplify the voltage drop across
the thermistor. However, the voltage drop would be somewhere in the region of 400mV
to 600mV over the full excepted temperature range. Amplifying this range would result
in voltages between 2V and 3.3V at the ADCs, contradicting local requirement TR2. By
adding two resistors to the circuit, the voltage divider can be extended to a Wheatstone
bridge. This allows a much more accurate determination of the thermistor resistance
across the full ADC range of the CMC.

Circuit The full circuit for each of the temperature sensors can be seen in Figure 4.8.

Ui

R1 R3

A

B

R2 R4

R5 C

R7

R6

O

D

R8

−

+

Uo

Figure 4.8: Temperature Sensor Circuit consisting of a Wheatstone bridge (R1 - R4) and
a differential amplifier. R4 is the thermistor.

The addition of the amplifier circuit adds parallel resistance to both bridge arms. There-
fore, the two circuit parts must be analyzed together in theory. However, since they still
behave almost like two separate circuits and to speed up resistance selection, they are first
analyzed separately. The final equations required to transfer the ADC measurements into
temperatures are done using the whole circuit afterwards to confirm that the requirements
are met.

Resistor Selection To simplify the design and assembly of the PCB, several resistors
will be set equal:

• R1 = R3: these two resistors are typically selected with the same value to make the
voltage across the Wheatstone bridge 0V, if R2 and R4 are equal.

• R5 = R7: simplification of the equations required for the amplifier circuit

• R6 = R8: simplification of the equations required for the amplifier circuit
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When neglecting the amplifier stage, the current flowing across the thermistor R4 can be
expressed as:

I4 =
Ui

R1 +R4
(4.6.1)

The lowest value of R4 is to be expected at −10 °C, which would be about 961Ω. With the
known limit of I4 < IR,max, this gives an approximate lower bound for R1, by re-arranging
equation 4.6.1:

R1 >
Ui

IR,max
−R4(−32◦) ≈ 5639Ω

Adding the amplifier stage will slightly increase the voltage at node A resulting in a slightly
larger current. For this reason, the final selection is one of the next higher standard resistor
sizes: R1 = R3 = 6.04 kΩ.
R4 becomes larger with higher temperatures. The voltage between the inverting and non-
inverting terminal of the OpAmp should remain within the supply voltage of the OpAmp,
which is Ui = 3.3V. R2 should always be greater than R4, to ensure that the voltage across
the Wheatstone bridge from node B to node A remains positive. However, as described
in Section 2.2.1, it should be as close to R4 as possible for the highest sensitivity. For
this reason, R2 is selected as 1.3 kΩ, which represents a temperature of about 79 °C. The
largest bridge voltage is to be expected at −10 °C, which corresponds to R4 ≈ 961Ω.
Inserting this into equation (2.2.4) yields a maximum bridge voltage of UG ≈ 131mV.
This value should be amplified by an amplification of V to about Ui = 3.3V, to map the
full temperature range to the full ADC range and fulfill requirement TR2:

V =
Ui

UG,max
≈ 25

With the amplification value V , the resistances R5 = R7 and R6 = R8 can be determined.
As described in section 2.2, the OpAmp tries to drive the voltage difference between non-
inverting and inverting input to 0V. Therefore, the approximation UC ≈ UD is valid.
Ignoring the Wheatstone bridge stage, the following set of equations can be created using
node C, D and the output voltage Uo:

Node C :
UA − UD

R5
=
Uo − UD
R6

(4.6.2)

Node D :
UB − UD

R5
=
UD
R6

(4.6.3)

Re-arranging equation (4.6.3) to UD and inserting it into equation (4.6.2), the following
relationship is found:

Uo =
R6

R5
(UB − UA) = V UG (4.6.4)

The following two standard resistor values are used: R5 = R7 = 4.22 kΩ, R6 = R8 =
100 kΩ. The resulting amplification is V ≈ 23.7, which adds a small safety margin to the
desired V = 25.
Long cables add parasitic resistance to the circuit. Therefore, they should be kept as
short as possible. An additional calibration might be required. To make the deviations
as small as possible, only resistors with tolerances of 0.1% were used for the tempera-
ture measurement circuit. The operation amplifier is a high precision low-offset amplifier
(OPA4197QPWRQ1 from Texas Instruments).
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Analytic Validation The resistance selection was performed based on the requirements
for the output voltage range Uo (TR2) and the current flow across the thermistor I4 (TR1)
by analyzing the two sub-circuits, Wheatstone bridge and amplifier, separately. However,
as mentioned before, adding them together results in an overall similar behavior, but with
slight changes in voltages and currents. In this paragraph, the exact equations are derived.

First, a system of equations is created for the circuit in Figure 4.8 using nodal analysis
and the previously mentioned simplifications UD = UC , R1 = R3, R5 = R7 and R6 = R8:

Node A:
Ui − UA
R1

=
UA − UD

R5
+
UA
R4

(4.6.5)

Node B :
Ui − UB
R1

=
UB − UD

R5
+
UB
R2

(4.6.6)

Node C :
UD − Uo
R6

=
UA − UD

R5
(4.6.7)

Node D :
UD
R6

=
UB − UD

R5
(4.6.8)

Re-arranging equation (4.6.8) to UB yields:

UB = R5

(
1

R5
+

1

R6

)
UD (4.6.9)

Next, (4.6.9) can be inserted into equation (4.6.6) and re-arranged to UD:

UD =
R2R6

Rx
Ui (4.6.10)

with

Rx = R2(R5 +R6) +R1(R2 +R5 +R6) (4.6.11)

Now, equation (4.6.5) can be re-arranged to UA:

UA =
R4(R1UD +R5Ui)

R4R5 +R1(R4 +R5)
(4.6.12)

Inserting equation (4.6.12) into equation (4.6.7) and re-arranging it to Uo results in:

Uo =
R6(R4(UD − Ui) + UDR1)

R4R5 +R1(R4 +R5)
+ UD (4.6.13)

When inserting equation (4.6.10) into equation (4.6.13), the result is the output voltage
based on all resistors, the input voltage and the thermistor resistance R4:

Uo =
R6(R1R2(R4 +R5 +R6) +R4(R2(R5 +R6)−Rx))

(R4R5 +R1(R4 +R5))Rx
Ui (4.6.14)

From this, the actual values for R4 can be found for which the voltage reaches the supply
voltages of the OpAmp by solving the following two equalities:

Uo(R4,min)− Ui
!
= 0 (4.6.15)

Uo(R4,max)
!
= 0 (4.6.16)
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Equation (4.6.16) will yield R4,max = R2, which is exactly where the voltage across the
Wheatstone bridge becomes 0V . Equation (4.6.15) will result in the following equation
for R4,min:

R4,min =
R1(R5Rx −R6R2(R5 +R6))

−R1R6(R5 +R6)−Rx(R1 +R5)
≈ 876.65Ω (4.6.17)

Next, the current I4 flowing through the thermistor is determined. First, the voltage at
node A is determined. Inserting (4.6.10) into equation (4.6.12) results in:

UA =
R4(R1R2R6 +R5Rx)Ui
Rx(R4R5 +R1(R4 +R5))

(4.6.18)

The current flowing through the thermistor I4 can now be found by applying Ohm’s law:

I4 =
UA
R4

=
(R1R2R6 +R5Rx)Ui

Rx(R4R5 +R1(R4 +R5))
(4.6.19)

To find the minimum R4 before the current I4 becomes larger than the maximum allowed
current IR,max = 500 µA, the following equations has to be solved:

I4 − IR,max
!
= 0 (4.6.20)

From this, the following minimum value for R4 is found:

R4,min =
R1(R2R6Ui −R5RxI4,max) +R5RxUi

Rx(R1 +R5)I4,max
≈ 884Ω (4.6.21)

For lower values of R4 (i.e. temperatures lower −29 ◦C), self-heating of the thermistor
will influence the results. This satisfies TR2. Therefore, the resistance is allowed to be
between ≈ 884Ω and ≈ 1300Ω.

Simulation To additionally verify the selection, the exact equations are compared to
an LTSpice simulation. The simulation can be seen in Figure 4.9.

Figure 4.9: Temperature measurement circuit simulation using LTSpice. The simulation
linearly increases the thermistor resistance R4 from 884Ω to 1300Ω.

The results of the simulation and the analytical equations for the output voltage Uo and
the current flowing across the thermistor R4 for different resistances of R4 can be seen in
Figure 4.10. The difference in voltage and current between simulation and calculation is
less than 10mV and 0.1 µA respectively. All circuit requirements are met.
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Figure 4.10: Comparison of simulation and calculation for I4 and Uo (left) and PT1000
temperature table [61] regression (right).

4.6.1.0.1 Regression The relationship between temperature and resistance of a PT1000
is usually given as a table listing specific values [61] and is almost linear. To make the
implementation easier, a linear regression is performed. Only values within the derived
valid resistance range are taken into account ([884Ω, 1300Ω] →≈ [−30 ◦C, 78 ◦C], which
adds up to a total of n = 109 data points), to improve the accuracy. The result of the
regression is a temperature estimate T̂ based on the resistance):

T̂ (R4) = β0 + β1R4 (4.6.22)

When applying equation (2.8.2) with

β =

[
β0

β1

]
, X =


1 R4(−30◦C)

1 R4(−29◦C)
...

...

1 R4(+78◦C)

 andY =


−30◦C

−29◦C
...

+78◦C

 .

The resulting estimated parameters are:

β0 ≈ −257.623162◦C, β1 ≈ 0.257686
◦C

Ω

The Coefficient of Determination calculated with equation (2.8.3) is with R2 ≈ 0.99998
sufficiently close to 1. This estimation is also supported by the comparison plot of the
data points from the PT1000 table and the regression in Figure 4.10.

4.6.1.0.2 ADC Value vs. Temperature Now, everything is set up to derive the
final equation for the temperature based on the voltage read at the ADC of the CMC.

Eqaution (4.6.23) shows equation (4.6.14) re-arranged to R4.

R4 =
R1(R2R6(R5 +R6)Ui −R5RxUo)

Rx(R1 +R5)Uo −R6(R2(R1 +R5 +R6)−Rx)Ui
(4.6.23)

The ADCs on the CMC have a resolution b of 12 bit. Therefore, the relationship between
output voltage Uo and the read integer value x of the ADC is:

Uo = Ui
x

2b − 1
≈ 8.059 · 10−4V · x (4.6.24)
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Inserting equation (4.6.24) into equation (4.6.23) results in:

R4 =
R1(R2R6(R5 +R6)(2

b − 1)−R5Rxx)

Rx(R1 +R5)x−R6(R2(R1 +R5 +R6)−Rx)(2b − 1)
(4.6.25)

Finally, inserting (4.6.25) into the estimated T̂ in equation (4.6.22) yields:

T̂ (x) = β0 +

(
R1(R2R6(R5 +R6)(2

b − 1)−R5Rxx)

Rx(R1 +R5)x−R6(R2(R1 +R5 +R6)−Rx)(2b − 1)

)
β1 (4.6.26)

When inserting the resistance values R1 = 6.04 kΩ, R2 = 1.3 kΩ, R5 = 4.22 kΩ, R6 =
100 kΩ and the regression values β0 and β1, the final numeric equation (4.6.27) is found.

T̂ (x) =

(
−257.622964 +

17011.93451− x

0.001562x+ 50.783137

)
◦C (4.6.27)
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Figure 4.11: Temperature vs. ADC value plot of equation (4.6.27).

This equation is also visualized in Figure 4.11. To summarize, the temperature estimation
T̂ (x) from Equation (4.6.27) is valid for temperatures between −29 °C and 78 °C. Tem-
peratures outside of this range will conveniently not result in amplified voltages outside of
the allowed CMC ADC voltage range, because the amplification is limited by the supply
voltage of the rail-to-rail OpAmp.

4.6.2 Temperature Control

The detection unit has no active heating technology included, because the expected outside
temperatures during testing are within the temperature range of the main laser for now
(10 °C to 40 °C). However, the electronics will produce excess heat that will eventually heat
the inside of the detection unit to temperatures higher than 40 °C. For this reason, the
system has two fans to transfer the heat out of the detection unit. They are both located
at the bottom of the detection unit. The exact fan model is ebm-pabst 405F. They can
be either switched on or off (no speed control). Having the fans running continuously
consumes unnecessary energy. Furthermore, they would be a constant source of audible
noise. Therefore, they shall only be switched on if necessary to cool down the inside of
the detection unit below a certain threshold temperature. A MOSFET low side switch
circuit like shown in Figure 2.4 is used to control both fans with one CMC GPIO output.
Simple on/off control like presented in Section 2.7 will be used. The specific threshold
values have yet to be determined, which will be possible once tests with the fully assembled
detection unit can be performed. Once at least one of the temperature sensors measures
a temperature higher than the upper threshold value, the fans are switched on. When
the fans are running and all temperature sensors measure a temperature below the lower
threshold value, the fans are switched off.
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4.7 Communication Architecture

As can be seen from Figure 3.1, there are two main communication designs required: the
communication between the PMC and CMC, and the communication between CMC and
TMC.

