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ABSTRACT

This diploma thesis is focused on the design of a 2P (50x50x 100mm) PocketQube type
educational satellite and Ground station, which will be used in STEM laboratory classes.
The proposed system was designed with emphasis on modularity, ease of replacement
using commercial off-the-shelf components, and easy understanding of the subsystems
one can find in a satellite of this type - On-Board Computer, Communication module,
Electric Power System module, and Payload. Among these modules was developed an
external structure, made entirely out of PCBs and together form the basis of the satellite.
The developed satellite and Ground station utilize RFM98W radio module with LoRa
modulation for communication.

KEYWORDS
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ABSTRAKT

Tato diplomové prace je zaméfena na navrh vyukového satelitu typu PocketQube 2P
(50x50x100mm) a pozemni stanice, které budou vyuzivany ve vyuce STEM laboratofi.
Navrzeny systém byl navrzen s dlrazem na modularitu, snadnou vyménu za pouziti
komercnich volné dostupnych soucCastek a snadné pochopeni subsystémi, které lze v
druzici tohoto typu nalézt, tedy palubni pocitac, komunikaéni modul, napajeci systém a
payload. Mimo vnitinich moduli byla vyvinuta i vnéjsi konstrukce, ktera je cela vyrobena
z desek plosnych spoji a dohromady tvori zaklad druzice. Vyvinuta druzice a pozemni
stanice vyuZzivaji ke komunikaci radiovy modul RFM98W s modulaci LoRa.
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Introduction

This diploma thesis is focused on a development of a PocketQube type educational
satellite of size 2p (50x50x100mm). The satellite will be used as a learning plat-
form for students in STEM labs to demonstrate the various subsystems of such a
satellite and their purpose and operation. In addition to demonstrating the satel-
lite, students will be encouraged to develop their own extension modules for this
satellite format, or to create their own PocketQube satellite from scratch. A set of
laboratory projects is included, and can also serve as a basic guide for the creation

of other similar assignments.

The thesis begins with a theory chapter describing what the PocketQube is, its
known applications, realized missions, a description of the various subsystems of the
satellite, a brief description of the purpose of the ground station, and a mention
of the CubeSat Space Protocol[6] that the resulting satellite and its system bus
support.

The following chapter describes the design of the individual modules of the satel-
lite, the ground station and the external structure and their components. The chap-
ter 3 contains a description of the hardware implementation itself, the tools and
programs and used components. At the same time, the first problems encountered
during development are described. Chapter 4 describes the software of the satellite
and Ground station, including the Python terminal application that interprets the
received data. The next chapter is devoted to communication and a description of
the module used, its configuration, the commands supported and the method used
to test the RF communication. The second to last chapter is a short description of
the proposed educational contribution and the last chapter describes the testing of
the whole system and its results. The DeepL tool[7] was used during the solution

of this work for checking the corectness of used grammar.
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1 Theory

The PocketQube is a type of pico-satellite with a base unit of 1p (50x50x 50mm) per
250grams of weight, and its structure is standardized by Alba Orbital, Delft Univer-
sity of Technology, and GAUSS Srl [8]. These satellites usually use a standardized
COTS (Commercial off-the-shelf) modules, that are usually already flight proven for
their application, which brings the costs down. To get the satellite to the orbit, a
device called deployer box, which is a standardized device in which the satellite is
placed and then as a payload on a rocket launched into the orbit. The final orbit is
usually selected by the primary customer, since micro and pico satellites are usually
a secondary payload. In the space the deployer opens and releases satellites out. To
get as much as possible from the deployment, a ballast is usually placed inside the
satellite itself, to give it more weight and thus higher momentum at the moment
of the release. This helps the satellite to get to higher orbits and can prolong the
life-span of the mission. Alba Orbital offers regular launch opportunities for prices
starting at 25.000€ for 1p PocketQube|[1][9].

1.1 PocketQube application

Just like CubeSats[10] and other micro-satellites, PocketQubes have similar mission
applications. Thanks to the unified standard they are easily applicable in a wide
range of scenarios. Their application can be categorized as[9][1]:

o Earth Observation (EO) missions - These missions are dedicated to observing
the Earth from the space. This can be done for various reasons, eg. Traffic
monitoring, weather prediction, monitoring and optimizing the naval routes,
etc. Satellite in this configuration usually contain a high-resolution cameras
for data collection.

o Communication missions - These missions are usually done to provide real-time
communication connection for Earth-Earth, Earth-Space or even Space-Space
purposes and IoT (Internet of Things) style missions[1].

o Technological demonstrators - These missions purpose is to demonstrate a
newly developed concepts or systems.

o Scientific experiments - These missions are focused on scientific experiments
in space enviroment, eg. biology research, material testing, optical communi-
cation research, etc.

« Satellite constellations / swarms - These missions main focus is to provide a
constellation of satellites for capturing a data or providing a service that would

otherwise not be economically viable[1].
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One of the few companies focused on PocketQube development is Alba Or-
bital. This company has developed a flight proven 3p PocketQube platform called
Unicorn-2 (in Figure 1.1) and it was developed to match its performance and offer
an alternative to 3U CubeSat (10x10x30cm), lowering the costs for similar missions
and usages by over 50%.[1] It is the first PocketQube by the company that has been
successfully deployed to the orbit.[11] It was placed on Low-Earth Orbit (LEO) at
403x348km?, 97 deg., and lasted there for 123 days. This has moved the system to
TRL-92 and the company now offers that system in a price range from 69.999€ to
249.000€, depending on number of ordered satellites and their configuration.[11]

Fig. 1.1: Unicorn-2 PocketQube by Alba Orbital[l].

1.2 Educational application

In the classes, students will be encouraged to contribute by designing their own
modules compatible with the proposed system bus pin header and satellite architec-

ture. Through this approach, students will gain invaluable practical experience in

I Perigee x Apogee
2Technology Readiness Level, 9 is the highest
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firmware, electrical and printed circuit board (PCB) design, problem troubleshoot-

ing, functional analysis, and system engineering[12].

1.3 Satellite subsystems

Satellites are usually composed of several subsystems that, when integrated into one
unit, ensure satellite operations. To ensure proper functionality in the harsh space
conditions, some systems are usually redundant. This is done in case the primary

one starts malfunctioning, we don’t lose the entire mission.

1.3.1 On-board Computer (OBC)

On-board Computer is the satellite’s central processing unit. The OBC takes care
in executing the received commands, telemetry data handling, fault detection and
recovery, time synchronization and operating the mission autonomously. The com-
puter communicates with other modules by utilizing available interfaces (CAN, 12C,
RS-485, SPI, etc.). As the main processing unit are usually used microcontrollers
like AVR, MSP430 or ARM Cortex-M series. These units are usually programmed
in C, eventually in ASM. This is to ensure the atomicity of the code and to have
everything under control. The code is mostly designed with a static allocation to
prevent run-time errors, meaning that the memory allocation size and addresses are
determined and set at compile time, giving the programmer more control over the
system.[9)]

The satellite control can be centralised or decentralised. Centralised control
means, that everything is controlled only by the OBC and it is a more common and
easier approach to the problem. Decentralised means, that every subsystem works
and communicates with the communication subsystem independently in real-time
and in case of OBC failure the mission is not destined to its end. Implementation in
this case is more complex and OBC primary task in this configuration is collecting

and processing telemetry data.[9)

1.3.2 Electrical Power System (EPS)

The EPS is the system that takes care of the generation, storage, control and dis-
tribution of electrical power to the other subsystems of the satellite. The energy is
generated by the photovoltaic cells on the external structure of the satellite, which
are usually selected by the highest efficiency (usually around 30%). To maximize
the power input of the photovoltaic cells, an MPPT controller is used to maximize

their efficiency. The energy gained is then stored in a battery cell inside the satellite
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Fig. 1.2: PocketQube OBC by Alba Orbital.[1]

before it needs to be redistributed to the subsystems. During distribution, the en-
ergy is regulated to the correct voltage levels required by each subsystem to function
properly, usually by using LDO regulators.

The EPS often includes a separate microprocessor that monitors the battery
charge, its lifetime, energy input from the photovoltaic cells and the satellite’s con-
sumption. This is either handled autonomously or reported to the main computer
unit, which then adjusts the satellite’s operations to avoid a drop in energy to criti-
cal levels. The so-called OAP (orbit average power) is used to calculate the average
available power. To determine its value, is used a “rule of thumb”, which states,
that the OAP is 60% of the power of one solar panel per 4 installed panels, since
the power input must always be higher than the power output. It is also important
to be able to separately turn off and on each connected subsystem, as most of them
do not require to operate 100% of the time and hence do not need to be powered all

the time, thus saving energy.|9]

1.3.3 Communication System (COM)

Another subsystem of the satellite is the communication module that provides the

connection between the satellite and the Earth. This is an absolutely critical part
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of the system, as loss of communication means the end of the mission. For commu-
nication, a digital link with frequency modulation at the physical layer (e.g. FSK or
LoRa for communication below the noise level) is usually used. At the link layer, the
AX.25 protocol is often used for packet transmission. Communication often takes
place in amateur or commercial radio bands, but this is slowly becoming a problem

due to the increasing commercialisation of the sector and their over saturation.

