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ABSTRACT:

The main purpose of this project is developing a multidisciplinary Simulation Platform
for CubeSats. It will be composed of three differentiated blocks, around which the
project is structured: a mechanical simulation platform, a management software and a
prototype that will be the base for the future GranaSAT-I.

This Master’s Thesis is addressed from a double perspective: on the one hand, the
development of a Simulation Platform of great usefulness in an academic environment,
as a way to get students from multiple degrees closer to the aerospace world, and
particularly to CubeSats, given its current context of peak, being fostered by institutions
such as European Space Agency (); on the other hand, in a research environment,
providing with a mean to implement new communication algorithms, orbit controllers,
and generally speaking, for the development and test of new technologies and
techniques, before launching.

The development and implementation of this project is performed following
methodologies of System Engineering contrasted in the aerospace industry, giving
realism and getting the student closer to professional techniques, widely recognized in
the job market. Furthermore, the complexity and multidisciplinary scope of this
Master’s Thesis allows covering not only the different specialties of the
Master in Telecommunication Engineering but also acquiring knowledge and
transversal abilities from other fields of the Engineering, such as Mechanical or
Aerospace. Besides specific software of each of the mentioned areas, advanced
techniques of machining (aluminum milling), manufacturing (solder reflow) or
characterization of different devices (lithium batteries, silicon solar cells...) among
others, have been analyzed and applied.

The result of the exposed culminates with the obtention of a complete and functional
simulation environment, which complies with the requirements defined in the
preliminary stages, and supposes the finalization of the Master.
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RESUMEN:

El objetivo principal del presente proyecto es desarrollar una Plataforma de Simulacién
multidisciplinar de CubeSats. Estard compuesta de tres bloques diferenciados, en torno
a los cuales pivotara el proyecto: una plataforma de simulacién mecanica, un software
de gestion de y un prototipo de , que constituira la base del futuro GranaSAT-I.

Este Trabajo Fin de Master se aborda desde una ambiciosa doble perspectiva: por un
lado, el desarrollo de una Plataforma de Simulacién de amplia utilidad en el d&mbito
académico, como medio para el acercamiento del alumnado de multiples titulaciones
al mundo aeroespacial y en concreto a los CubeSats, en el contexto de auge actual,
fomentado por instituciones como la Agencia Espacial Europea (); en segundo lugar, en
el &mbito de investigacion, proveyendo de un medio para la implementacién de nuevos
algoritmos de comunicacion, de control orbital y, en general, para el desarrollo y testeo
de tecnologias y técnicas novedosas, de manera previa a su lanzamiento.

El desarrollo e implementacion de este proyecto se lleva a cabo siguiendo
metodologias de Ingenieria de Sistemas contrastadas y asentadas en la industria
espacial, dotdndolo de realismo y acercando al alumno a técnicas profesionales de
amplio reconocimiento en el mercado de trabajo. Asimismo, la complejidad y dmbito
multidisciplinar de este Trabajo Fin de Master le permite cubrir, no sélo las diferentes
especialidades del Mdster de Ingenieria de Telecomunicacién, sino también adquirir
conocimientos y habilidades transversales o especificos de otros campos de la
Ingenieria, como la Mecanica o la Aeroespacial. Asi, ademds de software especialista
de cada uno de los campos mencionados, se han analizado y aplicado técnicas
avanzadas de mecanizado (fresado de aluminio mediante control numérico),
fabricacién (soldadura utilizando técnicas de reflow) o caracterizacién de diferentes
dispositivos (baterias de litio, células solares de silicio...), entre otros.

El resultado de todo lo expuesto culmina con la obtencién de un entorno de
simulacién completo y funcional, que cumple con los requisitos definidos en etapas
iniciales, y con el cual se cierra la etapa universitaria de Madster.
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Glossary

CubeSat Miniaturized satellite made up of multiples of 10 cm x 10 cm x 10 cm cubic
units.