4.7.1 PMC and CMC

As explained in Section 4.1, messages flowing from the PMC to the CMC are referred
to as Telecommands (TC) and data flowing from the CMC to the PMC is referred to as
Telemetry (TM). The communication is performed via an UART port on the CMC side.
The payload of each TC contains a specific TC ID and a 32 bit big-endian data field. A
checksum can be used to validate the data of the payload. Each TC has a fixed length of
nine byte and the specific structure of this frame can be seen in Table 4.10

Byte 1 2 3 4 5 6 7 8 9

Data 0xAE 0xA1 ID D1 D2 D3 D4 CK \n

Table 4.10: TC message frame structure. The first two bytes and the last byte are used for
synchronization. A list of all available TC IDs can be found in Table A.2 in the Appendix.
D1-4 is the payload data. The checksum (CK) is the result of an exclusive or of all four
data bytes.

The TM on the other hand does not have a fixed length for all message frames. There are
a total of six different TM message frames. They are listed in Table 4.11.

ID Name Content Len.

0x01 Status Laser and emergency states, control modes, peripheral
states (for instance of servomotor and RGB LEDs)

17

0x02 IMU IMU data (quaternion, acceleration (raw, lin. and grav-
ity), magnetic field strength, angular velocities, sensor
accuracies)

96

0x03 GNSS GNSS receiver data (NAV-PVT message) 110

0x04 Focus LiDAR sensor distance measurement and autofocus po-
sition

14

0x05 ADC ADC data (temperature sensors, current and voltage
measurements)

24

0x06 PTP PTP data (target locations and movement state) 19

Table 4.11: List of TM messages. The length refers to the total number of bytes including
synchronization bytes, timestamp and checksum.

The overall structure of these TM frames is described by Table 4.12.

Field Header (0xAE 0xA1) ID Timestamp [ms] Data Stop byte (\n)
Length 2 1 4 variable 1

Table 4.12: TM message frame structure and the length in byte for each field.

A more in-depth description of the TM message frames can be found in Section A.6 in the
Appendix.
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The Control PCB can be connected to a computer via an UART-USB bridge. The baud
rate is typically set to 2Mbit/s, mostly due to the limitations of the UART-USB bridge
development board. Both receiving TCs and transmitting TM is handled using DMA
channels.

Figure 4.12: Screenshot of the ground station software while it is in operation. The top
left section is used for the USB connection, the top right section for transmitting TCs and
the bottom right section to record the received data as a binary file.

To get an overview of the current state of the system and the measurements, a ground
station software was written. Using this software, the user can send TCs and analyze the
received TM. A screenshot from the ground station software in operation can be seen in
Figure 4.12. Several peripherals and the emergency input were unconnected, which is why
for instance the autofocus state is set to error. Furthermore, no GNSS fix was received
yet, which is why the GNSS date is wrong as well.

4.7.2 CMC and TMC

The connection between the Control PCB and Trigger PCB is made up of 3 signals and
two power lines (3.3V and GND). The GPIO pins for these signals were selected in a way
that would allow a duplex UART communication between the two PCBs, if necessary.
This could allow a more precise control of the frequency or a more complex feedback to
the Control PCB. This also makes the Trigger PCB flexible and easily adaptable for other
projects with similar requirements.
However, the current implementation uses two of the signal lines to indicate which trig-
ger frequency should be used and the third signal provides feedback, if the spectrometer
triggering is activated. Table 4.13 shows these signals and the result on the triggering
frequency. Since the three selected triggering frequencies are sufficient for now, this archi-
tecture was simpler and faster to implement.
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Input 1 Input 2 Output Triggering Frequency

0 0 0 -

0 1 1 3kHz

1 0 1 4kHz

1 1 1 5kHz

Table 4.13: Spectrometer triggering frequency and output signal (Trigger PCB → Control
PCB) based on the two input signals (Control PCB → Trigger PCB). If both inputs are
low, the Trigger PCB does not produce any trigger signals for the spectrometers.

4.8 Software Architecture & Operating Systems

This section describes the software running on the Control and Trigger PCBs.

4.8.1 Control PCB Microcontroller

After the initialization of the GPIO pins and communication interfaces, the CMC calls
the prepare function. The following tasks are executed within the prepare function:

1. Preparation of the TM data structures

2. Enabling of all required interrupts

3. Parsing pointers to the buffer structures and communication port descriptions to the
peripheral drivers

4. Define PTP scan maneuvers

Then, the init function is executed. Its main tasks are:

1. Set servo motor position

2. Initialize communication with GNSS receiver

3. Initialize communication with IMU

4. Set Trigger Mode of the Trigger PCB (currently set to off as default state)

5. Initialize autofocus module (this includes the motor calibration, which may take up
to 3 s)

6. Start to generate PWM signals for the RGB LEDs

7. Configure UHF transceiver

8. Initialize communication with the USB chip for the PTP

After this, the pseudokernel timer is started with an overflow frequency of 1 kHz. There-
fore, it produces one interrupt per millisecond. The corresponding ISR is from here on
referred to as tick function. The tick function increases several counters that are utilized in
the main loop. The main loop is started right after the full execution of the init function.
Typically, the init function tries several times to initialize any peripheral in case there are
communication errors or unpredicted behavior. If all of these attempts fail, it moves on
to the next peripheral and marks the previous peripheral with error in the Status TM.
Most peripherals can be re-initialized or restarted using TCs later on.
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The general idea for the main loop can be seen in Pseudocode 2. Each major peripheral
has a counter, which is increased inside the tick function. Once it reaches a specific value,
the peripheral is serviced and the counter is reset. This way, the frequency with which
peripherals are attended to can be freely chosen.

Pseudocode 2 CMC main loop concept.

1: StatusCheck()
2: if p1Ticks > P1 TICKS then ▷ Time to service peripheral P1?
3: P1 Service() ▷ Service peripheral P1
4: p1Ticks = 0 ▷ Reset counter of peripheral P1
5: end if
6: if p2Ticks > P2 TICKS then ▷ Time to service peripheral P2?
7: P2 Service() ▷ Service peripheral P2
8: p2Ticks = 0 ▷ Reset counter of peripheral P2
9: end if

10: .... ▷ Same structure for more peripherals
11: P2 FollowUpService() ▷ DMA request for peripheral P2 finished?

The counters used and their value before they are reset, which is time elapsed in ms, can
be seen in Table 4.14.

Peripheral/Function Period [ms]

Align. Laser Watchdog 250

IMU 40

LiDAR sensor 40

GNSS receiver 450

PyComm 10

ADCs 900

Status 500

PTP 100

Table 4.14: Service periods for the most important functions and peripherals.

PyComm is the name of the driver that handles TM and TCs. The Status function listed
in the table checks the current state of most peripherals, and queues a status TM message.
The ADC function performs an ADC read of the temperature sensors, current measure-
ments and the voltage measurement. After a specific number of LiDAR measurements
(currently set to 5), the average of these LiDAR measurements is calculated and used
to instruct the next desired autofocus position based on the calibration in Section 4.3.2.
Some of the service functions, such as for the IMU and the LiDAR, initiate and finish the
measurement or sensor read in one go. Other service functions, such as the one for the
GNSS receiver, only start a new DMA request. To ensure the received data is queued
as a TM message as soon as possible after the full reception of the requested data, there
are service follow-up calls at the end of the main loop. These check the status of several
of the DMA requests and act on the received data in case they have finished. Further-
more, a state check of safety-relevant input pins (laser states and emergency stop input)
is performed at the start of the main loop for additional safety next to the already present
ISRs.
Table 4.15 lists all implemented interrupts and their priorities. Naturally, the emergency
stop has the highest priority and can even interrupt the ISRs of other interrupts. From
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the rest of the interrupts, the main laser status changes are executed first. The alignment
laser watchdog interrupt has the lowest priority, because it only informs the CMC and as
a result the user, that the alignment laser is definitely switched off and the latch needs
to be reset first via TC to re-enable it, but no safety relevant code is executed in its ISR.
The actual switch-off is performed by the external watchdog IC itself.

Source Preempt Priority Sub-priority

Emergency Input change 0 0

Main Laser Status change 1 0

Main Laser Error change 1 0

UART1 (GNSS) 1 1

UART2 (PTP) 1 1

UART3 (Autofocus) 1 1

UART5 (UHF) 1 1

UART6 (PMC) 1 1

ADC 1 1

All DMA channels 1 1

Align. Laser Watchdog 2 0

Table 4.15: Interrupt priorities of the CMC. A lower value means higher priority. In-
terrupts with higher preempt priority can preempt the CPU from interrupts with lower
priority (i.e. interrupt the interrupt). If many interrupts with the same preempt priority
are waiting for execution, the interrupts with the highest sub-priority are executed first.

The CMC has two DMA controllers. Each of these controllers has eight channels and
can therefore supervise eight data streams. The channels used are listed in Table 4.16.
The second DMA is utilized exclusively for the communication with the PMC due to the
amount of data that must be transmitted via TM.

Channel Use

DMA1 CH2 UART3 TX (Autofocus Transmission)

DMA1 CH3 ADC1 (Temperature sensors, currrent and voltage measurements)

DMA1 CH4 UART2 RX (PTP reception; currently unused)

DMA1 CH5 UART2 TX (PTP transmission)

DMA1 CH6 UART1 TX (GNSS receiver transmission)

DMA1 CH7 UART1 RX (GNSS receiver reception)

DMA2 CH6 UART6 TX (PyComm transmission (TM))

DMA2 CH7 UART6 RX (PyComm reception (TCs))

Table 4.16: DMA channel usage of the CMC.

The PyComm driver supervises the transmission of TM and the reception of TCs. TCs
are simply received by performing DMA reads with fixed lengths. Once the reception of
data is confirmed in the main loop, the integrity of the TC is checked by comparing all
synchronization bytes and the checksum, and then it is executed. This implementation is
not ideal, because the possible reception of garbage bytes during system start-up might
cause the TCs to be shifted by a few bytes, which results in no TC being fully received.
Power cycling the Control PCB while the ground station is already running fixes this issue.
However, the implementation should be altered in the near future to receive messages byte
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by byte and interpret them once a full TC was received, by using the synchronization bytes
instead.
TM is handled by a queue data structure with a length of 32 and a size of 256 byte per field,
which limits the length one TM frame is allowed to have. The CMC can then add elements
to the queue by copying the TM message it wants to transmit into the next empty field
at the tail of the queue. This additional copy, instead of storing pointers to the reception
buffers of the corresponding peripherals, is necessary to ensure that the queue can hold
several TM frames of the same type at the same time. This may occur if the TM frequency
of a certain frame is very high and many other frames are already queued for transmission.
The performance of this additional copy instruction may be improved by turning it into
a DMA memory-to-memory transfer with some of the remaining unused DMA channels
in the future. Whenever the queue is serviced (see Table 4.14), the next TM frame at
the head of the queue is transmitted via DMA, as long as the queue is not empty and
the previous transmission has finished. Since the length of the queue is limited to a fixed
number, the tail can in theory overtake the head during high TM demand, causing the
current data in the queue to be lost. An overflow protection may be implemented in the
future to prevent this.
Figure A.25 in the Appendix shows an overview of the most important software modules
implemented and how some of their public functions interact with other public functions.

4.8.2 Trigger PCB Microcontroller

After the initialization of the GPIO pins and communication interfaces, the TMC executes
the prepare function, which parses the communication port to the digital potentiometer
driver. After that, the setup function is executed. It sets the resistance of the digital
potentiometer for the multivibrator IC and the output of the DAC for the comparator IC.
Furthermore, the setup function configures the timer used for the triggering and enables
all required interrupts. These interrupts are listed in Table 4.17.

Source Sub-priority

TIM2 0

Laser Pulse 1

Input 1 2

Input 2 2

Table 4.17: Interrupts used by the TMC. All interrupts have the same preempt priority.
A lower value means higher priority.

There is no main loop. The pseudokernel is fully interrupt-driven, once the setup function
was executed. If one of the input pins changes, an ISR will adjust the prescaler of the
timer. If a laser pulse occurs, an ISR starts the timer in one-pulse mode. Lastly, if the
timer interrupt fires, the interrupt flag is checked to determine which trigger pin to set or
reset.
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CHAPTER5
Evaluation & Results

This chapter summarizes the tests conducted for each of the subsystems. Each test
protocol contains the aim of the test, the requirements it tries to verify, the time of
the test, a description, and the test results.