The bands used for communication are:

o VHF - 145MHz (amateur radio band),

o UHF - 435MHz (amateur radio band),

o L-band - 1.3GHz (amateur radio band, large volume of data),

« S-band - 2.2GHz (satellite links).

Due to the absence of a grounding plane, dipole antennas made of flexible mate-
rial (e.g. nitinol or measuring tape) are often used, which are wrapped around the
satellite and secured with a nylon string, before being inserted into the deployer, to
secure them against early unwinding. The actual deployment of the antenna is then
done by burning/melting the string with a heating element (resistor), which releases
the antenna, enabling it to unfold to its original shape. Another option is to use a
professional solution with its own launch mechanism. The transmission power of a
PocketQube satellite is usually in the hundreds of milliwatts.[9][10] Recently, optical
communication systems have also started to be used, especially in higher orbits (due

to the reduced angle of aim of the optical beam).

1.3.4 Attitude Determination and Control System (ADCS)

The ADCS is used to detect and adjust the position of the satellite. This system
receives data from various sensors such as a sun sensor, magnetometer or star tracker
to determine the satellite’s position and then adjusts it using three-axis, passive or
rotational stabilisation. Passive stabilization is basically just a magnet permanently
placed in one position that “locks® the satellite in one position relative to the earth’s
magnetic field. Another option is a so-called reaction wheel on each axis, which
spins in the opposite direction of the satellite’s rotation to stabilise it (the satellite
loses torque, which then slows its rotation). However, this approach needs to be
desaturated by gradually slowing down the rotation of the reaction wheel. This is
usually done by using a so-called magnetorquer (implemented as a ferrite-core coil
or solenoid), which interacts with the earth’s magnetic field when current passes
through it. For larger satellites, jets are used for stabilisation. Stabilization of a
satellite is a fairly complex matter, and for small satellites only passive stabilization
is often used, because of the many design limitations.[9)]
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1.3.5 Payload

The word “Payload“ originally came from the marine environment and its meaning
is “revenue-producing cargo“. Nowadays payload in space terms is the main mission
element dedicated to producing mission data which are then transmitted back to
Earth.[13] Payloads can be categorized according to their intended use and specific
requirements of the mission. Some of these are[14]:

e Scientific payloads,

o Communication payloads,

« Navigation payloads,

e Observation payloads,

» Remote sensing payloads[15],

o Technological demonstrators,

o Development of new space technologies.

Example of a technological demonstrator payload is the NOOR 1A /1B mission
(also known as Unicorn 2B/C), which purpose was to validate the structure, ther-
mal, OBC, EPS, encrypted communication and operating system of the Unicorn-2
PocketQube. The aim was also to demonstrate the integration of the satellite with
ground station, allowing 3rd party satellites to request data transfer. The space-
craft successfully deployed its solar panels and demonstrated its communication
capabilities.[16][11]

1.4 Ground Station

For communication with the satellite we need a ground station. This is a tramsmit-
ter/receiver device located on the Earth, which communicates with the satellite on
the same frequency. For good signal reception, antennas with circular polarisation
are often used so that communication can take place even if the satellite is not ro-
tated in an ideal position. Another option is the use of directional antennas on a
so-called rotator, which mechanically rotates and moves the antenna to point to the
satellite by using tracking software. However, in this solution we need to keep the
moving parts maintained. The system often includes an LNA (low noise amplifier)
module, especially when long cables are used between the antenna and the radio to
improve SNR, and a SAW filter to suppress unwanted frequencies.|9]

Another option is to use SatNOGS. This is an open-source network of ground
stations communicating in the VHF and UHF bands. The goal of the project is to
create and provide a worldwide, interconnected network of ground stations for LEO

satellites. For full members of the network with their own station, the ability to
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schedule records for satellite passing over any station connected to the network is
available.[9][17]

1.5 CubeSat Space Protocol

The CubeSat Space Protocol (CSP) is a small communication protocol written in
C language following the TCP/IP model and implements transport and routing
protocols and several MAC-layer interfaces. It is designed for communication in
small networks of distributed embedded systems, such as CubeSats. The goal is to
provide the functionality of a TCP/IP stack without the added IP header which is
too large. The protocol provides its capabilities to all connected devices without
the need for a control master node.[6] The protocol is more complex to implement
but has the advantage of allowing limited system functionality even in the event of
a main computer failure.[9]

CSP is not commonly used on PocketQube satellites, but there is nothing to

prevent its use due to its simplicity if a suitable system architecture is used.
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2 Educational PocketQube design

The design of satellite’s architecture aligns with PocketQube standard[8] and is
focused on development of the On-Board Computer, Communication subsystem,
Electrical Power System and the satellite structure. Great emphasis has been placed
on modularity and usage of COTS parts for easy interchangeability, as the resulting
device will be used mainly in STEM laboratory classes, where students will try
to test and develop multiple different combinations. The developed PCB designs
contain also blank templates for future internal modules development, eg. payload
or ADCS.

2.1 Structure design

To reduce cost of the satellite and to avoid any potential errors with deployment
of the satellite, the PocketQube structure dimensions are strictly defined by a
standard|[8]. The structure is usually made out of aerospace grade aluminium with
plated finish[1], which is lightweight and durable enough, to withstand harsh flight
conditions. A 2p PocketQube skeleton wall structure with Flight Heritage! can
be bought for 2.9994.(Figure 2.1). Part of the construction is also a pair of “kill-
switches® (for double redundancy)[1], which serve a purpose of keeping the satellite

electronics turned OFF until the deployment.

Fig. 2.1: Photo of the Alba Orbital 2p PocketQube aluminium structure.[1]

!Flight Heritage means, that the concept has already been tested in a real-life conditions

22



The design of external structure can be separated in two parts - the upper struc-
ture, containing all the internal components inside and a so called “sliding backplate*
which forms the bottom side of the satellite and servers for securing the satellite into
the deployer (Figure 2.2).

Fig. 2.2: Photo of the Alba Orbital deployer.|2]

The educational PocketQube entire external structure is designed as six PCB
plates with a thickness of 1.6mm, which, when assembled, form a 2p PocketQube
satellite (58x128x1.6mm|8]). There are 4 (or 2) solar cells placed on each side,
providing the satellite with energy supply and on the top panel, there is a hole
for USB-C connector (external power supply) and a kill-switch to turn the satellite
ON/OFF.

This approach of using only PCBs was chosen based on its relatively easy way of
design, durability and because it provides much more space and weight budget for
internal components in comparison with 3D printed structure.

The internal modules are in a strict order stacked on top of each other and secured
in place by distance posts (as is described in chapter 3.4) and all are electrically
interconnected by a system bus. Their dimensions must be precisely designed to
fit in the structure without any problem. For these purposes were made the blank
PCB templates (Figure 2.4), to ensure that all of the modules comply with the
strict requirements for the dimensions. In this way, all of the internal modules have
the exact same dimensions and the system bus and mounting holes are placed in
the same spot for smooth assembly. The 3D model of the assembled structure is

depicted in Figure 2.3.
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Fig. 2.3: 3D CAD model of the unpopulated structure.

Fig. 2.4: Internal PCB blank template with output for pin testing.
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2.2 OBC design

The On-Board Computer (OBC) is designed as a separate module, controlling the
functionality of all of the satellites subsystems. It is driven by the STM32F446RET
microcontroller (MCU) manufactured by STMicroelectronics, with an external HSE
8MHz crystal and optional LSE 32kHz crystal. The MCU is designed to be directly
soldered on the PCB board, because any considered plug-in options (eg. Black-pill

development board) are too big in size to fit into the PocketQube standardized unit.

The properties of the used MCU are [18]:
o 32-bit ARM Cortex-M4 core with FPU and MPU
o Power-supply 1.7V to 3.6V
o Core frequency up to 180MHz
» 512 Kbytes of internal Flash memory
o 128 Kbytes of internal SRAM
o 3x12-bit 24 channel ADCs (2.4 MSPS)
e 2x12-bit D/A converters
o General purpose DMA
o 17 timers (2xWatchdog, 1xSysTick, 12x16-bit, 2x32-bit)
e SWD and JTAG debug interfaces
o GPIOs with external interrupts
« 4xSPI (45 MBits/s, three with I2S audio class)
o 2xCAN
o 4x12C interfaces
« Up to 4xUSARTs and 2x UARTs (11.25 Mbit/s)
o CRC calculation unit and RTC
e 96-bit chip unique 1D
o 1xUSB interface

The module further includes an external 256kB EEPROM memory on 12C bus,
which can be easily swapped for a different size. PCB 3D model of the designed
OBC is depicted on image 2.5.

The OBC is connected to other subsystems using a pair of system bus connectors
which is standardized across all modules. Through the system bus, the OBC is ca-
pable of acquiring data from the EPS or processing and transmitting data through
the COM module. All other unused pins on the MCU are left unconnected because

of the space restrictions.