FloripaSat-1 Brazilian CubeSat mission.
Linux Open-source and free OS.

microcontroller Compact integrated circuit used to take control over an operation in an
embedded system [14].

MSP430FR6989 MCU used in this project.
RF4463F30 RF module used in this project.

Texas Instruments Technology company the microcontroller has been bought from.

transceiver Device able to transmit and receive.
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Acronyms

(G)FSK Gaussian Frequency Shift Keying.

(G)IMSK Gaussian Minimum Shift Keying.

ADC Analog-to-Digital Converter.
AES Advanced Encryption Standard.
AM Amplitude Modulation.

ASK Amplitude-Shift Keying.

CCS Code Composer Studio.
Comp Comparator.

CRC Cyclic Redundancy Check.

DAC Digital-to-Analog Converter.

DMA Direct Memory Access.

EPS Energy Powering Subsystem.

eUSCI Enhanced Universal Serial Communication Interface.

FIFO First In First Out.
FM Frequency Modulation.
FRAM Ferrite Random Access Memory.

FSK Frequency Shift Keying.

GND Ground.
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XXxii

Acronyms

I/O Input/Output.
I2C Inter-Integrated Circuit.
IF Intermediate Frequency.

IrDA Infrared Data Association.

LCD Liquid Crystal Display.
LDO Low-Dropout Regulator.
LED Light-Emitting Diode.
LNA Low Noise Amplifier.

LO Local Oscillator.

MCU Microcontroller Unit.

MPY Hardware Multiplier.

NASA National Aeronautics and Space Administration.

OOK On-Off Keying.

OS Operating System.

PA Power Amplifier.

PCB Printed Circuit Board.

RAM Random Access Memory.

RDS Radio Data System.

RF Radio Frequency.

RISC Reduced Instruction Set Computing.
RTC Real Time Clock.

RX Receive.

SDR Software Defined Radio.

SMA SubMiniature version A.
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XXxiii

SPI Serial Peripheral Interface.

SRAM Static Random Access Memory.

TX Transmit.

UART Universal Asynchronous Receiver-Transmitter.

USB Universal Serial Bus.

USCI Universal Serial Communication Interface.
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Chapter 3
Analysis

In this chapter, every part of the current project will be presented and explained.
Each single element is chosen in order to achieve the requirements exposed in Chapter
2. As well, a very relevant topic that cannot be forgotten is the fact that those eventually
selected elements have to be within a CubeSat, so its features in terms of energy
consumption, supported temperatures, size and weight are taken into account
meticulously in the election process.

As this project is an adaptation of the FloripaSat-1’s, some of the elements are the
same as the used in the Brazilian project, whereas others are replaced by options that
have been considered better choices for the applications of the current work.

To visualize the the whole system in an easy way, in the next figure the of the project
is shown:

Low Speed Telemetry Link System for CubeSat 5



6 Chapter 3. Analysis

Camera
l Transceiver

145.9 MHz

MCU ((.)) ((.))