The spectroscopy system tests aim to verify the functionality of the LiDAR, the calibration
of the autofocus module, as well as the laser handling, including status indication with
RGB LEDs and the servomotor. The capability of performing scan maneuvers with the
PTP is verified in the PTP Test. The accuracy of localization and attitude determination
is estimated in the georeference tests. Furthermore, a fusion test combines the georeference
data with the LiDAR measurements, to prove, that the laser spot position can be found
w.r.t. a global navigation frame. The Temperature System tests try to assess the accuracy
of the temperature measurement and verify the simple control architecture for the fans.
Lastly, inside the System Tests, the power levels of the PCB are investigated more closely,
the response time to an emergency stop is checked, and the timing of the operating system
is investigated. Finally, the PCBs are mechanically integrated into the partially assembled
detection unit to ensure that they fit as intended.

5.1 Spectroscopy System Tests

5.1.1 LiDAR Test

Aim: Test the functionality and accuracy of the LiDAR sensor.

Requirements: FR-001, PR-001

Time: 23rd of May, 15:00 to 15:45 Central European Time (CET).

Description: The test is performed on the laser test range at DLR Lampoldshausen.
Originally, this test was meant to collect data for the autofocus module calibration, which
is why the setup is similar to that described in Section 4.3.2. However, due to unfortunate
weather conditions (sunshine directly onto the laser test range), the laser spot of the
adjustment laser could only be identified up to a distance of ≈15m, instead of the planned
30m. A stronger laser was not available during the test, which is why this test was
performed to investigate the capability and accuracy of the LiDAR sensor instead. The
LiDAR sensor is connected to the Control PCB, which is powered by a battery pack. The
distance to the target is varied from 5m to 30m with increments of 5m. The distance is
measured with measuring tape, which was fixed below the table using a heavy box. Due
to uneven ground and strong wind, the distance measurement error is estimated to be
≈20 cm. The target is a 52.5 cm by 38.1 cm black plane with a white A4 sheet of paper
taped vertically to it to increase its reflectivity. The setup can be seen in Figure 5.1. For
each distance, ten measurements are performed with a frequency of 10Hz. Therefore, one
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measurement takes about 1 s. The data collected from the Control PCB is transferred via
an UART-USB bridge to a laptop. All measurements were taken on the same day and
with narrow time windows in between, to ensure similar weather conditions for all data
points.

Figure 5.1: LiDAR test setup with annotations. The target is 30m away from the LiDAR
sensor here. Sunshine is illuminating the test track from the top left (perpendicular to the
test range in heading, but almost in zenith).

Results: Table 5.1 shows the average LiDAR measurements and their standard deviations
for all test distances, which satisfy requirements FR-001 and PR-001.

Distance dT[cm] Distance dL[cm] Std. Dev. σL[cm]

500 514.2 0.87

1000 1020.2 0.98

1500 1513.5 1.57

2000 1998.6 3.53

2500 2497.0 2.28

3000 2993.4 1.80

Table 5.1: Comparison of the distance dT measured by tape and the average distance
measured by LiDAR dL, as well as the standard deviation σL of the corresponding LiDAR
distance measurements.

All measurements, except for the 30m measurement, were finished in the expected 1 s.
For the 30m measurements, collecting ten measurement points took significantly longer
(about 5 s). Furthermore, the heading of the LiDAR sensor had to be slightly altered to
detect the target at all. The increased measurement time is a result of the LiDAR sensor
having trouble to measure enough light that was reflected by the target. As described in
Section 4.3.1, the function responsible for returning the distance measurement contains a
timeout in case the LiDAR sensor does not return values in reasonable time, which must
have happened several times during the 30m measurement. A measurement for 35m was
attempted, but the LiDAR sensor did not provide any valid measurements. According to
the datasheet, the LiDAR sensor is capable of measuring distances of up to 40m for 70%
reflective targets [51]. Most likely, the target size here was not large enough to reach these
distances. Moreover, sunny weather conditions are not ideal for LiDAR measurements due
to the increased background radiation.
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5.1.2 Autofocus Test

Aim: Check whether the autofocus module adjusts its position when the measured LiDAR
distance changes in automatic mode and if this improves the focus of the laser spot.

Requirements: FR-002

Time: 11th of June 2025, 08:15 to 08:30 CET and 8:55 to 9:20 CET.

Description: The autofocus calibration setup is used for this test (see Figure 4.4). Mea-
surements are performed for distances between 3m and 7.5m with increments of 50 cm.
For each distance, a post-it is placed on the target. Figure 4.4b shows the laser spot on
the post-it at a distance of 5.5m. First, the focus control mode is set to manual and the
position of the autofocus module is set to 3.15mm. The laser spot diameter is marked
on the post-it. After that, the focus control mode is set to automatic and the process is
repeated. The aim behind this is to highlight the impact of using an autofocus module on
the laser spot focus.

Results: The taken measurements are plotted in Figure 5.2. As can be seen, the laser
spot is focused better when using the automatic control mode. This serves as a proof
of concept (FR-002 satisfied), but tests with actual fluorescence spectra have yet to be
performed.
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Figure 5.2: Focus test results plot for automatic and manual (static) mode. The laser spot
diameter is the same for both modes at 5m, because the lens was positioned to achieve
ideal results at this target distance at mid-position of the autofocus module.

5.1.3 Spectrometer Triggering

Aim: Verify, that the Trigger PCB triggers the spectrometers with the correct frequency
currently selected by the Control PCB.

Requirements: FR-003

Time: 6th of May, 8:45 to 9:45 CET

Description: The Control PCB and Trigger PCB are connected, which enables the
Control PCB to select the desired triggering frequency (3 kHz, 4 kHz or 5 kHz). The
main laser pulse signal is connected to the Trigger PCB and an oscilloscope. Furthermore,
the output of the multivibrator, as well as the two trigger outputs are also monitored
using the oscilloscope. All three laser pulse frequencies are applied using the Control PCB
control signals to the Trigger PCB consecutively. The timing of the two trigger pulses
compared to the laser pulse is measured using the oscilloscope. The test setup can be
seen in Figure 5.3. Furthermore, one of the trigger outputs is temporarily connected to a
spectrometer to verify that the trigger signal is received correctly by the spectrometer.
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Figure 5.3: Spectrometer Triggering Test Setup with annotations.

Results: Figure 5.4a shows the result of the pulse extension. The pulse length is extended
to slightly less than 700 ns, which is enough to be recognized by the TMC. Figure 5.4b
shows the triggering pulse created by the TMC during a test with a laser pulse frequency
of 4 kHz. As can be seen, the laser pulse is received right after the signal spectrometer
pulse, as expected. As a result, the signal spectrometer will integrate while the laser
pulse is generated. The absolute voltage of the trigger pulses is lower than 3.3V due
to the 50Ω termination. The precise trigger timings for all three frequencies recorded
by the oscilloscope can be found in Table 5.2. There is a small difference between the
set triggering frequency in the laser software and the actual frequency recorded by the
oscilloscope. During this test, the set frequency in the software was adjusted until the
triggering frequency on the oscilloscope represented the desired triggering frequency.
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Figure 5.4: Pulse extension and triggering measurements in the Focus Test.
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Frequency [kHz] Freq. LS [kHz] BTT [µs] STT [µs] TL [µs]
3 3.08 160.0 7.5 4.5

4 4.05 119.4 5.8 3.0

5 5.00 96.2 3.6 2.6

Table 5.2: Measured spectrometer trigger timing (Freq. LS = Frequency setting in the
Laser Software, BTT = Background Trigger Time after laser pulse, STT = Signal Trigger
Time before laser pulse, TL = Trigger Length) for all three different triggering frequencies.

For all frequencies, the signal trigger pulse occurred less than 10 µs before the laser pulse
signal. Temporarily, a spectrometer was hooked up to one of the trigger pulse signals for
all three frequencies to verify that the trigger pulse is long enough to be recognized by the
spectrometer, which was also successful. This fulfills requirement FR-003.

5.1.4 Alignment Laser Test

Aim: Verify the behavior of the watchdog IC and latch circuit for the alignment laser
control.

Requirements: FR-004, FR-005

Time: 17th of June, 14:00 to 14:15 CET

Description: The alignment laser was simulated as an LED for simplicity and safety.
The emergency input was directly connected to 12V, to ensure that the software does not
prevent the activation of the alignment laser. A simple schematic of this test can be seen
in Figure 5.5.
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Figure 5.5: Alignment Laser Test circuit. R marks a resistor and D the LED.

The latch can be reset and the alignment laser can be activated using TCs from the laptop.
In order to simulate a stall of the CMC and force the watchdog IC to issue a reset signal,
the laptop was also connected via the STLink debugger to the CMC. This allows the
program running on the CMC to be temporarily stopped, causing the watchdog IC to
issue a reset, because its input pin is not pulsed with the correct frequency anymore. This
reset should be latched by the latch circuit.

Results: All transitions shown in the simulation results (see Figure 4.7) were verified.
The default state of the latch was found to be in the latched state (the alignment laser
cannot be switched on immediately, the latch has to be reset first), which is desired for
extra safety. This was tested by unplugging and re-plugging power five times and checking
via an oscilloscope in trigger mode whether any falling edge is detected. The LED was
never seen blinking during these initial state tests. Furthermore, the GPIO pin used to
enable the alignment laser is by default set to off. Therefore, it is very unlikely that both
transistors enter their saturation region and sufficient current could flow to the alignment
laser during startup to produce any significantly strong laser beam before the reset is
latched. Requirements FR-004 and FR-005 are satisfied.
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5.1.5 Main Laser Status & RGB LED Test

Aim: Check whether the inputs for the main laser status work as intended and whether
the RGB LEDs show the right color based on the laser and emergency stop input states.
Requirements: FR-007
Time: 17th of June, 13:30 to 13:55 CET
Description: Before this test, the alignment laser latch was reset. It remained in its
high state over the entire test. Therefore, as long as the emergency stop input remained
high, the alignment laser could be switched on and off freely by using TCs. The Control
PCB was connected to a laptop via an UART-USB bridge in order to send the necessary
TCs and check whether the state is set correctly in the TM. For safety and simplicity,
the inputs were simulated by hooking up the inputs to the desired power levels, as can be
seen in Figure 5.6a. The basic schematics of this test can be seen in Figure 5.6b.

(a) RGB LEDs test setup. The jumper
cables on the breadboard are used to
switch main laser and emergency inputs
between different voltages.
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Control PCB
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UART-USB
Bridge UART2

Power
Supply

+12V
ML_ERR
ML_STA

+5V

GND

RGB
RGB

(b) Schematic of the RGB LEDs test.
The main laser status inputs (ML STA
and ML ERR) can be switched between
GND and 5V while the emergency in-
put pin can be switched between GND
and 12V.

Figure 5.6: RGB LEDs and main laser input test setup.

Emergency In ML STA ML ERR AL EN Color

0 0 0 0 White

0 0 1 0 Red

0 1 0 0 Blue

0 1 1 0 Red

1 0 0 0 Green

1 0 0 1 Orange

1 0 1 0/1 Red

1 1 0 0/1 Blue

1 1 1 0/1 Red

Table 5.3: Colors shown by the RGB LEDs based on the state (1 = high, 0 = low) of the
emergency input (1 = no emergency), the main laser status (ML STA) input, the main
laser error (ML ERR) input and the alignment laser enable setting (AL EN).

Results: All tested states and the corresponding colors the RGB LEDs displayed can
be seen in Table 5.3. Some states are not covered, because the alignment laser cannot
be switched on while an emergency stop is detected. The results show that the desired
priorities and states indicated in Table 4.5 are correctly implemented (FR-007 satisfied).
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5.1.6 Servomotor Test

Aim: Verify the functionality of the servomotor interface.

Requirements: FR-008

Time: 24th of June, 17:00 to 17:15 CET

Description: Unfortunately, the servo motor that is supposed to be used in the detection
unit prototype was not available during the test due to delivery issues. A different 5V
servomotor (MASTER DS15L) was connected to the Control PCB instead, to verify the
functionality of the interface. The Control PCB is connected to a laptop using an UART-
USB bridge in order to transmit a desired servo motor position via TCs. The servomotor
was moved from 0% to 99.9% in steps of 10% using TCs.

Results: The servomotor moved to all desired positions instructed via TCs. Therefore,
requirement FR-008 is verified.

5.2 Pan-Tilt Platform Test

Aim: Check whether single movements and basic scans are executed by the PTP when
sent via TCs and verify, that the necessary movement speeds are reached.

Requirements: FR-009, PR-004

Time: 24th of June, 13:00 to 14:00 CET.