The OBC module mainly utilizes the SPI and I?C interfaces, with an extra
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Fig. 2.5: 3D model of OBC design.

I2C__CSP interface, which is isolated from the first I2C interface and is destined to
be used in the future, specifically designated for communication over the CubeSat
Space Protocol (CSP)[6] and one USART interface for debugging. For programming

the device with compiled firmware binary, an SWD interface will be used.

To ensure a proper functionality of the satellite, the OBC module also serves
as the control unit for the EPS, monitoring the available battery capacity to deter-
mine whether to continue operations according to current settings or to suspend the
satellite’s activities and put itself into a sleep mode. Block diagram of the OBC is

depicted in Figure 2.6.
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Fig. 2.6: Block diagram of the OBC design.

2.3 EPS design

Another module of the PocketQube design is an Electrical Power System. This
module provides the satellite with an energy to operate. EPS module consists of
the Li-Ion 18650 battery with a capacity of 3350mAh for energy storage, charging
circuit with integrated overcharge protection, solar cells connected from the external
structure, kill-switch, 3.3V LDO stabiliser, current measuring circuits and ADC
expanders.

The energy from 20 mono-crystal solar cells (45x15x2.1mm) mounted on the ex-
ternal structure, have maximum peak power 123mW per cell and in normal condition
a cell efficiency of 25% [19]. These solar cells are connected in 10p2s configuration,
to ensure that the energy keeps flowing into the system, even if not all of the solar
cells are illuminated. For short circuit protection, on each parallel set of solar panels,
Schottky diodes are placed directly on the internal side of the external structure.
Solar cells input is monitored from OBC via ADC lines connected to ADC 12C
expander.

Their energy input is stored in one Li-lon 18650 battery with a capacity of
3350mAh, which is connected to the system by two PCBs with connector springs,
one on each side of the battery. To keep the battery firmly in place, two another
PCBs with a hole in the middle are placed around the battery. Design of these PCBs
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Fig. 2.7: 3D model of EPS PCBs

is depicted in Figure 2.7. The cathode side PCB also contains an 12C connector for
payload module.

The battery itself is protected against a short circuit and overcharge with a
TP4056 Li-Ion COTS module that has an USB-C connector for external charging
and power delivery.

System input and output current is measured by two INA219 current measuring
modules, each placed on the battery input and output. These two modules are
connected via the 12C interface to the OBC which then monitors and regulates
the power consumption itself. To turn the satellite ON and OFF, a Kkill switch is
connected to the main power rail with a 2N7002 N-channel MOSFET in parallel,
controlling the state of IRLML6402 P-channel MOSFET, which stays closed if the
switch is in the OFF position. In the current setting, main power rail provides only
3.3V of voltage power. The block diagram of the EPS can be seen in Figure 2.8.

¥

Photovoltaic cells USB-C TP4056

Battery charger

INA219
Current / Power
monitor

6x ADC 12c
»  ADC Expander

12C tem BUS
2x12pin

Fig. 2.8: Block diagram of the EPS design.
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2.4 COM design

As the heart of the Communication (COM) subsystem was chosen the RFM98W RF
Transceiver module from HopeRF[4] (Figure 2.11) which is a cheaper version[20] of
the SX1278[21] radio IC from Semtech. These modules offer a wide range of mod-
ulations, such as LoRa, FSK and OOK. The maximum output power of the radio
is +20dBm (100mW) and operates at a selectable frequencies in range from 410
to 525MHz for used module, covering the lower UHF band. This module shares
the same footprint and pinout with other versions from the manufacturer (RFM95,
RFM96 and REM97), which differ mainly in supported modulations and frequencies.
The internal functionality between all versions is similar, so there should be only a
little change in the firmware registers needed in case of change for a different type.
This means, that the radio module can be easily changed for another one support-
ing different options. This module is connected via a system bus to the rest of the
satellite, utilizing the SPI interface for communication with the OBC. The antenna
for the RF communication is designed to be connected via an SMA connector. 3D

model of the COM subsystem module is depicted on image 2.9.

Fig. 2.9: 3D model of COM subsystem PCB.
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The key features of RFM98W module:

Besides the RFM98W module, the COM subsystem also has a PCF8574 GPIO
expander [22] providing easy access from the OBC to unused RFM98W pins via 12C
bus. In Figure 2.10 is presented a block diagram of the COM subsystem module.

Modulations: FSK/(G)FSK/MSK/(G)MSK/OOK/LoRa modulations
Power supply: 1.8-3.7V

Interface: SPI

Bandwidth range: 7.8kHz - 500kHz

Max. data rate: 300Kbps

RSSI dynamic range: 127dB

High sensitivity: -148dBm

Max. output power: +20dBm (100mW)

+14 dBm high efficiency power amplifier

Built-in temperature sensor and low battery indicator
Module size: 16x16x1.8mm

Automatic RF sense

Packets up to 256bytes with CRC

£
PCF8574 1_ e
GPIO Expander J" "
Antenna connector Y
(SMA)
Y " GPIO
RFMO8W = SPT System BUS
(433.92MHz) | S| 2x12pin
A
I’y
+3V3
N S

Fig. 2.10: Block diagram of the COM design.
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2.5 Ground station design

The Ground station design is designed similarly to the COM subsystem, utilizing
the REM98W module on 433MHz frequency and an SMA connector for an 433MHz
tuned COTS antenna. The PCB itself is designed as a shield with Arduino UNO
V3 spacing, which is also compatible with the most of the ST Nucleo development
boards[23]. Since there are plenty of unused GPIO pins on the Nucleo, there is no
need for a PCF8574 GPIO expander as those pins can be connected to the Nucleo
development board directly. The image of REM98W can be seen in Figure 2.11 and
the 3D PCB design for the Ground station can be seen in Figure 2.12.

Fig. 2.11: RFM98W module by HopeRF.[3]
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Fig. 2.12: Ground station 3D model.
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3 Hardware Implementation

The PCB design, circuit diagrams and 3D models of both internal and external
modules was created in KiCad version 8.0[24]. 3D model of the entire assembly was
created in SolidWorks 3D CAD|25], which license is provided by the university.

Each part is designed as a 2-layered PCB, even though the design could’ve been
made by using 4-layers. This decision has been made based on the final cost consid-
erations and design simplicity. Every internal module has two 1x12 2mm pinheaders
(system bus), that align with each other and make completing the final assembly
and future expandability easier. Each module have a mounting hole in every corner
for distance pillars, to hold everything tightly together. To isolate possibly exposed
parts that might cause short circuits, common electrical tape was used to cover these
spots, just to be sure.

Another used parts that are in common on all modules, are resistors, diodes and
capacitors, that were used in SMD with 0805 footprint. All parts were soldered
manually.

Some of the parts needed to be modified after the production because of the
faults in the circuit design. These faults, their consequences and how they were
fixed are described in sections below. Final design was manufacured by a company
JLCPCBJ26]. Due to delays in manufacturing process, only one prototype has been

made and so the error fixes will be incorporated in the future designs.

3.1 OBC

The main component on the OBC is a STM32F446RET MCUJ[18], controlling all
of the satellite operations. This MCU has been directly soldered to the top layer of
the PCB alongside a DIP-8 socket for easy interchangeability of the currently used
AT26C256 256 Kb EEPROM|27]. For ability to manually reset the device, a button
has been added to the top layer, which, when pressed, closes the electrical circuit
and restarts the MCU. On the bottom layer of the PCB an 8MHz HSE crystal[28]
has been placed. The 32KHz LSE crystal has been left unsoldered since it has no
real usage in current configuration. For visual debugging and status signalization,
two SMD LEDs (red and green) have been soldered to the top side. For debugging
and programming, 5-pin header has been populated on the board from the top side.
The used populating plan is in Appendix T and PCB design in Appendix S.
On Figure 3.1 can be seen the finished unit from both sides.
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Fig. 3.1: Both sides of the completed OBC module.

3.2 EPS

EPS module has been separated into 3 parts - Cathode side, Anode side and a
“Ring Connector®. The first mistake was found when completing the Cathode side -
a footprint for battery spring has been incorrectly placed on the bottom layer of the
PCB instead of top. To fix this mistake, a hole has been drilled through the PCB
by which was then threaded a wire soldered on the bottom to the footprint and on
top to the spring. Copper around the drilled hole has been isolated from the rest of
the PCB to avoid any short circuits. This fix works as intended and unexpectedly
enabled an access to the battery cathode for measuring purposes - through a hole
designed in a structure, originally intended as an access port for the antenna.

To the Cathode side has also been soldered and glued (for easy interchangeability) a
MPU9250/6500 - Gyroscope, Magnetometer and Accelerometer COTS module[29]
acting as a satellite payload. On the Figure 3.2 can be seen the finished product
from both sides.
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Bottom

Fig. 3.3: EPS Ring connector from both sides.