Transceiver

433MHz

PCB

BUS PC-104

JIAG  «———— Computer SDR

Figure 3.1 — Project’s Block Diagram

3.1 Hardware Components in the Transmitter

3.1.1  Microcontroller

The microcontroller used in this project is Texas Instruments MSP430FR6989 [6], of
which is shown in Figure 3.2.
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r— =7 - - — — — — — = — — — — — —_
| l L Capacitive Touch I/0 0, Capacitive Touch 1/0 1 |
| Comp_E | | ADC12_B 1/0 Ports| |1/0 Ports| | I/O Port 1/0 Port | | /0 Port 1/0 Port
MCLK <— —> ACLK - - REF_A P1, P2 P3, P4 P5, P6 P7, P8 P9, P10 PJ |
| Clock (upto 16 (upto 16 2x81/0s| | 2x8 1/0s | | 2x8 I/0s | [ 2x8 I/Os | | 1x8 I/Os | | 1x8 1/Os
System inputs) std. inputs, Voltage |
| H» SMCLK upto8 Reference PA PB PC PD PE
DMA diff. inputs) 1x16 1/0s{ [1x16 110s| [1x16 /08| [1x16 1Os [1x16 1105 |
I Controller
3 Channel |
| MAB
Bus |
I Control MDB
Logic |
[ cruxvz
incl. 16 |
| Registers MPU TA2 TA3
1P Encap_ Power AES256 |
| FRAM RAM Mgmt
MPY32 Securlty Watchdog | | Timer_A | | Timer_A
e o || e || 2 S 2t || e |
(S:3+1) 128KB Brownout (128, 256) Registers Registers
[EnergyTrace++ (int. only) (int. only) |
| Technology
| MDB |
JTAG I
| Interface MAB
| - TR SRl ARl s I
Spy-Bi- ' '
| Wire X | TBO TAO TA1 I
.| rRICC| eUSCI_A0|| [eusci_Bo Leo_c
' ' eusci_A1|] [eusci_B1 Extended |
| X Calendar | Timer_B Timer_A Timer_A Scan (up to
. and X 7¢C 3cc 3cC (¢, Interface 320 seg; |
| ' Counter ' Registers Registers Registers SPI) static,
' Mode N (int/ext.) (int./ext.) (int./ext.) 21to 8 mux) |

Copyright © 2016, Texas Instruments Incorporated

Figure 3.2 — MSP430FR6989 Functional Block Diagram [¢]

This MCU has an embedded FRAM non-volatile memory up to 128 kB with fast
write of 64 kB in 4 ms, 1015 write cycle endurance and an ultra-low-power system
architecture, either in active mode or standby and shut-down mode, which make it
useful to increase performance at lowered energy budgets.

The MSP430FR6989 has internal and digitally enabled capacitors/pull-ups, 4 eUSCI
ports, 3-channel Internal DMA, a voltage range from 1.8 V up to 3.6 V, being 3.3 V the
value used in this project, 32-bit MPY, AES Security Encryption and Decryption
Coprocessor and 16-Bit RISC architecture up to 16-MHz clock, among other
outstanding features that make it fit right in this project.

Those characteristics that have not been named but can be seen in the above are
explained in the Appendix A, where this MCU is compared with the microcontroller
used in FloripaSat-1. The migration from this MCU to ours is also explained within the
appendix.

Low Speed Telemetry Link System for CubeSat




8 Chapter 3. Analysis

3.1.2 RF Module

The RF module used in this project is the RF4463F30 [10], of which schematic is
shown in Figure 3.3. In this case, it is the same as the one used in FloripaSat-1 because
its features are better than those in other options found on the market. Therefore, it is
not necessary to migrate from RF modules like in the case of the microcontroller.

XC6228

+5V IN £ oUT +3.3V
]
cay | ce cs5| 4 c7

47uFT —L|_100nF 100DFJ|._ T‘iTuF

PIC16F629
ANT +5Y 1[00:07) |40 4 1
RF4463F30 ms et 4

101 18 f oo
1 ) it e 0z T g 101(‘)%{
_I_—lsam m—_l_C C10 OS5 fp, pseT|

1
2 +
= e mc - - 4?Lﬁt I 100nF 104 1,
3 e [ 105 16 |50 cs
MO0 12 1 eprgy AL & B 106 5 | acs 100nFI
S ) IRy 24054 =

-

104

el
E
3
-
0o

2
5
Il P—————Joo {
T
(o]
o
T

BC6 0SC1

0sc2

— 171 1

Figure 3.3 — RF4463F30 Schematic [10]

[l

The RF4463F30 is a high power wireless transceiver module, with a  [11] chip
(Figure 3.4), which is an integrated low power transceiver. Furthermore, this RF
module also has a PA, so there is no need to use an external PA.