Description: The partially assembled detection unit prototype was mounted onto the
PTP. The PTP itself was fixed to a tripod and powered via a 12V 2A power supply. The
test was performed in the laboratory. The Control PCB was connected to the PTP with a
micro USB cable and to a laptop via an UART-USB bridge, in order to sent TCs. Several
single movements were instructed, and both of the basic implemented scans were tested.
The setup can be seen in Figure 5.7.

Figure 5.7: Annotated photos of the PTP Test setup.

Results: The PTP moved as instructed during the test. The large scan features multiple
pan movements with 300000 mircosteps that take less time than 1.7 s. This is an average
angular velocity of about 53.9 ◦ s−1. Furthermore, the large scan features movements in
the sequence with a 50000 microsteps change in tilt, which is executed in less than 1.1 s.
This is an average angular velocity of about 5.2 ◦ s−1. These average angular velocities are
higher than the 5 ◦ s−1 specified in PR-004.

75



5.3 Georeference System Tests

5.3.1 Global Navigation Satellite System Receiver Test

Aim: Verify the functionality of the GNSS receiver and the UHF transceiver. Further-
more, it determines the accuracy of the GNSS acquisition with and without RTK.
Requirements: FR-011, PR-005
Time: 23rd of June, 15:00 to 15:40 CET.
Description: The Control PCB is powered by a battery pack and connected to a high pre-
cision GNSS antenna (u-blox ANN-MB1-00) and UHF antenna. Furthermore, an UART-
USB bridge is used to record received localization data from the Control PCB. A LED is
connected to the RTK status pin of the GNSS receiver to indicate the reception of RTCM3
messages. Lastly, the LiDAR was connected, but not used for this test. This setup can
be seen in Figure 5.9b. The RTK base station is made up of a u-blox development board
(C94-M8P-3) connected to a standard precision GNSS patch antenna (model unknown),
an UHF antenna and a laptop, as can be seen in Figure 5.9a. As stated before, the
UHF transceiver of the base station has a different firmware than the UHF transceiver on
the Control PCB. The UHF settings required to receive messages from the base station
transmitter with the UHF transceiver on the Control PCB are not available. That is why
another UHF transceiver was connected in parallel to the already present UHF transceiver
on the u-blox development board. As the default transmission power of 100mW of the
additional UHF transceiver is illegal in Germany, an STM32F4 development board was
connected to it to change its transmission power to <10mW in the configuration. The
schematics of base and rover can be seen in Figure 5.8.

VCC

GND
DTX

DRX
CONF

VCC
DTX
GND
DRX
CONF

UHF-ANT

C94-
M8P-3 HM-TRP HM-TRP

TXD

Laptop

GPIO NUCLEO
STM32F4

EN EN

GND

USB

USB

GNSS-ANT

USB-UART-
Bridge

Laptop

Battery

Control
PCB

UART

PWR

UHFGNSS

RoverBase

Figure 5.8: GNSS Test schematics for base and rover. Only the most important pins,
ports and connections are drawn in. After the configuration of the UHF transceiver on
the base, the transceiver is set back to communication mode using the CONF pin and then
the DRX pins of the two UHF transceivers are connected. This way, the UHF transceiver
of the rover receives the RTCM3 messages sent by the C94-M8P-3 development board.

After the transmission power of the parallel UHF transceiver was reduced, the base station
was configured as described in the quick-start-guide of the C94-M8P-3 development board
[62]. A survey-in was conducted for 300 s, reaching a standard deviation of about 2m.
Then, the port was configured to only transmit RTCM3 messages and all the required RTK
messages (1005, 1077, 1087 and 1230) were activated. The UHF antenna was unscrewed
to test the localization accuracy without RTK first. Once a horizontal accuracy of about
30 cm was reached on the rover, the UHF antenna on the base was reconnected in order
to test the reception of RTK messages on the rover.
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(a) Base Station. (b) Rover.

Figure 5.9: GNSS Test base station and rover setup.

In total, tests at three distinct locations on the laser test range at DLR were conducted.
Photos of the positions of rover and base can be seen in Figure A.23 in the Appendix. The
base station was not moved between tests. The rover was also kept static during each of
the tests. The weather was cloudy.
Results: During the tests, the rover never entered RTK fixed mode. It is assumed that
the accuracy of the base station localization was not high enough, because the survey-in
was too short and inaccurate and only a standard precision antenna was used.
As can be seen in Figure 5.10a, the accuracy converges quickly after the first fixes and
reaches values below 1m in under a minute. However, once RTK messages are received,
the receiver becomes less certain of its position for a while, before the estimated accuracy
plummets to values below 10 cm after about one minute of RTK message receptions (see
Figure 5.10b).
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Figure 5.10: Accuracy of the position estimate according to the GNSS receiver.

The accuracy does not map decently to the position estimate over time seen in Figure
5.11. While the accuracy was apparently already far below 1m in RTK float mode, the
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position estimate still traveled far more than 1m to its last position fix. As before, the
reason behind this may possibly be the bad location fix of the base station. Moreover, this
may also be responsible for the spike in accuracy during the first RTK message receptions.
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Figure 5.11: GNSS position estimates over time for each of the three test locations. Once
the line turns dashed, RTK messages were received. The base station position was un-
fortunately not recorded and was guessed based on pictures. The last position estimates
before the recording was stopped are marked with dots in the corresponding color.

The rover possibly knew its position more accurate than the base station, but was never-
theless convinced by the base, that it is somewhere else instead, because the base station
is supposed to be more accurate. More tests have to be conducted to support this as-
sumption. However, when only considering the position estimate accuracy of the receiver,
accuracies below 1m are reached and requirement PR-005 is therefore fulfilled. Further-
more, from Figure 5.10 can be seen, that the small roof and close proximity to a building
in the third location does increase the overall time necessary to reach high accuracies
compared to the other two test locations, which was to be expected. Furthermore, the
horizontal position estimate is for most of the time about twice as accurate as the height
estimate, which may become relevant in future sensor fusion attempts.

5.3.2 Inertial Measurement Unit Test

Aim: Verify the functionality of the IMU and try to estimate its attitude estimation
accuracy from the provided quaternion.

Requirements: FR-012, PR-007, PR-008

Time: 23rd of June, 10:30 to 11:00 CET

Description: The Control PCB is fixed in a 3D printed frame, which allows it to be
easily placed level on a flat surface in different attitudes. The level of the surface (in this
case a cardboard box) is checked using a spirit level. The Control PCB is powered by a
battery and connected to a laptop via an UART-USB bridge for data recording. The box
is oriented, such that a marking on it is pointing towards magnetic north. This is achieved
by using a compass app on a smartphone. The setup can be seen in Figure 5.12.

The magnetic north estimate of the compass app has an estimated accuracy of ±10◦. The
test is conducted on the laser test range and there are no significant sources of magnetic
disturbances present except for the laptop and peripherals on the Control PCB. The PCB
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is rotated in a series of 16 known attitudes that can be seen in Figure A.26 in the Appendix.
It is kept for at least 5 s in a specific attitude before the next one is applied. The IMU
provides attitude estimations in form of the rotation vector output report with a frequency
of 20Hz during this test. One rotation vector sample is taken from each attitude. Visual
inspection of the data is used to differentiate between different attitudes in the data (see
Figure 5.13). The IMU is calibrated right before the test at the test location.

Figure 5.12: IMU Test Setup. The top of the cardboard box was leveled with the help of
a spirit level and the direction of magnetic north was drawn onto the A4 sheet of paper.
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Figure 5.13: IMU Test plot of the recorded quaternion and the corresponding euler angles
calculated from them using equation (2.4.11). The vertical dashed black lines mark were
a sample is taken from to determine the accuracy of the current orientation.
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Results: The recorded data can be seen in Figure 5.13. The black lines mark where a
sample of the attitude was taken in order to estimate the accuracy of the current orien-
tation. The samples are always taken right before a significant attitude change, which
should ensure that the Control PCB had enough time to become completely stationary
in the current attitude. A quaternion qr with the ideal attitude that should have been
measured (made up of clean 90◦ or 180◦ rotations) is mapped to each of the 16 samples.
When multiplying the sample quaternion qs with the conjugation of the ideal quaternion
qr, the difference between the two quaternions notated as qd can be found:

qd = qs ⊗ q∗
r (5.3.1)

qd can be transformed into Euler angles to assess the difference in roll, pitch and yaw
angle using equation (2.4.11) for each of the 16 samples. The results are listed in Table
5.4.

Sample
Ideal Quaternion qr Difference [◦]

qw qx qy qz ∆ϕ ∆θ ∆ψ − ∆̄ψ

1 0 1 0 0 -0.57 -0.76 2.52

2 0 −
√
2/2 −

√
2/2 0 0.60 -0.45 -1.97

3 0 0 -1 0 0.31 0.26 1.77

4 0
√
2/2 −

√
2/2 0 -0.49 0.37 0.72

5
√
2/2

√
2/2 0 0 1.11 -0.25 3.38

6 0.5 0.5 0.5 0.5 -0.89 0.83 1.20

7 0 0 −
√
2/2 −

√
2/2 -1.00 -0.89 -0.53

8 0.5 0.5 -0.5 -0.5 0.61 -0.66 -1.00

9 0.5 0.5 0.5 -0.5 -0.06 0.42 -1.96

10
√
2/2 0

√
2/2 0 -0.55 -0.62 -0.44

11 0.5 -0.5 0.5 0.5 -0.50 -0.76 0.76

12 0
√
2/2 0 −

√
2/2 0.66 -0.35 -4.13

13 0.5 0.5 -0.5 0.5 -2.41 -1.06 -0.92

14 0 −
√
2/2 0 −

√
2/2 1.02 -2.38 3.45

15 0.5 -0.5 -0.5 -0.5 2.13 0.85 -1.84

16
√
2/2 0 −

√
2/2 0 -1.13 1.21 -1.01

Table 5.4: IMU performance evaluation table. The ideal quaternion for each sample
quaternion from Figure 5.13 and the difference in roll ∆ϕ, pitch ∆θ and yaw ∆ψ is listed.
For the yaw angle, the average difference value ∆̄ψ = 6.93◦ over all samples was subtracted
from each sample.

The roll and pitch angle error is never greater than 3◦ for all 16 samples. However, there
was a large constant offset in heading of several degrees. When subtracting this offset,
which was calculated by taking the average of all yaw diffrences, the yaw error remains
below 5◦. Obviously, during fast movements and significant environment changes, the
accuracy will decrease as well. Nevertheless, these measurements are deemed accurate
enough for this prototype and requirement PR-007 and PR-008 are considered fulfilled.
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5.3.3 Georeference Fusion Test

Aim: Investigate the performance of the combined georeference system by using the GNSS
receiver, IMU and LiDAR sensor as a mobile makeshift laser scanner.

Requirements: None

Time: 24th of June, 9:00 to 11:00 CET

Description: The rover and base station from the GNSS Test, as well as their configura-
tion, were also used in this test (see Figure 5.9). The test was performed on the laser test
range in order to be as far away from any major building as possible (see Figure 5.14). The
rover cardboard box was carried by a human operator and pointed at different locations.
Based on data from the GNSS receiver, the IMU and the LiDAR sensor, the coordinates
of the object that the LiDAR was pointed at can be derived w.r.t. the navigation frame.
If this is done continuously and the rover is moved around, the result is a point cloud.

Results: The test location together with a generated point cloud from the test data can
be seen in Figure 5.14. The fence walls in the back can be clearly identified. The estimated
position of the detection unit is also drawn in.
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Figure 5.14: Sensor Fusion Test location (left) and visualization of the data (GNSS local-
ization and LiDAR point cloud) without any custom sensor fusion (right).

The GNSS solution frequency of 2Hz is relatively low compared to the LiDAR and IMU
data frequencies of about 20Hz. The Localization Sensor Fusion derived in Section 4.5.3
can be used to predict positions until the next GNSS read, which may smoothen out the
point cloud data. As can be seen in Figure 5.15, the additional predictions are able to
connect the single GNSS receiver estimates together to a chain.