For connecting the solar cells to the circuit, 4 molex 2-pin female connectors
have been placed on the top layer of the “Ring Connector® with Schottky diodes
and ADS1115 ADC expander module[30] for measuring the solar cells input. Thanks
to the hole in the middle for the battery, this PCB also acts as a stabilizer, keeping

battery tightly connected in place. Total number of 2 “Ring Connectors®“ have been
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finished and used in the final assembly. In Figure 3.3 are the final results from both
sides.

The last part of the EPS is the Anode side. This PCB contains all of the EPS
power logic components. For battery charge protection, TP4056 USB-C COTS
module[31] on pins has been soldered to the bottom, together with two INA219
IC[32] for battery input and output measurements. On the top side is placed a
battery spring, molex 2-pin female connector for kill-switch, P-Channel MOSFET
IRLML6402(33], N-Channel MOSFET 2N7002[34] and a 3.3V LDO MCP1703A-
33[35]. During the testing phase was found out that the design is missing a MPPT
module to get as much energy as possible from the solar cells and this shall be
addressed in a future development. For energy storage is used a INR18650 Li-
Ion battery with capacity of 3350mAh.[36]. Finished Anode side can be seen in
Figure 3.4. The EPS PCB design and populating plans are in Appendices K and L

respectively.

‘Bottom

Fig. 3.4: EPS Anode part both sides.

3.3 COM and Ground Station

The Ground Station and COM PCBs have the most parts in common. Both modules
have a RFM98W radio module on top layer and an SMA antenna connector. This
connector is placed on top layer of the Ground station PCB and on bottom layer
of the COM PCB. Both are connected to their respective radio modules by a 502
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feeding line, isolated from both sides by vias. COM module has also an extra
PCF8574 GPIO expander soldered on its top layer. Both modules posses a COTS
433MHz tuned antenna[37][38], attached to their respective SMA connectors, with
the addition of 502 wire connected between the COM SMA connector and the
structure antenna port, which were added based on results of the communication
testing phase. An error has been made in the design phase of the Ground station,
where the 2mm pin headers were used instead of the 2.54mm size. This problem has
been resolved by soldering wires between the 2mm and 2.54 pin headers and in future
version of the board it will be fixed. Figure 3.5 shows COM module implementation
from both sides and final Ground station assembly is shown in Figure 3.6. Ground
station PCB design is in Appendix O and the COM one in Appendix G. Placement
schematic for Ground station is in Appendix P and for COM in Appendix H.

Fig. 3.5: Both sides of the completed COM module.
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Fig. 3.6: Ground Station assembly.

3.4 Structure

The satellite’s structure is entirely made out of PCBs and can be categorized in
two parts - an internal structure made out of the modules described above and
external structure. The external structure is assembled by soldering the slider and
side panels together, forming a “box“ for the internal components. The bottom
panels are placed on top and down of the assembled internal structure, which is
then inserted altogether in the already pre-prepared “box“. The top panel is then
placed on the opening, effectively closing everything inside and is being held in
place by adjusting a tension from screws on the bottom panels. On every panel
(except bottoms) have been soldered 4 solar cells SM141KO0LV[19] (total 16) with
SMD Schottky diodes, providing the system with energy (as described in section ).
The bottom panels have a circular opening in the middle for an antenna, which were
modified a little bit to fit the SMA connector in. On the top panel is soldered a
kill-switch to turn the system ON/OFF and an an USB-C female connector soldered
inside a charging port. This USB-C connector will be also connected to the SWD

debugging interface in the future, so the structure does not need to be disassembled
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with every firmware upgrade. The opened external structure can be seen in Figure

3.8 and every (unpopulated) panel in Figure 3.7.

Fig. 3.7: Unpopulated external structure parts with descriptions.

Fig. 3.8: Photo of the opened partially assembled structure.
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The internal structure is being held together by distance posts and needs to be

assembled in a strict order to work properly and fit inside the external structure

without any problems.

The assembly order is:

8.

NS Ot WD

Bottom panel

COM module

OBC module

EPS Anode module
EPS Ring connector
EPS Ring connector
EPS Cathode module
Bottom panel

and is being shown in Figure 3.9.

The finished assembly can be seen in Figure 3.10 and the satellite weighs 334g

in total, which fits inside the PocketQube standards limits[8], even though it was

not a requirement of the design.

Fig. 3.9: Photo of the internal structure.
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Fig. 3.10: Photo of the complete assembly.
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4 Software Implementation

The work also included the development of the satellite and ground station firmware
and a terminal application. These codes are used to demonstrate the functionality
of the resulting satellite, its modules, data transmission and their human readable
representation. The codes are easily modifiable and the tools used make them

suitable for teaching in STEM laboratories.

4.1 Firmware

The firmware of the Satellite and Ground station was written in C programming
language in the STM32CubelDE development environment. The HAL (Hardware
Abstraction Layer) library, which is already part of the IDE, was used for the imple-
mentation. Since the satellite and ground station operate on the same type of MCU
(STM32F446RET), they share the same core code and it was not necessary to make
too many changes in their codes, so most of the functionality could be verified on
the Ground station even before the satellite itself was finished.

Both devices communicate using the REM98W module, which is connected to the
MCU using an SPI bus, set in full-duplex mode with 8-bit data size. The control of
the NSS pin of the module is controlled from the program.

For the implementation, a modification of the RadioHead[5] library was used,
which was customized by adding the REM98W support by the GitHub user x893 in
the LMiC[39] project. On top of this the whole firmware code logic was then built.
The processor clock was left at the default setting of 16MHz to maintain reduced

power consumption, but can be set up to a maximum clock of 180MHz (or 45MHz
for APB1).

Ideally, the code would include over-the-air upgrade functionality[40] to flash the
code remotely to a second memory bank at a runtime, however the microcontroller
used does not have dual-bank memory and therefore this implementation will be
done in a future STEM lab assignment (Appendix E).

In the dual-bank scenario, the system would behave in such a way that while it is
running an application from bank 1, a new application is being written to bank 2.
After a reboot, the implemented bootloader would then decide which bank to run
the application from. This decision is usually made based on an integrity check of
the program in the memory and a timestamp that determines the version of the

application.
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The STM32 also provides the functionality of two software watchdogs that reset
the entire system if not updated periodically - IWDG (Independent Watchdog) and
WWDG (Window Watchdog). IWDG is connected to an independent 32kHz LSI
oscillator and its advantage is that it remains active even if the main clock fails.
The IWDG waits for a refresh, which must occur within the maximum length of the
set window, and if the refresh does not occur, it restarts the entire system.[41]
Unlike IWDG, the WWDG is directly connected to the APB1 system clock bus and
is not able to detect an error if the main clock fails. However, its use is suitable for
applications where a task has to react in a well-defined window in which it must be
refreshed.[42]

To keep the implementation and debugging simple, no watchdog has been imple-
mented and its use is therefore left to the STEM labs.

The ST-Link programmer was used for uploading the code to the devices. In the
case of the Ground station, this is already a built-in part of the Nucleo development

board, but a separate USB programmer had to be used for the satellite.

4.1.1 Firmware variants

The firmware for the satellite and Ground station was written in two variants - one
using the freeRTOS[43] to control the behaviour of the program in a pseudo-parallel
preemptive way and the second one is a typical application where everything is
handled from a super loop (or main loop), i.e. an infinite while loop containing all the
code. The result is therefore a total of 4 firmware applications (freeRTOS for satellite
and ground station, superloop for satellite and ground station) in which the basic
functionality of the device (communication) was tested. Further development, such
as implementation of commands, module control and communication debugging,
took place only in the superloop version while the freeRT OS version is being reserved

for educational purposes.

4.1.2 OBC Firmware

Device configuration

For communication with individual COTS modules, the 12C bus (I12C1) is used,
which has been configured to alternative pins PB7 for SDA and PBS8 for SCL in
standard mode with a clock frequency of 100KHz.

The addresses of the used slave devices have a 7-bit address format with the last,
8th bit setting the read or write operations.

In addition, the [2C2 bus was configured in the same mode as 12C1 for future use
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of the CSP protocol.
To control the connected green and red LEDs, pins PA10 and PA9 were set to output
mode in the open-drain setting.
For debugging purposes, the SWD interface was configured, being traced from the
MCU to a separate connector on the board and the USART bus (USART?2) was
configured in default state with baud-rate of 115200bit/s for debug data output.
For communication purposes with the REM98W radio module, the SPI bus (SPI1)
was configured and left in the default state. In addition, output pin PB5 was set in
open-drain mode to control the NSS pin of the radio and pin PB4 in interrupt mode
(EXTI4) with an internal pull-down resistor connected to the DIOO pin of the radio
to detect received data.
For future use of the GPIO expander on the COM module, pin PB3 was set up in
interrupt mode (EXTI3) with an internal pull-down resistor to detect any interrupts
on the pins of the IC. Unused pins PC11, PC10 and PA15, which are reserved for
future use, were set as open-drain output.

The pinout of the MCU can be seen in the Figure 4.1.

Implementation description

After switching the satellite on, it initializes its peripherals and then the RFM98W
into client mode. After an successfull initialization of the RF module the satellite
initializes its other modules like INA219 and payload and then starts to perform the
main function of the satellite in a super loop. There it waits to receive broadcast
data from Ground station on a set address. When it receives such data, it responds
to the broadcast address with a packet containing its UID and a DHCP request flag,
requesting the Ground station to assign an address. The address is sent back to it
again in the form of a broadcast data packet with a DHCP response flag. At this
point, the device is registered with the server and all further ongoing communication
is point-to-point. When the satellite has an address assigned, it automatically starts
sending a status message every 15 seconds containing its uptime and voltage and
current output. When the satellite picks up a packet containing data (flag data), a
function is executed that parses the incoming data, performs the action, and then
sends back a response (unless it is a RESET command, which restarts the satellite
immediately without a response - this is in case something blocks the RF TX output,
which would make the reset hanging). The switching between RF RX/TX modes is
done by defaulting the module to TX mode, and when incoming data is detected,
an interrupt is triggered and it switches to RX mode where it starts receiving data
and storing it in the buffer. After storing the incoming data, it switches back to TX

mode and the received data are processed in a super loop. The resulting compiled
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Fig. 4.1: Configuration of the satellite MCU in STM32CubelDE.

application takes around 41.47KB (depending on the connected modules), which
takes only 2 memory sectors of the 512KB flash size.

Diagram of the application operations is in Figure 4.2.

4.1.3 Ground station Firmware
Device configuration

For communication purposes with the REM98W radio module, the SPI bus (SPI1)
was configured in the alternate function mode and left in the default state. In
addition, output pins PB8 and PB9 were set in open-drain mode to control the
NSS pin and reset pin of the radio respectively. Pin PA9 was set to interrupt mode
(EXTI9) with an internal pull-down resistor connected to the DIOO pin of the radio
to detect received data. For debugging purposes, the SWD interface with SWO (for
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Fig. 4.2: Satellite operations diagram.

Serial Wire Viewer output) was configured, and the USART bus (USART3) was
set in DMA mode with interrupts enabled and baud-rate of 115200bit/s. USART
interface is used for sending and receiving the data from computer by connecting
the USART3 RX/TX pins to the TX/RX pins on the built-in ST-Link which is then
connected via an USB cable to the computer as a virtual COM port.

All other unused connected pins were left in default reset state. The pinout of the
MCU can be seen in the Figure 4.3.

Implementation description

When the Ground station application starts, it initializes all its peripherals and then
the RFM98W module into server mode and then starts to perform the main function
in a super loop. There it sends broadcast data (ping) to all devices connected to the
same network address every 15 seconds. When the Ground station receives a DHCP
request from a satellite, it performs a check of the already registered clients by UID
and if device is not found among them, it performs the registration and assigns
an ID to the said device. If the device is already registered. it simply returns its
client ID. The Ground station then replies to the satellite with the assigned 1D
via broadcast packet with DHCP response flag. Every communication from that
moment is point-to-point except regular broadcast pings.

When the satellite picks up an RF packet containing data (flag data), it forwards
it using the USART-USB interface to the terminal application where the packet is
further processed. If it intercepts incoming communication from the terminal into

the DMA buffer, it sets the flag for later processing in the subsequent interrupt
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Fig. 4.3: Configuration of the Ground station MCU in STM32CubelDE.

handler and copies the incoming data into the buffer using memcpy. The later
processing checks if the incoming command is valid and if so, it is send via RF to
the satellite.

The switching between RF RX/TX modes is done by defaulting the module to
TX mode, and when incoming data is detected, an interrupt is triggered and it
switches to RX mode where it starts receiving data and storing it in the buffer.
After storing the incoming data, it switches back to TX mode and the received data
are processed in a super loop. The resulting compiled application is 25.84KB, which
takes only 1 memory sector of the 512KB flash size. Diagram of the Ground station

operations can be seen in Figure 4.4.
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Fig. 4.4: Ground station operations diagram.

4.2 Terminal application

A terminal application in python was written to operate the ground station. After
connecting to the correct serial port in non-blocking mode, the application allows
to read received data and send commands to the satellite. The received data are
interpreted into human readable format, including checking the correct structure
of the received packet frame and data. The application waits in an infinite loop
for a flag indicating the presence of data waiting to be read and processes the
data upon receipt. User input is implemented in the form of a system interrupt,
where commands entered by the user are processed in a pseudo-parallel way and
are only sent after the enter key is pressed, thus avoiding blocking the main loop.
The application has also implemented a simple help output, which can be displayed
using the “help® command, or it will display itself on invalid user input. The help
contains a short description of the application and a list of supported commands

with their purpose.
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to the EDU

Enter the groundstation por
1 data :
Type: Periodic auto update Data: Uptime: 44h Simin Battery output: [V] Battery output: 25[mA]

EDU-Pock al i

This is an application for EDU-PocketQube satellite control.
This application decodes incoming data from the satellite and
presents them in a human readable form.

User can also send predefined commands from this application to control the satellite
and request the data which the satellite has been capturing.

The commands are:
STATUS - Returns the current status of the satellite (Uptime + Voltage lewvel at the battery output)
BATTERY_STATE - Returns the info about the battery input and output wvoltages
SOLAR_INFO - Returns the info about the input from the connected solar cells
RESET - Sends a command to the satellite to reset itself (software reset)
SLEEP - Puts the satellite in a power saving mode (NOT IMPLEMENTED)
WAKEUP - Wakes the satellite from the power saving mode and restores normal operations (NOT IMPLEMENTED)
PAYLOAD DATA - Returns telemetry data from the currently connected and configured payload
Currently connected payload is: Gyroscope + Compass (Data: X, Z, Compass)

STATUS
P BS5E t

Type: STATUS RESPONSE Data: Uptime: 44h 5imin Battery output: 3 [V] Battery output: 25[mA]

Fig. 4.5: Terminal application example output.
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5 Communication

This chapter describes the communication module used, its available modulation
types, modes, configurations and default packet types. It also describes the sup-
ported user commands. At the end of the chapter, the methods and testing process

used to make the modifications are described.

5.1 RF communication description

For communication between the satellite and Ground station RFM98W modules,
the modem was set to LoRa mode with bandwidth 125kHz, code rating 4/8 and
spreading factor 4096¢chips/symbol. The measured RSSI was calculated according
to the formula in the datasheet[4], where the constant -137 is subtracted from the
value in the register. Also, CRC was enabled in the header of the sent/received

packets, making it possible to detect if the data were not corrupted.

5.1.1 Modulations

The module supports both standard FSK and long range spread spectrum (LoRa)
modems. This is configured by setting the variable “LongRangeMode* in the “Re-
gOpMode* register, only in the sleep mode. If FSK modem is selected, user can
choose if they wish to use the (G)FSK, OOK or (G)MSK (de)modulation by setting
the “ModulationType“ variable in the “RegOpMode* register. In the LoRa mode,
the address of the “ModulationType* variable called “AccessSharedReg® instead and
its purpose is to enable or disable the access to shared FSK registers. Configuration

registers and their options are described in Table 5.1.

‘ RFM98W Register Map ‘

‘ Name (Address) I Bits I Variable name I Value ‘ Description ‘
RegOpMode (0x01) 7 | LongRangeMode 0 FSK/OOK Mode
1 LoRa Mode
(FSK/OOK mode only) | 6 | ModulationType 00 FSK
01 OOK
(LoRa mode only) 6 | AccessSharedReg | 00 | LoRa (0x0D - 0x3F)
01 | FSK (0xOD - 0x3F)

Tab. 5.1: Modem and modulation configurations.[4]
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5.1.2 Modes

To set the current device mode, variable “Mode® in the RegOpMode register has to
be configured.

Available device modes are listed in Table 5.2.

‘ RFM98W Register Map |

‘ Name (Address) ‘ Bits I Variable name I Value ‘ Description |
RegOpMode(0x01) | 2-0 Mode 000 SLEEP
001 STDBY
010 FSTX
011 TX
100 FSRX
101 | RXCONTINUOUS
110 RXSINGLE
111 CAD

Tab. 5.2: Modes configurations. [4]

Each mode has its own purpose, which is described in the Table 5.3 below.

Operating Mode Description
SLEEP Low-power mode.
In this mode SPI registers except LoRa FIFO are accessible.
STDBY RF and PLLs disabled, Crystal oscillator and LoRa are turned on.
FSTX TX Frequency synthesis mode.
TX Transmit mode.
FSRX RX Frequency synthesis mode.
RXCONTINUOUS Receives data continuously until change to OpMode is made.
RXSINGLE Waits for reception of a valid packet and then returns to STDBY.
CAD Device will check a given channel to detect LoRa preamble signal.