Unfortunately, the attitude provided by the IMU sometimes includes steep jumps in head-
ing, as can be seen in Figure 5.16. The Figure contains additional data that was cut
away in the previous point cloud plots. Parts of the wall are clearly rotated around the
z-axis compared to the rest of the data. The reason for these jumps is currently unknown,
but causes may include steep changes in bias and drift due to temperature changes or
significant changes in the magnetic environment. Additional tests, in which temperatures
close to the PCB are logged as well, will need to be conducted. Furthermore, the overall
attitude estimate had to be rotated by about 35◦ instead of by the magnetic declination
of ∼3.75◦ to accurately represent the LiDAR vector in the navigation frame. The reasons
for this are also unknown.
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To counteract those heading jumps, a custom Attitude Sensor Fusion was derived (see
Section 5.3.3). The same data plotted when using the first version of this custom attitude
fusion can also be seen in Figure 5.16. Overall, the point cloud is less smooth and the
data maps worse to the actual test sight, but the jump in heading is not as apparent in
the plot.

x [m
]

2
4

6
8

10
12

14

y [m]

10864202

z [
m

]

4

2

0

2

4

6

8

GNSS Pos. Fus.
GNSS Pos.
LiDAR

9.2 9.4 9.6 9.8 10.0
x [m]

0.4

0.3

0.2

0.1

0.0

y 
[m

]

GNSS Fusion
Fused
GNSS

Figure 5.15: Point cloud with custom Localization Sensor Fusion (left) and 2D plot of
partial GNSS fusion data. The blue points are the actual GNSS measurements and light
blue points the predictions in between.
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Figure 5.16: Point cloud with problematic heading jump (left) and point cloud with the
first version of the custom Attitude Sensor Fusion (right).

An improved version of the custom Attitude Sensor Fusion (see Section 4.5.3 Attitude
Fusion Version 2) was implemented as well. It utilizes the magnetic field strength to
estimate a yaw pseudo-measurement instead. The resulting point cloud can be seen in
Figure 5.17. As before, the point cloud is less smooth than with the internal sensor
fusion directly provided by the IMU, but the result maps better to the actual test sight
compared to the first custom Attitude Sensor Fusion version. Furthermore, there is no
massive heading jump. It may look like the back fence wall is moving inside the point
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clouds. However, in reality, the slightly inclining ground in front of the fence wall was
measured here (see Figure 5.14).
No major parameter tuning was performed yet, as this test was only meant to give an
idea on the performance of the georeference system and hint at where improvements may
be necessary.
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Figure 5.17: Point cloud generated using custom Localization Sensor Fusion and the second
version of the custom Attitude Sensor Fusion.

The fusion parameters for the previous few figures are listed in Table 5.5.

Figure Declination q r

5.14 35◦ - -

5.15 35◦ - -

5.16 (left) 35◦ - -

5.16 (right) −93.75◦ 0.2 2.0

5.17 −93.75◦ 0.1 5.0

Table 5.5: Attitude Fusion parameters and declination used for the plotting of different
figures. The declination describes the additional rotation needed to represent a vector
w.r.t. the magnetic frame in the navigation frame. For the custom attitude fusion, there
is the additional −90◦, because the x-axis points to magnetic north in this case. The
magnetic declination is ≈3.75◦ in Lampoldshausen according to the WMM.

As an additional note, the Control PCB was slightly moved away from the cardboard
box wall in this case compared to the direct wall-hugging seen in Figure 5.9b. After the
calibration, the provided accuracy estimate of the magnetometer was constantly high or
medium up until the PCB was fixed back to the cardboard box wall. There, it dropped
to unreliable at an instant, which hints at the fact that this mounting significantly influ-
enced the magnetic environment around the sensor. This also emphasizes the necessity
to calibrate the IMU within the assembled detection unit. Preferably, this is done while
the main laser is running, because some of the main laser drive electronics are directly
next to the Control PCB and may influence the magnetic environment around the IMU
significantly.
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5.4 Temperature System Tests

5.4.1 Temperature Measurement Test

Aim: Assess the accuracy of the temperature measurements.
Requirements: FR-013, PR-010, PR-011
Time: 16th of June, 15:15 to 15:25 CET
Description: All three temperature sensors are connected to the Control PCB and taped
onto a heater plate next to a calibrated temperature probe (TQC Curve-X2 Oven Logger)
with a known accuracy of ±0.3 °C. The Control PCB is connected to a laptop via an
UART-USB bridge for data recording. Unfortunately, the heater plate is not very accurate.
Enabling it for very short intervals already increases the temperature significantly. For this
reason, the measurements are always taken while the heater plate is cooling down again.
Temperature measurement are performed with increments of 5 °C between 25 °C and 70 °C.
Unfortunately, the laboratory had a temperature of about 23 °C during the tests and no
freezer was available to cool down the temperature sensors more. Each measurement is
started when the calibrated probe is within ±0.2 °C of the target temperature and stopped
once the temperature measurement of the calibrated probe leaves this temperature range.
This results in a different number of measurements per temperature, as can be seen in
Figure 5.19. The ADCs connected to the temperature sensors are read with a frequency
of 2Hz during this test. The test setup can be seen in Figure 5.18.

Figure 5.18: Annotated photo of the Temperature Measurement Test setup. All three
temperature sensors are connected to the Control PCB and taped onto a heater plate
together with a calibrated temperature probe. The LED is used to visualize the state of
the fans.
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Results: Figure 5.19 visualizes the recorded data.
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Figure 5.19: Temperature Measurement Test results plot. The upper plot shows the
difference between the calibrated temperature sensor and the three temperature sensors
connected to the Control PCB. The bars visualize ± one standard deviation for each of
the data points. The lower plot shows the amount of measurements for each of the data
points.

As can be seen, temperature sensor 1 deviates from the calibrated temperature probe by
less than 1 °C. Temperature sensor 2 stayed within 2 °C for most of the temperatures.
Temperature sensor 3 had the highest deviations during this test. It is assumed, that
these differences are mainly caused by different cable lengths and quality of crimps. Right
before this test, one of the probes had to be re-crimped, because it showed vastly different
values than the other two sensors. Connecting this temperature probe to a different tem-
perature sensor port also switched the temperature sensor number that caused problems.
Therefore, it can safely be assumed, that the probe itself is the problematic part and not
the electronics on the Control PCB. After the re-crimping, it once again delivered reason-
able results, which emphasizes the influence of bad cables and connections on the accuracy
of these sensors. Further it is assumed that a re-crimping of temperature sensor 3 would
have improved the results as well. Nevertheless, the required accuracy of 3 °C was not
reached by this sensor, which is why the requirement PR-011 will be marked as partially
satisfied. Similarly, requirement PR-010 is only partially satisfied, because the test did not
cover the whole required temperature range. Moreover, the amount of measurements for
the different data points varies greatly. This test should be repeated at some point with
the whole temperature range and more measurements per data point for a more accurate
assessment of the performance of the temperature measurements.
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5.4.2 Temperature Control Test

Aim: Verify the functionality of the on/off control of the fans based on the temperature
sensor measurements.
Requirements: FR-014
Time: 16th of June, 16:45 to 17:00 CET
Description: The test setup was identical to the temperature measurement test, which
can be seen in Figure 5.19). Unfortunately, the real fans were not available during this
test, which is why an LED connected to one of the fan ports of the Control PCB was used
to simulate them instead. The actual fans were connected and tested during the Power
Test. The test started with the temperature below the lower temperature threshold of
the on/off control. Then, the heater plate was heated up until the LED turned on (=
fans running). Then the heater was switched off and the temperature sensor probes were
removed from the heater plate. This was done to help them cool down faster. Data was
recorded up until a few seconds after the LED switched off (= fans off). The temperature
thresholds during this test were set to 1660 (≈30 °C) and 1295 (≈ 40 °C). Therefore, the
fans must turn on as soon as one temperature sensor reads more than 40 °C, and turn off
once all temperature sensors measure below 30 °C.
Results: Figure 5.20 visualizes the measurements of the temperature sensors and the
fan state from the recorded TM. The on/off control behaves as expected. Requirement
FR-014 is satisfied.
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Figure 5.20: Temperature Control Test results.

5.5 System Tests

5.5.1 Power Test

Aim: Get an idea about the stability of the voltage levels and the amount of power drawn
by the Control PCB.
Requirements: FR-016
Time: 24th of June, 14:45 to 15:15 CET
Description: The Control PCB is connected to a laptop via an UART-USB bridge, which
allows the alignment laser and fans to be switched on and off freely, as well as receiving
TM. The power levels are checked using the power debug pins on the Control PCB with
an oscilloscope. The current measurements are checked via TM and compared with the
results obtained by measuring the voltage drop across the measurement resistors using a
multimeter. The test setup can be seen in Figure 5.21.
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Figure 5.21: Power Test setup. Both fans and the alignment laser (integrated into the
partially assembled detection unit prototype) are connected to the Control PCB. Further-
more, the LiDAR is connected as well.

Results: Table 5.6 lists the average voltage and the peak-to-peak noise for each voltage
level. The 12V power line is not actively regulated, meaning it resembles the voltage
provided by the power supply. All power levels, even when considering the measured
peak-to-peak noise, are within the allowed margin for all peripherals supplied.

Desired Measured Peak-to-peak

Voltage [V] Voltage (MM) [V] Noise (Ocs.) [V]

12 12.18 0.06

5 5.06 0.04

3.3 3.30 0.06

Table 5.6: Voltage Level accuracy. All measurements were performed while alignment
laser and fans were off, but with the LiDAR connected. The voltage was measured using a
multimeter (MM) and the peak-to-peak voltage of the noise was determined using recorded
data from an oscilloscope.

The noise on the 5V power line may increase significantly, if alignment laser and fans are
turned on. However, this has yet to be verified.

Unfortunately, the current measurements are inaccurate and unreliable, because the dis-
tance between the measurement resistors and the OpAmp differential amplifier circuit is
too large. This causes a variable voltage drop due to crosstalk and vias of similar magni-
tude as the measurement signal itself (a few millivolts). The noise is amplified together
with the measurement signal with a factor of 100. As a result, the noise at the ADC
input sometimes reaches magnitudes of more than 1V. This is too inaccurate to be of any
use and therefore requirement FR-016 is not satisfied. Since the output of the OpAmp
is not regulated, noises with these magnitudes may even endanger the input GPIO pins
of the CMC if the absolute voltage rises above 3.3V. To prevent possible damage of the
CMC on the latest version of the Control PCB, the copper lines connecting the output
of the OpAmps with the CMC were cut. For future iterations, each current measurement
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should have its own OpAmp that must be physically close to the measurement resistor.
Furthermore, the output of the OpAmp must be limited to 3.3V to prevent any dangers to
the CMC, for instance by using a Zener diode. The voltage drops across the measurement
resistors during the operation of different peripherals were measured with a multimeter
instead. The results can be seen in Table 5.7.

Peripherals
Meas. Vol. [mV] Calc. Curr. [mA]

12V 5V 3.3V 12V 5V 3.3V

Neither 1.9 3.2 2.3 190 320 230

Fans 2.9 5.8 2.3 290 580 230

Align. Laser 3.3 6.6 2.3 330 660 230

Both 4.4 9.1 2.3 440 910 230

Table 5.7: Measured voltage drops across the current measurement resistors while fans
or alignment laser were active and the corresponding calculated current flow across the
resistors.

As expected, the current flowing across the 3.3V measurement resistor is not influenced
by switching on or off 5V peripherals. Furthermore, all currents remained in the expected
range.

5.5.2 Emergency Input Test

Aim: Test how fast the system reacts to emergency stops.

Requirements: FR-006, FR-010, FR-017

Time: 17th of June, 10:30 to 11:00 CET

Description: The PTP is connected to the Control PCB. Since alignment laser and fans
were not available at test time, these peripherals are simulated using LEDs. The emergency
input is connected to a 10 kΩ pull-down resistor and to 12V. Simple schematics for this
circuit can be seen in Figure 5.22.
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Figure 5.22: Block schematics of the Emergency Input Test.

Furthermore, the Control PCB is connected to a laptop via an UART-USB bridge in order
to instruct it using TCs. An oscilloscope monitors the emergency input and the state of
the two LEDs. The setup can be seen in Figure 5.23a.
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(a) Emergency Stop Test Setup. The PTP can be
seen on the left.
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(b) Emergency Stop response of the align-
ment laser (AL) and the fans.

Figure 5.23: Emergency Stop Test setup and results.

These TCs are executed in the following order:

1. AWD RST: Reset watchdog latch

2. ALL SET: Switch on alignment laser

3. TEM MOD: Switch to manual temperature control mode

4. FAN SET: Switch on fans

5. PTP STX: Set PTP target X (pan motor) to 300000

6. PTP SIN: Start single PTP movement

After that, the emergency input is disconnected from the 12V power line, while the PTP
is still moving. As a result, the PTP should stop moving and the fans and alignment
laser must be switched off. Once all necessary peripherals have reacted and while the
emergency input remains pulled low, it is attempted to restart the peripherals. After
that, the emergency stop input is reconnected to the 12V power line and all peripherals
are re-activated using the the same TC sequence as at the beginning of this test.