Tab. 5.3: Description of modes.[4]

5.1.3 Configurations

To define the device bandwidth, coding rate, spreading factor and CRC, user must
configure the “RegModemConfig” register. The register, its variables and values are
described in Table 5.4.
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‘ RFM98W Register Map |

‘ Name (Address) ‘ Bits ‘ Variable name ‘ Value ‘ Description |
RegModemConfig 1 (0x1D) | 7-4 Bw 0000 7.8kHz
0001 10.4kHz
0010 15.6kHz
0011 20.8kHz
0100 31.25kHz
0101 41.7kHz
0110 62.5kHz
0111 125kHz
1000 250kHz
1001 500kHz
3-1 CodingRate 001 4/5
010 4/6
011 4/7
100 4/8
RegModemConfig 2 (0x1E | 7-4 | SpreadingFactor 6 64chips/symbol
128chips/symbol
8 256¢hips/symbol
512chips/symbol
10 1024chips/symbol
11 2048chips/symbol
12 4096¢hips/symbol
2 | RxPayloadCrcOn 0 CRC off
1 CRC on

Tab. 5.4: Bandwidth, coding rate, spreading factor and CRC configurations.[4]

5.1.4 Packet types

To be able to filter and sort the types incoming communications, flags from the
RadioHead[5| library described in Table 5.5 were used.
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Flag

l Value | Description

RH_FLAGS_NONE 0x00 Empty packet
RH_FLAGS _DHCP_RQ | 0x01 | DHCP request packet
RH_FLAGS_DHCP_RSP | 0x02 | DHCP response packet

RH FLAGS BCAST 0x03 Broadcast data
RH_FLAGS_DATA 0x04 Data
Tab. 5.5: Header flags definitions.[5]

5.1.5 Supported RF communication commands

To control the satellite and obtain data from individual modules, the satellite pro-

vides the option of implementing custom commands. The satellite currently sup-

ports the following 7 commands, described in table 5.6

Command ‘ Value ‘ Description
STATUS 0x01 Request for satellite status (Uptime + batery output)
BATTERY_STATE | 0x02 | Request for the state of the battery (input/output energy)
SOLAR_INFO 0x03 Request for solarpanels input
RESET 0x04 Reset satellite
SLEEP 0x05 Put satellite in sleep mode (not implemented)
WAKEUP 0x06 Wake the satellite up (not implemented)
PAYLOAD_DATA | 0x07 Request for payload data

Tab. 5.6: Supported commands.

The final form of the outgoing RF packet with the command is described in

table 5.7, incoming RF packets are described in table 5.8, where N denotes the

packet length in bits.

Bit

6

5

4 3 2 1 0

Meaning

To

From

Id | RH FLAGS DATA | RSSI | 0x1 | Command

Tab. 5.7: Structure of the Ground station outgoing command packet.

The incoming packet is then deconstructed and sent to the terminal application

for interpretation. An important feature is that the received data is surrounded

on both sides by the command number to which it belongs, allowing subsequent

detection of the correct format of the received data.
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Bit N | N-1 | N-2 N-3 N-4 N-5 N-6

0

Meaning | To | From | Id | RH_FLAGS_DATA | RSSI | Length | Command | Data

Command

Tab. 5.8: Structure of the Ground station incoming command packet.

5.2 RF Testing realization

Communication testing was conducted in three phases.
1. Initial testing of the link, without antenna and data,
2. Stability testing of the communication in a highly populated environment,

3. Applying fixes based on the results from Phase 1 and 2. and their testing.

In phase 1, it was confirmed that the satellite is able to establish a stable link
with the ground station and an average signal quality of -65 RSSI. In Phase 2,
the equipment was taken outdoors into a highly populated area (approx. >1000
people/km2) to evaluate the effects of the environment on signal quality. It was
found that even with a very short distance between the satellite and the ground
station (about 15cm), the signal quality was only -90 RSSI and the link range was
at most 15m. Based on this data, it was decided to purchase and install COTS
antennas tuned to 433MHz frequency, the application of which brought a dramatic
improvement in signal quality, whose average value is now between -20 and -40 RSSI,

depending on the distance of the devices from each other.
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6 Educational Outcomes

This thesis also includes a set of tasks for education in STEM laboratory for working
with the resulting satellite. The aim of these laboratory tasks is to provide insight
into a simulated real development environment, where students will practice a teams
cooperation, project leadership, system engineering, problem solving and will get ex-

periences in fields of firmware, hardware, structure and communication development.

The tasks described in the following pages are:
o Power management system (Smart EPS) (Appendix A),

Structure and solar cells design (Appendix B),

o Communication and antenna design (Appendix C),

Scientific payload development (Appendix D),

Satellite software development (Appendix E).

These tasks are designed and can be realised separately, however to ensure compati-
bility among all resulting solutions, teams are encouraged to cooperate between each
other. In the ideal scenario students will create their own, entirely new PocketQube
satellite which will be incorporated in the educational process for the next class of

students.
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7 Final testing results

Most of the bugs described in the previous chapters were found during the testing
processes described in this chapter.

The satellite was tested in several configurations:

« OBC + COM only, powered by the connected ST-Link debugger,

o Full assembly, battery power only,

o Entire assembly, external system power and battery charging.

Each of these combinations confirmed that the satellite is capable of autonomous
long-term operation without any major problems. The most interesting result was
the discovery that the satellite was able to operate for nearly 40 hours straight on a
single charge, during which time it was autonomously sending periodical data about
its status.

The two available payloads (both GMC5883 and MPU9250/6500) were tested
only on the Nucleo, which serves as the Ground station controller, but worked flaw-
lessly and returned all the necessary data. An unresolved problem remained with
the INA219 battery input and output current / voltage monitors, which were tested
in the final satellite assembly and were found to return incorrect values. The inde-
pendent COTS module did not have this problem, so the problem is most likely a

faulty wiring or sensor calibration.

The testing was done in the following way:

Start the Ground station,

Start the Terminal application on the correct port,

Start the satellite,

Wait for the broadcast packet to start registering the client (satellite) on the

=W D

server (Ground station),

After successful registration, test each supported command and its response,
Restart the client device (satellite),

Repeat several times from step 4.,

Leave the satellite running autonomously, checking the status occasionally,

© 0 N o o

Analyse the results.

This process was used to evaluate the stability of both the RF and USART commu-
nication and the used firmware.

To capture the debug data, a logic analyzer connected to the I2C and SPI inter-
faces was used.Figure 7.2 and Figure 7.1 contains an example of captured packets
on the buses. The progress of testing (receiving packets from the satellite) can be
seen in Figure 7.4. It is worth noting the RSSI value in Figure 7.3, which is very
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Fig. 7.2: Data captured by logic analyzer on SPI bus.

low compared to Figure 7.4. These are data from testing that took place before the
addition of the tuned 433MHz antennas, which dramatically improved the signal
quality.

The ADCs connected to the solar panels were not tested, as the primary goal

was to verify proper bus functionality and RF communication.

Enter the groundstation port:COM7
Init command: @
STATUS
Recei 2 : -54 Type: STATUS RESPONSE Data: Uptime: 13h 19min Battery output: ev
Type: Periodic auto update Data: Uptime: 13h 19min Battery output: ev
55 Received data: RSSI: B Type: Periodic auto update Data:

Type: Periodic auto update Data: Uptime: 13h 19min Battery output: ev
> Type: Periodic auto update Data: Uptime: 13h 28min Battery output: ev

Fig. 7.3: Output from Terminal application - communication without antennas.

During the testing phase, it was also found, that the proposed structure is very
impractical for educational purposes, as it is complicated to assemble and takes a
lot of time.

Since much of the testing was done with the satellite closed, it was not possible
to monitor the status of the internal OBC and EPS (TP4056) LEDs, so the next
version will include LEDs routed to the external structure as well, so that the status

of the satellite can be monitored without having to disassemble it.
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Periodic auto update Data: Uptime: 66h 47min Battery output: 3.7¢ Battery output:

: Periodic auto update Data: Uptime: 66h 47min Battery output: 623 Battery output:

Periodic auto update Data: Uptime: 66h 48min Battery output: Battery output:
Type: Periodic auto update Data: Uptime: 66h 48min Battery output: 3.7623 Battery output: 2
data
Type: Periodic auto update Data: Uptime: 66h 48min Battery output: 3.7623 Battery output:
d

Type: Periodic auto update Data: Uptime: 66h 48min Battery output: 3 Battery output:

Type: Periodic auto update Data: Uptime: 66h 49min Battery output: Battery output:

Fig. 7.4: Output from Terminal application - communication with antennas.
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Conclusion

The scope of this work was to investigate the design of a PocketQube format satellite
in 1.5p or 2p format that would be suitable for educational purposes. Based on this
investigation, a design for a 2p satellite was created. The location of the battery was
chosen based on the type used (Li-Ion) so that it would fit comfortably inside the
structure, and the communication was designed based on the used REM98W module
with LoRa modulation capability. This type of modulation was then utilized for the
communication between the satellite and the ground station, as it is a relatively
energy-efficient method of communication. Block diagrams of individual modules,
their circuit designs and wiring diagrams were created as a part of the satellite design.
The design was then implemented into a single PocketQube satellite, with several
errors found during the implementation process, that will need to be corrected in
the future. The gyroscope, accelerometer, and magnetometer modules were used
as payloads in the testing, and were used to test the bus configurations before
the actual satellite was built. All internal connections within the satellite were
implemented through a unified interface, the so-called system bus, which allows the
individual modules to communicate with each other. The resulting functionality of
the satellite was tested afterwards, and it was confirmed that all configurations work
as they should and the satellite and ground station are able to communicate with
each other without any problems.