Results: Figure 5.23b shows the response to a falling edge on the emergency input. First,
the alignment laser is switched off after about 2.5 µs (MOSFET switches off, the voltage is
pulled up by the 1 kΩ resistor). Then, the fans are switched off after a total of about 4.5 µs.
Lastly, the PTP platform stopped its single movement (verified visually). Trying to switch
back on the alignment laser or fans failed. The same is true for trying to perform PTP
movements. Only after reconnecting the 12V line back to the emergency input connector,
these operations were available again. This verfifies requirements FR-006 and FR-010.
Furthermore, this test is also used to verify requirement FR-017, because all the listed
TCs are successfully received and interpreted.
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5.5.3 Operating System Test

Aim: Check whether the operating system is able to measure and control all peripherals
in time by checking the TM frequency of all TM frames.
Requirements: PR-002, PR-003, PR-006, PR-009, PR-012, PR-013
Time: 24th of June, 17:45 to 17:55 CET
Description: The only two major peripherals connected to the Control PCB are the
LiDAR and the autofocus module. Furthermore, the Control PCB is connected to a
laptop via an UART-USB bridge to record TM data. The system is simply kept running
for a few seconds while all TM frames are recorded.
Results: Table 5.8 lists the most important timing parameters for the periods of each
frame. As can be seen, the desired frequencies listed in the requirements are met on
average. However, sometimes larger periods of time occur without any received frame.
For this reason, requirements PR-002, PR-003, PR-006, PR-009, PR-012 and PR-013 are
all marked as only partially satisfied.

Frame Total # Average T Std. Dev. T Min. T Max. T

Status 265 506.1 43.6 500 1007

IMU 2697 49.8 6.7 47 150

GNSS 291 461.9 66.2 399 945

Focus 2711 49.5 5.9 49 232

ADC 146 920.3 128.5 888 1805

PTP 1303 103.1 10.7 100 208

Table 5.8: Operating System Test TM periods evaluation. Average, minimum and maxi-
mum period (T) for each of the TM frames, as well as the standard deviation of the period
(T) in ms and the total number of frames (#) received.

This can also be clearly seen from the spikes in the period lengths in Figure 5.24. Since
the spikes are twice as high as the rest of the data, it is assumed that they represent
a missing frame and the fault occurs somewhere in the implemented PyComm software
module. This assumption is supported by the fact that these losses are experienced by
all of the TM frames and not just by single peripherals. The reason behind these missing
frames has yet to be investigated, but a first idea would be the missing overflow protection
or a faulty implementation of the TM queue. However, the functionality of the subsystems
is not significantly endangered by missing frames as long as they are infrequent enough.
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Figure 5.24: Time period between two TM frames with the same ID over time.
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5.5.4 Mechanical Test

Aim: Verify that the Control and Trigger PCBs fit into the current version of the proto-
type.

Constraints: CT-001, CT-002, CT-003, CT-004

Time: 9th of July 2025, 9:00 to 14:00 CET.

Description: Both PCBs are mounted into the prototype. Connectors that may be hard
to reach are connected.

Results: Figure 5.25 shows the Control PCB mounted into its position. The spectrom-
eters and antenna platform are removed. Only the PTP and the LiDAR are connected.
These two connectors are the hardest to reach.

Figure 5.25: Control PCB mounted in detection unit with spectrometer and antenna
platform unmounted and without the casing of the detection unit. The PTP and the
LiDAR are connected to the corresponding connectors, the rest of the PCB is unconnected.

In the next step, the RGB LEDs were connected and the spectrometers were mounted on
the prototype as well (see Figure A.20 in the Appendix). In this state, all connectors can
be easily reached. After that, the antenna platform was placed back onto the prototype
(see Figure A.21 in the Appendix). All upward-facing connectors are still reachable.
Therefore, constraints CT-001 and CT-002 are satisfied. Figure A.22 in the Appendix
gives an overview of the locations of all connectors that need to be connected for a fully
functional Control PCB.

Figure 5.26 shows the Trigger PCB mounted in place right above the PMC (Raspberry
Pi). The laser pulse output and the Control PCB connector are connected. Both of the
spectrometer trigger outputs are still reachable. Therefore, the constraints CT-003 and
CT-004 are satisfied.

Unfortunately, both PCBs were never hooked up fully up to now. Due to missing me-
chanical components for the main laser, the detection unit was only partially assembled so
far, and hooking up everything would make integrating the missing components a bigger
effort.
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Figure 5.26: Trigger PCB mounted into the detection unit without casing. The Control
PCB connector and the main laser pulse signal are connected (left side), while the trigger
outputs are still unconnected (right side).
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CHAPTER6
Discussion

This chapter discusses the implications of the evaluation on the aim of this thesis.
Furthermore, it discusses the quality of the design approach, as well as technical
problems and mistakes that have to be corrected.

Now that the results have been presented in the last chapter, the impact of the completion
and non-completion of the requirements on the detection unit prototype with respect to
the aim of this thesis are discussed.

An autofocus solution needed to be created, which was successfully verified in tests 5.1.1
and 5.1.2. The LiDAR reaches the desired ranges and accuracy to allow the use of the laser
for stand-off detection, and the autofocus module automatically moves its linear motor
to focus the incoming fluorescence signal for different distances. The PTP allows the
detection unit to point at different positions and perform scan maneuvers, even though
there is currently no feedback on the actual positions. This functionality was verified
in Test 5.2. Furthermore, the desired scan velocities were reached. These velocities are
crucial to scan large areas as fast as possible in emergency situations. Tests 5.3.1 and 5.3.2
verify the precision of localization and attitude determination, respectively. Additionally,
the fusion test checks whether these required performances were actually sufficient to
georeference measurements accurately and use the detection unit as a makeshift laser
scanner. Simple structures like walls can be recognized from the point cloud data, but
the accuracy is still far too low to compete with any real laser scanners. An adequate
parameter tuning, as well as the integration of the motor positions of the PTP into the
attitude fusion once available, might significantly improve the laser scanner capability of
the detection unit.

Unfortunately, the desired temperature accuracy was not achieved in Test 5.4.1 for one of
the temperature sensors. Furthermore, the full temperature measurement range has not
yet been tested. However, the fans that cool the detection unit work as expected, which
is why the slightly more limited accuracy only hinders the efficient cooling of the system,
but not the cooling of the system in general.

The Trigger PCB was verified as a small and modular solution for successful spectrometer
triggering in Test 5.1.3.

Several peripherals were added to ensure the safety of human operators. This includes a
watchdog circuit for the alignment laser (validated in Test 5.1.4), a servomotor to move
a shutter in front of the main laser (validated in Test 5.1.6) as well as RGB LEDs to
possibly warn operators about emitting lasers (validated in Test 5.1.5). Furthermore, this
includes the implementation of the emergency stop signal (tested in Test 5.5.2). Since these
additions ensure the safety of personnel from risks that are added by making a spectroscopy
system mobile, these help to achieve the aim of this thesis. Since the detection unit is not
fixed at a certain location, laser status indications need to be placed on the detection unit
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itself, instead of on laboratory walls. The alignment laser is required to readjust the optics
after longer operation due to vibrations caused by a lot of movement. Lasers that move
freely with the help of the PTP significantly increases the safety hazard. This movement
must be stoppable using an emergency stop at any time.
In order to supply all peripherals with power, two additional power levels (3.3V and 5V)
were required. A stability test on these voltage levels has still to be performed for the
fully connected detection unit, but the preliminary Power Test 5.5.1 yielded promising
results. At the same time, this test showed that the current measurements implemented
on the most recent version of the Control PCB are unusable. The OpAmp circuits need
to be moved closer to the measurement resistors. Moreover, the measurement resistors
possibly have to be increased in order for the results to be less prone to noise. However,
these current measurements are considered a feature to more easily estimate the power
efficiency of the PCB and are therefore not required to achieve the aim of this thesis.
On average, the desired servicing frequencies for all sensors and actuators are achieved,
which was validated in Test 5.5.3. This verifies, that the selected software architecture
was a valid choice for the prototype detection unit. Nevertheless, a loss of TM frames still
needs to be investigated. Furthermore, sometimes a power-cycle of the system is required
to properly receive all TCs, which has be fixed in future software iterations by using the
synchronization bytes instead.
Both PCBs have been mechanically integrated into the current version of the prototype.
All connectors were reachable at some point during the assembly process.
Table 6.1 gives an overview of all performed tests and the requirements and constraints
they did or did not verify.
It should be noted that most of the implemented subsystems only provide the bare min-
imum performance to enable stand-off LIF spectroscopy on a mobile platform. This is
sufficient for this prototype, but each subsystems would benefit from a more in-depth
rework.
The following list summarizes the problems and tasks that may be addressed in order to
increase the performance of the detection unit prototype:

• Correction of current measurements by changing the Control PCB layout.

• Solving issues with USB IC to retrieve feedback from the PTP.

• Improve the sensor fusion, possibly by also increasing the IMU frequency.

• Investigate issues with TM and possibly implemented overflow protection and DMA
memory-to-memory transfer for the additional copy to lift work off the CPU.

• Alter TC reception code to use synchronization bytes instead of fixed length reads.

• Perform more power tests with all peripherals running.

• Perform new GNSS and fusion tests with a more accurate base station.

• Change the UHF receiver to a readily available one and flash it with the SiK software
to allow direct communication with the u-blox ground station (C94-M8P).

Additionally, the Control PCB is placed inconveniently inside the detection unit and a
software update is only possible by fully removing the PCB. Removing the PCB takes
significant time and effort, because other components like the spectrometers, main laser
and antennas need to be unmounted first. Therefore, it would be convenient to include a
debug interface into the UART port used for communication with the PMC to be able to
perform software updates more easily.
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Sec. Test Name
Requirements & Constraints

Satisfied Part. Satisfied Failed

5.1 Spectroscopy System Tests

5.1.1 LiDAR Test
FR-001

PR-001

5.1.2 Autofocus Test FR-002

5.1.3 Spectrometer Triggering FR-003

5.1.4 Alignment Laser Test
FR-004

FR-005

5.1.5 Main Laser Status & RGB LED Test FR-007

5.1.6 Servomotor Test FR-008

5.2 Pointing System Tests

5.2 Pan-Tilt Platform Test
FR-009

PR-004

5.3 Georeference System Tests

5.3.1 GNSS Receiver Test
FR-011

PR-005

5.3.2 Inertial Measurement Unit Test

FR-012

PR-007

PR-008

5.3.3 Georeference Fusion Test

5.4 Temperature System Tests

5.4.1 Temperature Measurement Test FR-013
PR-010

PR-011

5.4.2 Temperature Control Test FR-014

5.5 Overall System Tests

5.5.1 Power Test FR-016

5.5.2 Emergency Input Test

FR-006

FR-010

FR-017

5.5.3 Operating System Test

PR-002

PR-003

PR-006

PR-009

PR-012

PR-013

5.5.4 Mechanical Test

CT-001

CT-002

CT-003

CT-004

Table 6.1: All performed tests and the validation state of the corresponding requirements.
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However, none of these problems hinder the detection unit from fulfilling the main objective
of this thesis. If all subsystems work combined similarly well as they do individually,
the created embedded system allows the use of stand-off LIF spectroscopy on a mobile
platform, such as as wheeled robots. Without the PTP, it would also be suitable for
Unmanned Aerial Vehicles (UAVs). Furthermore, it provides a first step towards a laser
scanner, that not only measures distances, but also surface material characteristics.
An early definition of requirements with the specified weighting (shall, should and may)
ensured that the most important key components of the embedded system required to
fulfill the aim of this thesis also received the most attention. Due to the high number of
successfully satisfied requirements, this approach was well selected. The only deviation
from this approach was the addition of the custom localization and attitude sensor fusions
to further investigate and increase the performance of the georeference system, instead of
focusing on receiving feedback from the PTP. This change of focus was mainly caused by
massive problems with with the USB communication. As basic movements were already
possible, it was decided that a more accurate sensor fusion would benefit the current state
of the project as a whole more than receiving feedback on the position of the PTP.
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CHAPTER7
Conclusion

Finally, this chapter shortly summarizes and concludes the design effort with respect
to the thesis aim, lists some encountered challenges, as well as possible future im-
provements and additions to the design.

With this thesis, a significant step towards the development of a mobile spectroscopy
system for stand-off detection was achieved through the implementation of different sub-
systems.

The autofocus module automatically controls its position based on the LiDAR reading.
An alignment laser can be used to readjust optical components if it becomes necessary
due to displacements caused by vibrations from the mobile platform. A safe handling of
this laser is ensured by a watchdog IC with a connected latch circuit. In addition to this,
status RGB LEDs, a servo motor to move a shutter in front of the main laser, as well as
the emergency stop signal increase the safety for human operators and bystanders. The
PTP can be instructed to perform simple movements and scans, enabling the detection
unit to point towards desired directions without the need to move the mobile platform
itself. A georeference system enables a localization and attitude determination of the
detection unit with respect to a fixed cartesian coordinate system. By combining the
LiDAR measurements with the georeference solution, a simple 3D point cloud of the
measured locations can be created. The temperature control system utilizes a crude on/off
control of two fans to cool down the detection unit if needed. Although some minor
problems have yet to be addressed, the subsystems were individually validated to a degree
that would allow the use of LIF spectroscopy on mobile platforms, which is why the
aim of this thesis is considered to be accomplished. Only combined tests with the fully
assembled detection unit have yet to be performed, which was impossible so far due to
missing mechanical components.

A major challenge faced in the development process includes the implementation of an
USB host interface without significant computational overhead for the control of the PTP.
Moreover, a custom attitude sensor fusion to counteract sudden offsets in the heading
estimation required considerable software debugging efforts. In addition to that, narrow
mechanical requirements for positioning ICs and connectors on both developed PCBs made
routing a significant challenge.

Besides the issues listed in Chapter 6 that still require attention, this embedded system
provides many opportunities for interesting future development. The main laser is pulsed
and some of the radiation will be reflected back to the detection unit. If this reflection pulse
is detected, the distance to the object the beam was reflected from could be estimated
by the travel time of the laser beam, which in essence extends the functionality of the
main laser to a LiDAR. As a result, the currently implemented external LiDAR could be
omitted, allowing for an even more compact design. Furthermore, a combination of ROS2
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and Gazebo or some other simulator could be used to not only visualize the attitude of
the Control PCB as already implemented during this thesis process, but also visualize
distance measurements and localization data. The KF-based sensor fusion implemented
in this thesis should be easily fast enough to accomplish the creation of a live point
cloud, because it is mainly based on linear algebra. When further substance classification
is embedded into this simulation, a live 3D map could be created that highlights the
presence and location of dangerous substances with respect to a global navigation frame,
as they are found. This type of instrument would effectively be the combination of a laser
scanner and a spectrometer. Such an instrument could not only spark interest in stand-off
hazard detection, but also in research fields like planetary exploration. The instrument
would allow mapping and localization, as well as provide hints about the surface material
surrounding the robot at the same time. Even though making it space-worthy would
require a tremendous amount of additional development, including for example resistance
against the massively extended temperature range, radiation hardening and shielding,
and different localization methods due to the unavailability of GNSS signals, it remains
an intriguing and promising concept.
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[45] Roland Hostettler and Simo Särkkä. Lecture notes on Basics of Sensor Fusion. Accessed:
4 July 2025. 2020. url: https://users.aalto.fi/~ssarkka/pub/basics_of_sensor_
fusion_2020.pdf.

[46] Hartmann & Braun Instrumentation and Eisag Bailey Process Automation. Datasheet 60-
0.15 EN: Fundamentals of Control Engineering. Accessed: 10 July 2025. 1998. url: https:
//library.e.abb.com/public/e3b99253aa225f2cc1256d6e00598399/60_015se.pdf.

[47] SanfordWeisberg.Applied Linear Regression, 4th Edition. JohnWiley & Sons, 2014. Chap. 3.4.

[48] Daniel W. Hart. Power Electronics. McGraw-Hill, 2011.

[49] Jim Williams (Linear Technology). Application Note 32: High Efficiency Linear Regulators.
1989.

[50] Texas Instruments.WEBENCH POWER DESIGNER: Switching Regulator. Accessed: 8 July
2025. url: https://webench.ti.com/power-designer/switching-regulator.

[51] Garmin. LIDAR-LITE V3HP: OPERATION MANUAL AND TECHNICAL SPECIFICA-
TIONS. Accessed: 2025-05-30. url: https://static.garmin.com/pumac/LIDAR-Lite_
v3HP_Instructions_EN.pdf.

[52] Garmin Support Center. Using a Capacitor When Wiring a LIDAR-Lite v3. Accessed: 10
July 2025. url: https://support.garmin.com/en-US/?faq=tma27PcpYS2A8etp7EB259.

[53] Samuel J. Ling, Jeff Sanny, and William Moebs. University Physics, Volume 3. openstax,
2017.

[54] FTDI. Application Note 183: Vinculum-II UART to CDCModem Host Bridge. Accessed:
16 July 2025. url: https://ftdichip.com/wp-content/uploads/2020/08/AN_183_
Vinculum-II_UART_to_CDCModem_Host_Bridge.pdf.

[55] eMotimo INC. ST4 API Reference, API - V0.110.

[56] u-blox. u-blox F9 HPG L1L5 1.40 (u-blox F9 high precision GNSS receiver): Interface De-
scription. 2023.

[57] CEVA Inc. and Hillcrest Laboratories Inc. Sensor Hub Transport Protocol, 1000-3535, 1.10.
2021.

[58] Hillcrest Laboratories Inc. SH-2 Reference Manual, 1000-3625, 1.2. 2017.

[59] CEVA Inc. and Hillcrest Laboratories Inc. BNO08X Sensor Calibration Procedure, 1000-
4044, 1.6. 2023.

101

https://doi.org/10.1109/MP.2006.1635026
https://www.u-blox.com/en/technologies/rtk-real-time-kinematic
https://www.ncei.noaa.gov/products/world-magnetic-model
https://www.ncei.noaa.gov/products/world-magnetic-model
https://users.aalto.fi/~ssarkka/pub/basics_of_sensor_fusion_2020.pdf
https://users.aalto.fi/~ssarkka/pub/basics_of_sensor_fusion_2020.pdf
https://library.e.abb.com/public/e3b99253aa225f2cc1256d6e00598399/60_015se.pdf
https://library.e.abb.com/public/e3b99253aa225f2cc1256d6e00598399/60_015se.pdf
https://webench.ti.com/power-designer/switching-regulator
https://static.garmin.com/pumac/LIDAR-Lite_v3HP_Instructions_EN.pdf
https://static.garmin.com/pumac/LIDAR-Lite_v3HP_Instructions_EN.pdf
https://support.garmin.com/en-US/?faq=tma27PcpYS2A8etp7EB259
https://ftdichip.com/wp-content/uploads/2020/08/AN_183_Vinculum-II_UART_to_CDCModem_Host_Bridge.pdf
https://ftdichip.com/wp-content/uploads/2020/08/AN_183_Vinculum-II_UART_to_CDCModem_Host_Bridge.pdf


[60] Michael Strohmeier. Quaternion EKF (Aerospace Laboratory Exercise 11, University of
Würzburg). 2022.

[61] TE Connectivity. RTD RESISTANCE TEMPERATURE TABLE, Application Note. Ac-
cessed: 12 Mar 2025. url: https://www.te.com/content/dam/te- com/documents/
sensors/global/te- sensor- solutions- applicationnote- table- RTD- resistance-

temperature.pdf.

[62] u-blox. C94-M8P Application Board Setup Guide.

102

https://www.te.com/content/dam/te-com/documents/sensors/global/te-sensor-solutions-applicationnote-table-RTD-resistance-temperature.pdf
https://www.te.com/content/dam/te-com/documents/sensors/global/te-sensor-solutions-applicationnote-table-RTD-resistance-temperature.pdf
https://www.te.com/content/dam/te-com/documents/sensors/global/te-sensor-solutions-applicationnote-table-RTD-resistance-temperature.pdf


APPENDIXA
Additional Technical Information

A.1 Detailed Block Schematics
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Figure A.1: Detailed Block Schematics of the whole Detection Unit. GNSS and UHF
antenna are colored gray to symbolize that they are placed outside of the detection unit
casing. The legend in the top left describes the power supply for each component (12V,
5V, 3.3V or none (black frame)). The legend in the bottom left shows the color coding
for components that are directly placed on the PCBs and to which subsystem color. No
power stage electronics are drawn into this overview.
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A.2 Control PCB Design Outputs

A.2.1 Visual

Figure A.2: Control PCB Visual Print from the top side.

Figure A.3: Control PCB Visual Print from the bottom side.
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A.2.2 Schematics
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Figure A.9: Control PCB Schematics Page 6/6.
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A.2.3 Layout

Figure A.10: Control PCB Top Layer and Top Overlay.

Figure A.11: Control PCB Top Inner Layer.
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Figure A.12: Control PCB Bottom Inner Layer.

Figure A.13: Control PCB Bottom Layer and Bottom Overlay.
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A.3 Trigger PCB Design Outputs

A.3.1 Visual

Figure A.14: Trigger PCB Visual Print from the top side.

Figure A.15: Trigger PCB Visual Print from bottom side.
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A.3.3 Layout

Figure A.18: Trigger PCB Top Layer and Top Overlay.

Figure A.19: Trigger PCB Bottom Layer and Bottom Overlay.
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A.4 Design Iterations

A.4.1 Control PCB

v → v Changes

v1.0.0
→
v1.1.0

• Adjusted DC/DC output to 5.1V to allow larger temporary voltage drops
caused by the heavier peripherals like the alignment laser.

• Changed voltage of alignment laser output to 5V.

• Added SWO debugging pin to the debugging interface of the STM32.

• Added second fan port.

• Added current measurements for 3.3V and 5V lines.

• Added supply pin and additional GPIO pin to the Trigger PCB connector
(enabling possible UART interface).

• Added a servomotor interface.

• Added an emergency stop input.

• Added an LED at the watchdog.

• Increase voltage measurement range to prevent too high voltages at the
STM32 ADC input.

• Changed USB chip to enable host capabilities.

• Changing all capacitors and resistors to components with AEC-Q200 certi-
fication.

• Added Hot-Start Battery to the GNSS receiver.

• Changed test point labeling and positions.

• Added ESD protection to most inputs.

• Change GNSS receiver from NEO-M9N to NEO-M8P.

v1.1.0
→
v1.2.0

• Fix diode footprint at GNSS battery.

• Increase capacity at DC/DC softstart pin.

• Fixed solder mask for GNSS footprint.

• Switch 3.3V current measurement to the QuadOpAmp and use another
OpAmp for the other two measurements.

• Added missing pull-up at watchdog output.

• Remove pull-down at alignment laser (LO) pin.

• Remove footprints for additional capacitors at DC/DC input and output.

• Add two more decoupling capacitors to USB cheip power supply.

• Remove GNSS INT GPIO pin and use it for UHF CONF instead.

• Change USB chip debugging interface connector to 2mm pitch.

• Change GNSS receiver NEO-M8P to NEO-F9P.

• Add a direct UART connector for PTP communication debugging.

• Added several labels and markings to the overlays.

• Added USB D+ and D- for potential GNSS receiver debugging.

Table A.1: Changes between different major Control PCB design iterations.
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A.4.2 Trigger PCB

The first iteration (v1.0.0) of the Trigger PCB worked as intended, after a minor fix to
the supply voltage of the analog peripherals of the STM32. A new version (v1.0.1) added
some more labels to the Top Overlay Layer to make the identification of the right SMA
ports and test points easier, as well as applied the voltage supply fix, but it was never
produced.

A.5 Telecommands

ID Name Purpose Data

0x10 GNS RST Reset the GNSS receiver -

0x20 IMU RST Reset the IMU -

0x21 IMU CAL Calibrarate the IMU
0 = start,

1 = save

0x30 AFC RST Reset the autofocus module -

0x31 AFC SET
Set position of the autofocus module Position

in manual mode [0 - 62999]

0x32 AFC MOD Set autofocus control mode
0 = auto,

1 = manual

0x40 TEM MOD Set temperature control mode
0 = auto,

1 = manual

0x41 FAN SET Switch fans on or off in manual mode
0 = off,

1 = on

0x50 ALL SET Switch alignment laser on or off
0 = off,

1 = on

0x51 AWD RST Reset alignment laser watchdog latch -

0x60 TRG SET
Set trigger frequency for 0 = off, 1 = 3 kHz,

Trigger PCB 2 = 4kHz, 3 = 5 kHz

0x70 RGB MOD Set control mode of RGB LEDs
0 = auto,

1 = manual

0x80 SVO SET Set position of the servomotor Position [0 - 999]

0x90 PTP STX
Set target position of the PTP Position

pan motor [0 - (232 − 1)]

0x91 PTP STY
Set target position of the PTP Position

tilt motor [0 - (232 − 1)]

0x92 PTP SIN
Start single PTP movement to

-
current target

0x93 PTP SCA Start PTP scan Scan ID

0x94 PTP STO Stop all PTP movement -

0x95 PTP RST
Reset USB chip for PTP communica-

-
tion and resend configuration

Table A.2: TC list. The TC IDs are given in hexadecimal.
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A.6 TM Payload Descriptions

A.6.1 Status Telemetry Payload

Bytes Field Name Description

0 State 1

Bit 0 and 1: Trigger Frequency

Bit 2: Fan State (1 = on)

Bit 3: Latch State (1 = no error)

Bit 4: Align. Laser State (1 = on)

Bit 5: Main Laser Error (1 = error)

Bit 6: Main Laser Status (1 = on)

Bit 7: Emergency Stop (0 = stop)

1-3 Color RGB LEDs HEX code

4 State 2

0 = uninitialized, 1 = running, 2 = error

Bit 0 and 1: IMU State

Bit 2 and 3: GNSS Receiver State

Bit 4 and 5: Autofocus Module State

Bit 6 and 7: PTP Comm. State

5 Control Modes

0 = automatic, 1 = manual

Bit 6 and 7: Temperature Control Mode

Bit 4 and 5: Focus Control Mode

Bit 2 and 3: RGB LEDs Control Mode

Bit 0 and 1: Upper Servo Bit

6 Servo Lower Servo Bit [0-999]

Table A.3: Status TM Frame Payload Description.