Based on the results of the test phase, the communication module was slightly
modified by adding an external antenna tuned to 433MHz. A set of lab projects
have been designed for use in the STEM laboratories, that can be implemented with
the satellite, but students are encouraged to collaborate and create their own new
version of the PocketQube satellite.

As a result, it is a fully functional device that meets all the points of the as-
signment and will be ready for use in the classroom once all the issues have been
addressed.

In writing the text of this thesis, the DeepL tool was used for checking the

grammar of the English language.
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Symbols and abbreviations

ADC
ADCS
ARM
ASM
CAD
CAN
COM
COTS
CRC
CSP
D/A
DHCP
DMA
EEPROM
EO
EPS
FPU
freeRTOS
FSK
FW
GPIO
GS
HAL

HSE

Analog-to-Digital converter

Attitude Determination and Control System
Advanced RISC Machine

Assembly

Computer-aided design

Controller Area Network
Communication System

Commercial off-the-shelf

Cyclic Redundancy Check

CubeSat Space Protocol
Digital-to-Analog converter

Dynamic Host Configuration Protocol

Direct Memory Access

Electrically Erasable Programmable Read-Only Memory

Earth Observation

Electrical Power System

Floating Point Unit

free Real-Time Operating System
Frequency-shift Keying

Firmware

General-purpose input/output
Ground station

Hardware Abstraction Layer

High Speed External
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1C Integrated Circuit

IDE Integrated Development Enviroment
IoT Internet of Things

IWDG Independent Watchdog

JTAG Joint Test Action Group

KB Kilo-Byte

Kb Kilo-Bits

LDO Low-dropout regulator

LED Light Emitting Diode

LEO Low-Earth Orbit

LNA Low-noise amplifier

LoRa Long Range

LSE Low Speed External

MCU Microcontroller Unit

MPPT Maximum Power Point Tracking
MPU Memory Protection Unit

OAP Orbit Average Power

OBC On-board Computer

OOK On-Off keying

PCB Printed Circuit Board

PLL Phase-locked loop

RF Radio Frequency

RSSI Received Signal Strength Indication
RTC Real-time clock

RX Receiver
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SAW
SMD
SNR
SPI
SRAM
STEM
SW
SWD
SWO
SWV
TRL
TX

U(S)ART

UHF
USB
VHF

WWDG

Surface Acoustic Wave

Surface Mount, Device
Signal-To-Noise Ratio

Serial Peripheral Interface
Static Random Access Memory
Science, Technology, Engineering, Mathematics
Software

Serial Wire Debug

Serial Wire One

Serial Wire Viewer

Technology readiness level

Transmitter

Universal Synchronous/Asynchronous Receiver and

Transmitter

Ultra High Frequency
Universal Serial Bus
Very High Frequency

Window Watchdog
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A

Laboratory task 1:
Power management system (Smart EPS)

Team size: 1-2 persons

Task objectives:

Design and implement a circuitry which controls the EPS delivery with a
separate MCU (eg. STM32F103C8), providing the system with "smart" control
over the power rails.

Expand the already existing design by 5V power supply.

Investigate and if possible, use different source of power than in the initial
design (eg. LiPol battery).

Implement the SLEEP, WAKEUP and low power consumption modes in the
original code provided by the EDU-PocketQube project.

Design and implement according to the space industry standards (eg. ECSS)

whenever possible.

Task outcomes:

Design and implementation of DPS for Smart EPS.

Code for Smart EPS and update to the EDU-PocketQube firmware.

Task report (around 10-20 A4 pages) containing the description and analysis
of the problem, description of the solution, graphs, used parts, firmware im-
plementation description and diagnostic of the resulting system. Don’t forget

to mention any violations of the space industry standards.

Bonus task:

Cooperate with other teams to fit the EPS (and all the necessary components)
inside of a 1.5P sized PocketQube structure.

Analyse the effectivity of the battery charging solar cells on the final 1.5P
design. Give an answer to the question whether the used solar cells and they
configuration are sufficient to keep the battery charged enough for the system

to work without any extra external power input.
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B Laboratory task 2:
Structure and solar cells design

Team size: 1 person project
Task objectives:
o Analyse and find problems with the current solution.
e Design an external structure for a 2P sized PocketQube satellite.
» Investigate available solar cells on the market and select suitable ones for the
best coverage / power generation ratio.
o Perform a durability test of the resulting structure (eg. vibrations, drop test,
etc.).
o Abide by the space industry standards (eg. PocketQube design standard,
ECSS,..) whenever possible.

Task outcomes:
e Design and implementation of the structure for 2P sized PocketQube satellite.
o Task report (around 10 A4 pages) containing the description and analysis
of the problem, description of the solution, used materials, manufacturing
process and testing process. Don’t forget to mention any violations of the

space industry standards.

Bonus task:
o Cooperate with other teams and design a 1.5P sized structure which fits all
the necessary components.
o Analyse the effectivity of the solar cells on the final 1.5P design in comparison

to the current 2P design.
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C Laboratory task 3:
Communication and antenna design

Team size: 1-2 persons
Task objectives:

o Analyse the properties of radio communication in space (eg. frequencies,
bands, modulations, encryption). If possible, focus on LoRa modulation and
LoRaWAN protocol.

o Analyse the COTS radio modules widely available on the market and choose
a suitable one for your application.

e Design and manufacture a suitable antenna for your radio, that fits in a 2P
PocketQube satellite.

o Test the functionality of your radio and antenna and assess its effectivity.

o Implement code for encryption / decryption of the communication.

o Design and implement according to the space industry standards (eg. ECSS)
whenever possible.

Task outcomes:
e Design and implementation of antenna.
e Code for the radio module and encrypting algorythms.
o Task report (around 10-20 A4 pages) containing the description and analysis
of the problem, description of the solution, graphs, used parts, code imple-
mentation and an example of captured encrypted + decrypted data. Don’t

forget to mention any violations of the space industry standards.

Bonus task:
o Cooperate with other teams and design an antenna, that fits inside of a 1.5P
sized PocketQube structure.
o Cooperate with the EPS team to determine the appropriate power consump-

tion.
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D Laboratory task 4:
Scientific payload development

Team size 1-2 persons
Task objectives:

o Come with an idea for a scientific payload, that ideally fits inside a 2P (or
1.5P) sized PocketQube structure (eventually 1U sized CubeSat) or can be
used in a cluster of multiple satellites.

o Analyse the chosen topic and describe its contribution to science.

e Design a prototype of the scientific payload, use COTS parts whenever possi-
ble.

o Demonstrate real-life scenario usage of the payload prototype.

o If possible, get data from real testing enviroment (eg. heat chambers, radiation
chambers, vibration testing, etc.).

o Abide by the space industry standards (eg. ECSS) whenever possible.

Task outcomes:
e Design and implementation of the scientific payload prototype.
o The code implementing the prototype functionality (if there is any needed).
o Task report (around 10-20 A4 pages) containing the description, analysis and
usage of the chosen scientific experiment and prototype. Describe benefits
of your solution over other, already existing (if there are any) and suggest
improvements to the device based on the testing data results. Don’t forget to

mention any violations of the space industry standards.

Bonus task:
o Cooperate with other teams and incorporate the resulting device into the de-
veloped 1.5P satellite if possible (if not, use the already existing 2P educational
satellite).

o Attempt to get your payload in a real space mission.
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E

Laboratory task b:
Satellite software development

Team size: 1-2 persons

Task objectives:

Design and implement bootloader and application firmware for the educa-
tional PocketQube satellite in freeRTOS. Develop for a microprocessor with
an STM ARM architecture (eg. STM32F446RE), compatible with the edu-
cational satellite. Pay increased attention to the effective data handling and
atomicity of the instructions.

Incorporate and if needed, implement the supplied educational PocketQube
module drivers.

Design diagrams describing the bootloader-application operations.

Abide by the (aero)space industry standards (eg. ECSS, DO-178, etc.) when-

ever possible.

Task outcomes:

Bootloader and application firmware code compatible with the educational
PocketQube satellite.

Task report (around 10-20 A4 pages) containing the description and analysis
of the software design, diagrams, examples of captured peripheral data and
suggestions for improvement. Don’t forget to mention any violations of the

space industry standards.

Bonus task:

Cooperate with other teams and include their devices into your code. Ensure
that everything works correctly as it should.

Write the code in a strictly no dynamic allocation mode, avoid any goto in-
structions, use RTEMS distribution of freeRTOS.

Write a multiplatform application with GUI to control the satellite and to
present the received data in an easy understandable way.