A.6.2 IMU Telemetry Payload

Bytes Field Name Description

0 QS Rot. Vector State

1-4 QX Rot. Vector qx

5-8 QY Rot. Vector qy

9-12 QZ Rot. Vector qz

13-16 QW Rot. Vector qw

17-20 QA Rot. Vector Acc. (unused)

21 AS Accelerometer State

22-25 AX Acceleration x-axis

26-29 AY Acceleration y-axis

30-33 AZ Acceleration z-axis

34 WS Gyroscope State

35-38 WX Angular Velocity x-axis

39-42 WY Angular Velocity y-axis

43-46 WZ Angular Velocity z-axis
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Bytes Field Name Description

47 MS Magnetometer State

48-51 MX Magnetic Field Strength x-axis

52-55 MY Magnetic Field Strength y-axis

56-59 MZ Magnetic Field Strength z-axis

60 GS Gravity State

61-64 GX Gravity x-axis

65-68 GY Gravity y-axis

69-72 GZ Gravity z-axis

73 LS Lin. Acceleration State

74-77 LX Lin. Acceleration x-axis

78-81 LY Lin. Acceleration y-axis

82-85 LZ Lin. Acceleration z-axis

Table A.4: IMU TM Frame Description. During IMU calibration, the rotation vector data
is exchanged by the game rotation vector.

A.6.3 GNSS Telemetry Payload

The full GNSS TM frame payload is the UBX-NAV-PVT response [56] from the GNSS
receiver, which has a length of 100 bytes.

A.6.4 Focus Telemetry Payload

Bytes Field Name Description

0-1 LiDAR LiDAR Distance [cm]

2-3 AF Autofocus Position [0-63000]

Table A.5: Focus TM Frame Description.

A.6.5 ADC Telemetry Payload

Bytes Field Name Description

0-1 T1 Temperature Sensor 1 ADC value

2-3 T2 Temperature Sensor 2 ADC value

4-5 T3 Temperature Sensor 3 ADC value

6-7 C1 Current Measurement (12V) ADC value

8-9 C2 Current Measurement (5V) ADC value

10-11 C3 Current Measurement (3.3V) ADC value

12-13 VM Voltage Measurement ADC value

Table A.6: ADC TM Frame Description.

120



A.6.6 PTP Telemetry Payload

Bytes Field Name Description

0 Move 0 = none, 1 = single, 2 = scan

1-4 TX Target X (Pan)

5-8 TY Target Y (Tilt)

Table A.7: PTP TM Frame Description.

A.7 PCB Mounting

Figure A.20: Control PCB (mostly unconnected) mounted into the detection unit with
the antenna platform unmounted and without the casing of the detection unit. The PTP,
LiDAR and RGB LEDs are connected.

Figure A.21: Control PCB (mostly unconnected) mounted into the detection unit without
casing.

121



Figure A.22: Control PCB Connector overview for mounting. The debug connector for
the STM32 (CMC) is one the other side of the PCB and does not need to be connected
during normal operation.
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A.8 GNSS Test Location

(a) Location 1. (b) Location 2.

(c) Location 3.

Figure A.23: GNSS Test locations. The rover is marked with an R and the base station
with a B.
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A.9 IMU Live Data Visualization

Figure A.24: IMU live data visualization using Control PCB v1.0.0, ROS2 and Gazebo.
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A.10 Attitude Sensor Fusion Measurement Prediction Func-
tions

To predict the acceleration Da, the combination of gravity and linear acceleration needs to
be rotated from the magnetic frame M into the detection unit frame D with the current
quaternion q̂. To accomplish this, the transpose of the quaternion rotation matrix from
equation (2.4.13) is used:

ga(x̂A) =
DRM(Mâl +

Mg) (A.10.1)

=

 (q2w + q2x − q2y − q2z)al,x + 2(qxqy + qwqz)al,y + 2(qxqz − qwqy)(al,z + g)

2(qxqy − qwqz)al,x + (q2w − q2X + q2y − q2z)al,y + 2(qyqz + qwqx)(al,z + g)

2(qxqz + qwqy)al,x + 2(qyqz − qwqx)al,y + (q2w − q2x − q2y + q2z)(al,z + g)


(A.10.2)

The first part of the measurement prediction matrix GA is the Jacobi matrix of function
ga(x̂A) w.r.t. the full state vector x̂A.

∂ga(x̂A)

∂qw
= 2

 qwal,x + qzal,y − qy(al,z + g)

−qzal,x + qwal,y + qx(al,z + g)

qyal,x − qxal,y + qw(al,z + g)

 (A.10.3)

∂ga(x̂A)

∂qx
= 2

 qxal,x + qyal,y + qz(al,z + g)

qyal,x − qxal,y + qw(al,z + g)

qzal,x − qwal,y − qx(al,z + g)

 (A.10.4)

∂ga(x̂A)

∂qy
= 2

 −qyal,x + qxal,y − qw(al,z + g)

qxal,x + qyal,y + qz(al,z + g)

qwal,x + qzal,y − qy(al,z + g)

 (A.10.5)

∂ga(x̂A)

∂qz
= 2

 −qzal,x + qwal,y + qx(al,z + g)

−qwal,x − qzal,y + qy(al,z + g)

qxal,x + qyal,y + qz(al,z + g)

 (A.10.6)

∂ga(x̂A)

∂ Mâl
=

 q2w + q2x − q2y − q2z 2(qxqy + qwqz) 2(qwqy − qxqz)

2(qxqy − qwqz) q2w − q2x + q2y − q2z 2(qyqz + qwqx)

2(qxqz + qwqy) 2(qwqx − qyqz) q2w − q2x − q2y + q2z

 (A.10.7)

The resulting prediction matrix Ga for the acceleration is then:

Ga =
∂ga(x̂A)

∂x̂A
=

[
∂ga(x̂A)
∂qw

∂ga(x̂A)
∂qx

∂ga(x̂A)
∂qy

∂ga(x̂A)
∂qz

∂ga(x̂A)
∂Mâl

]
(A.10.8)

To predict the magnetic field strength measurement Dm, the initial magnetic field strength
Mm0 needs to be rotated into the the detection unit frame:

gm(x̂A) =
DRM

Mm0 (A.10.9)

=

 (q2w + q2x − q2y − q2z)m0,x + 2(qxqy + qwqz)m0,y + 2(qxqz − qwqy)m0,z

2(qxqy − qwqz)m0,x + (q2w − q2X + q2y − q2z)m0,y + 2(qyqz + qwqx)m0,z

2(qxqz + qwqy)m0,x + 2(qyqz − qwqx)m0,y + (q2w − q2x − q2y + q2z)m0,z


(A.10.10)
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The second part of the measurement prediction matrixGA is the Jacobi Matrix of function
gm(x̂A) w.r.t. the full state vector x̂A.

∂ga(x̂A)

∂qw
= 2

 qwm0,x + qzm0,y − qym0,z

−qzm0,x + qwm0,y + qxm0,z

qym0,x − qxm0,y + qwml,z

 (A.10.11)

∂ga(x̂A)

∂qx
= 2

 qxm0,x + qym0,y + qzm0,z

qym0,x − qxm0,y + qwm0,z

qzm0,x − qwm0,y − qxm0,z

 (A.10.12)

∂ga(x̂A)

∂qy
= 2

 −qym0,x + qxm0,y − qwm0,z

qxm0,x + qym0,y + qzm0,z

qwm0,x + qzm0,y − qym0,z

 (A.10.13)

∂ga(x̂A)

∂qz
= 2

 −qzm0,x + qwm0,y + qxm0,z

−qwm0,x − qzm0,y + qym0,z

qxm0,x + qym0,y + qzm0,z

 (A.10.14)

∂ga(x̂A)

∂Mâl
= 03×3 (A.10.15)

The resulting prediction matrix Gm for the magnetic field strength is then:

Gm =
∂gm(x̂A)

∂x̂A
=

[
∂gm(x̂A)
∂qw

∂gm(x̂A)
∂qx

∂gm(x̂A)
∂qy

∂gm(x̂A)
∂qz

03×3

]
(A.10.16)

The final measurement prediction matrix GA for version 1 of the attitude sensor fusion is
then:

GA =

[
Ga

Gm

]
(A.10.17)

For the second version of the attitude sensor fusion, not the actually measured magnetic
field strength, but rather a yaw pseudo-measurement needs to be predicted using function

gψ(x̂A) = arctan2(2(qxqY + qwqz), 1− 2(q2y + q2z)) (A.10.18)

The Jacobi matrix Gψ of function gψ(x̂A) w.r.t. the full state x̂A has to be calculated.

∂gψ(x̂A)

∂qw
=
∂gψ(x̂A)

∂qx
=

2qz(1− 2(q2y + q2z))

4(qxqy + qwqz)2 + (1− 2(q2y + q2z))
2

(A.10.19)

∂gψ(x̂A)

∂qy
=

2(4qwqyqz + 2qxq
2
z − 2qxq

2
z + qx)

4(q2w − 1)q2z + 8qwqxqyqz + 4q2y(q
2
x + 2q2z − 1) + 4q4y + 4q4z + 1

(A.10.20)

∂gψ(x̂A)

∂qz
=

qw(−4q2y + 4q2z + 2) + 8qxqyqz

4(q2w − 1)q2z + 8qwqxqyqz + 4q2y(q
2
x + 2q2z − 1) + 4q4y + 4q4z + 1

(A.10.21)

∂gψ(x̂A)

∂Mâl
= 01×3 (A.10.22)

The resulting Jacobi matrix is:

Gψ =
[

∂gψ(x̂A)
∂qw

∂gψ(x̂A)
∂qx

∂gψ(x̂A)
∂qy

∂gψ(x̂A)
∂qz

01×3

]
(A.10.23)

Finally, the measurement prediction matrix for the second version of the attitude sensor
fusion becomes:

GA =

[
Ga

Gψ

]
(A.10.24)
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A.11 CMC Software Architecture

Main

+ Init Interfaces
+ Main

+ TIM2 Int

Application

+ Prepare
+ Init
+ Loop
+ TC received

+ Ticks
+ ML Status Int
+ ML Error Int
+ Emergency Int
+ ADC Int
+ UART TX Cplt
+ UART RX Cplt

ADC

+ Prepare
+ Service
+ ServiceFollowUp

+ ADC Int

AL_WD

+ Prepare
+ WD Kick
+ Get Latch Status
+ Latch Reset

+ AL WD Int

Autofocus

+ Prepare
+ Init
+ Set Position
+ Get Position
+ Reset

+ RX Int

GNSS

+ Prepare
+ Configure
+ Service
+ ServiceFollowUp
+ Reset

+ TX Int
+ RX Int

IMU

+ Prepare
+ Init
+ Configure
+ Start Calibration
+ Save Calibration
+ Sevice
+ Reset

LiDAR

+ Prepare
+ ReadDistance

PTP

+ Prepare
+ SetMotorPerf
+ Stop
+ GetMode
+ GetCommState
+ Reset
+ StartSingle
+ Start Scan
+ Service

+ TX Int

PyComm

+ Prepare
+ AddToQueue
+ TX Service
+ RX Service

+ TX Int
+ RX Int

RGB LED

+ Prepare
+ Start
+ Stop
+ SetColor

Servomotor

+ Prepare
+ Start
+ Stop
+ Set Position
+ Get Position

TriggerComm

+ Prepare
+ SetMode
+ GetMode

UHF
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+ Enable
+ Disable
+ DisableUART-
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Figure A.25: CMC function overview. Each software module (except for main) consists
of a header and a source file. The most important public functions are listed and arrows
indicate which other functions they call or get called by. The second set of functions are
functions that are called by ISRs and therefore need to be kept short.
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A.12 IMU Test Orientations

Figure A.26: IMU Test orientations. The lines of the A4 sheet of paper mark the four
directions (magnetic north being in the top right in all pictures).
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