If dual-bank FLASH memory is available, implement on-the-fly update.
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F COM Schematics

75



9L

1 2 3 3 5 T 5
System bus
+3V3 GND BUSL BUS2
PWR_FLAG  PWR_FLAG
COM module
+3V3
c1
10uF "
2
%
c2 +
. u2
pCFB574
100nF
GND
+3V3 UL 1| RFM9BW-43352
4 > X1
Rt SPI_SCLK : & : )
i onn_Coaxial
NSS_COMM > 5 § AL s§==3
GND A2 B
RESET_COMM 5 N
oo
IRQ_COMM_GPIO W
2
2
T
GND GND
12C Address (W/R): 0100000
Mounting holes
H1 H2 H3 H&4
C
GND GND GND GND
Sheet: /
File: COMM.kicad_sch b
Title: Communication module
Size: Ak [ Date: [ Rev:
KiCad E.D.A. 8.0.0 [1d:1/1
1 p) T 3 I ] T 5 I 6




G COM PCB design

PCB dimensions are 48x46mm in a scale of 1:1

G.1 TOP

G.2 BOTTOM
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H Component placement - COM

PCB dimensions are 48x46mm in a scale of 1:1

H.1l TOP

H.2 BOTTOM
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Bill of Materials - COM

‘ Reference ‘ Value ‘ Footprint ‘ Qty |

BUS1, BUS2 | Conn_01x12 | Connector PinHeader 2.00mm 2
C1 10uF SMD 0805 1
C2, C3 100nF SMD 0805 2
R1 10k SMD 0805 1

R2, R3 DNP SMD 0805 DNP
U1l RFM98W RFM98W 1
U2 PCF8574 SOIC-16 1
X1 Conn_ Coaxial Coaxial SMA Vertical 1
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J EPS Schematics
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K EPS PCB design

PCB dimensions are 48x46mm in a scale of 1:1
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K.4 EPS (Anode side) BOTTOM

K.6 EPS (Ring connector) BOTTOM

~— ~—

&

L) v [ N
5D y =
.) 1100000000000 (.

85



L Component placement - EPS

PCB dimensions are 48x46mm in a scale of 1:1

L.1 EPS (Cathode side) TOP

L.2 EPS (Cathode side) BOTTOM

ni9_t0xt0_nnod
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L.3 EPS (Anode side) TOP

L.4 EPS (Anode side) BOTTOM
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L.5 EPS (Ring connector) TOP
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L.6 EPS (Ring connector) BOTTOM
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M Bill of Materials - EPS
Reference Value ‘ Footprint ‘ Qty ‘
EPS Cathode side
BUS1, BUS2 Conn_ 01x12 Connector PinHeader 2.00mm 2
J1 Conn_ 01x04 Connector PinHeader 2.00mm 1
JBAT-1 Battery spring Battery spring 1
R1, R2, R3, R4, R5, R6, R7, R8 OR SMD 0805 4
EPS Ring Connector
BUS1, BUS2 Conn_ 01x12 Connector PinHeader 2.00mm 2
C1, C2,C3 1nF SMD 0805 3
C4 1uF SMD 0805 1
D1, D2, D3 MBR130T3G D_SOD-123 3
J1, J2, J3 Conn_ 01x02 Molex PicoBlade 3
J4 Conn_ 01x01 Connector Pin 1
R1, R3, R5 62k SMD 0805 3
R2, R4, R6 33k SMD 0805 3
R7, RS DNP SMD 0805 DNP
R9, R10 DNP SMD 0805 DNP
R11 4k7 SMD 0805 1
Ul ADS1115IDGS TSSOP-10 1
EPS Anode side
BUS1, BUS2 Conn_ 01x12 2
C1, C2 100nF SMD 0805 2
C3, C4 1uF SMD 0805 2
F1, F2 1.5A SMD 0805 2
J1 Conn_ 01x02 Molex PicoBlade 1
JBAT-1 Battery spring Battery spring 1
M1 TP4056 Module TP4056 Module 1
Q1 TRLML6402 SOT-23 1
Q2 2N7002 SOT-23 1
R1 100k SMD 0805 1
R2, R6 0.1R SMD 0805 1
R3 1M SMD 0805 1
R4, R5, R7, R8 DNP SMD 0805 DNP
U1, U2 INA219AxDCN SOT-23-8 2
U3 MCP1703Ax-330x SOT-223-3 1
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N Ground station Schematics
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O Ground station PCB design

PCB dimensions are 48x46mm in a scale of 1:1
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P Component placement - Ground station

PCB dimensions are 48x46mm in a scale of 1:1 Components are placed on top side

only.

P.1 TOP
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Q Bill of Materials - Ground station

‘ Reference ‘ Value Footprint ‘ Qty ‘
C2 10uF SMD 0805 1
C3 100nF SMD 0805 1
J1 Conn_ 01x06 | Connector PinSocket 2.00mm 1
J2, J3 Conn_ 01x08 | Connector PinSocket 2.00mm 2
J4 Conn_ 01x10 | Connector PinSocket 2.00mm 1
U1l RFM98W RFMO98W 1
X1 Conn_ Coaxial Coaxial SMA Vertical 1
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S OBC PCB design

PCB dimensions are 48x46mm in a scale of 1:1

S.1 TOP

S.2 BOTTOM
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T Component placement - OBC

PCB dimensions are 48x46mm in a scale of 1:1

T.1 TOP

T.2 BOTTOM

"
B EFEZ
g
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U Bill of Materials - OBC

Reference Value Footprint ‘ Qty ‘

B1 RESET Button switch SMD 1
BUS1, BUS2 Conn_ 01x12 | Connector PinSocket 2.00mm 2
C1, C2 20pF SMD 0805 2
C3, C4 4.3pF SMD 0805 2
C5, C7, C8, €9, C10, C11, C12, C13 100nF SMD 0805 8
C6 2.2uF SMD 0805 1
D1 G_LED SMD 0805 1
D2 R_LED SMD 0805 1

L1 10uH SMD 0805 DNP
R1, R4 10k SMD 0805 2
R2, R3 OR SMD 0805 2
R5, R8 4k7 SMD 0805 2
R6 1k SMD 0805 1
R7 5.1k SMD 0805 1
SWD1 Conn_ 01x04 | Connector PinHeader 2.00mm 1
Ul AT24C256 DIP-8 1
Y1 8MHz(16pF) Crystal SMD HC49 1

Y2 32.768KHz Crystal SMD ABS25 DNP
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V  Structure PCB design

PCB dimensions are 50x51.6mm in a scale of 1:1

V.1 Side (Bottom) TOP
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PCB dimensions are 50.8x114mm in a scale of 1:1

V.3 Side (Sides) TOP
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V.4 Side (Sides) BOTTOM
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PCB dimensions are 50x114mm in a scale of 1:1

V.5 Side (Top) TOP
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V.6 Side (Top) BOTTOM
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PCB dimensions are 58 x128mm in a scale of 1:1

V.7 Side (Slider) TOP
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V.8 Side (Slider) BOTTOM
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W Component placement - Structure

PCB dimensions are 50x51.6mm in a scale of 1:1

W.1 Side (Bottom) TOP

W.2 Side (Bottom) BOTTOM

00000000000000000
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PCB dimensions are 50.8x114mm in a scale of 1:1

W.3 Side (Sides) TOP
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Side (Sides) BOTTOM

191002_S0xL0_nnod o
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PCB dimensions are 50x114mm in a scale of 1:1

W.5 Side (Top) TOP
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W.6 Side (Top) BOTTOM
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PCB dimensions are 58 x128mm in a scale of 1:1

W.7 Side (Slider) TOP
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W.8

Side (Slider) BOTTOM
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X Content of the electronic attachment

Structure of the directory with electronic attachment

PP root of the attached archive

| PCB and structural design ..............covunn... PCB design of the satellite

I DA =Yt v o) s i L o] SOU AP KiCad PCB design of the modules

BUS_Connection ..ottt i System bus

0] PP COM module design

B e e EPS module design

Ground station..........oiiiiiiiiiiiiiiiiiii., Ground station design

020 OBC module design

| Footprints ...ooiiiiiiii e Custom footprints
l_ TP4056 .pretty

LTP4056_Charger.kicad_mod .......... TP4056 Li-Ion charging module

| PCB TemplatesS..coeeeeeeeeeeeneeeeeeneeeennnnnn. Templates for board design

Ring mod_template.........ccovveevnenn.. Template for ring PCB design

Template_inside............ccovivnennn. Template for classic PCB design

| Signature image...........coiiiiiiinnn Folder with bitmap signature image

| Structural desSigh ....euuuiiiiiia it Structural PCB design

DOBEOm . o ettt et e Bottom part of the satellite

SIdes it e e Sides of the satellite

< T = o Deployer slider

DO+ttt Top side of the satellite

L SO WA . ottt e Folder with software and firmware

tApp ............................................ Folder with control software

Firmware .......coovviiiiineinnnnnnn Satellite and Ground station firmware

FW Ground Station................. Ground station firmware (superloop)

FW Ground Station - freeRTO0S....Ground station firmware (freeRTOS)

FW Satellite......oooviiiiiiiiiinininnn. Satellite firmware (superloop)

FW Satellite......oovuiiiinninninnennnn.. Satellite firmware (freeRTOS)
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