Daniel Adyl Fidalgo Jammoue



GPIO3 GPIO2 XIN XOUT
I I
<] toop o | prpycp
Filter ]
» Frac-N Div 30 MHz XO
LO } ! Bootup |
Gen | _0sC |
/=
SDN RE IF
PKDET E— F’K‘DET
@ > T > MODEM @ nSEL
PP e —— | PoaA aoc || FIFO §= |
RXN f=—» 3 ] s Packet ¥ 3@:—: SDO
@ -\ e > Handler TR SCLK
8= niRQ
~ PowerRamp LDOs >
Cntl POR Digital
P\A L BD Logic
DO 32KLP
osc
VDD TXRAMP VDD GPIOO GPIO1

Figure 3.4 — Sig463 Functional Block Diagram [11]

Another component that can be done without is a circuit to switch the RX and TX
paths, since this module has a built-in antenna switching for both modes. This feature
has a huge relevance because it allows the use of a single antenna for transmitting and
receiving in each frequency band, instead of using one for the and another for the .

Among its characteristics, some that must be highlighted are:

* Output power of 30 dBm maximum.
* Very high receiving sensitivity (-126 dBm).

* Power supply range from 1.8 V to 3.6 V, even though it has a LDO to have a constant
source of 3.3 V for the transceiver.

e High data transfer rate from o.1 kbps up to 1 Mbps.
¢ Preamble detection in RX mode.
¢ Customizable frequency range from 142 MHz up to 1050 MHz.

 Ultra low consumption shut-down mode.

Low Speed Telemetry Link System for CubeSat



10 Chapter 3. Analysis

* 64/128-byte RX and TX FIFO data register.

* Different possible modulations such as (G)FSK, 4(G)FSK, (G)MSK, ASK and OOK.

All these features explained make this transceiver fit better in the current project
than other candidates, which were the RF module ADF7021-N [1] and the AX5043[3].

Followingly, some of the main characteristics of these three transceivers are compared:

Feature RF430F30 AX5043 ADF7021-N
Output power
(dBm) 30 16 13
Rece1v1?§Biir)181tlv1ty 126 126 120
Power sug)f}))ly range | 18- 3.6 1.8-3.6 2.3-3.6
Data transfer rate
(kbps) 0.1 - 1000 0.1 - 125 0.5 - 24
G)FSK
4(( G))FSK// FSK/MSK/
Modulations (G)MSK 4FSK/ (GFSK/| 2FSK/ 3FSK/
OOK (G)MSK/ ASK/ | 4FSK/MSK
ASK AFSK/ FM/PSK
TX mode current
(mA) 550 51.6 23
RX mode current
(mA) 10 9.5 18.3
Price (€) 7.74 2.17 1.87

Table 3.1 — Comparisson among transceivers

It is easy to see in this table that the other transceivers are much cheaper and have
some advantages over the one used here. However, the chosen one is the RF4463F30
due to its outstanding parity between a high output power and a very good receiving
sensitivity.

This, combined with everything explained previously, make this RF module a very
good choice.

Daniel Adyl Fidalgo Jammoue
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3.1.3 Camera Module

The camera used in this project is the with AL422B FIFO [8]. During the choosing
process, other modules were taken into account. Beyond size specifications, image
quality and power consumption related features have been highly relevant. The other
possible modules were the OV7670 without FIFO [9] and the Adafruit TTL 397 [12].

OV7670 with .
Feature AL422B FIFO OV7670 Adafruit TTL 397
Maximum Power
Supply (V) 33 33 5
Tempere(a:g; ¢ ranse -30 to 70 -30 to 70 No information
YUV/YCbCr 4:2:2 | YUV/YCbCr 4:2:2
RGB565/555/444 | RGB565/555/444 Standard
Output formats GRB 42:2 GRB 4:2:2 JPEG / M-JPEG
Raw RGB Data Raw RGB Data
Maximum
Transfer Rate 30 30 30
(fps)
Sensitivity . .
(V/Lux -sec) 1.3 1.3 No information
S/N Ratio 6 6
(dB) 4 4 45
Pixel size
.6 X 3.6 .6 X 3.6 .6 X 5.6
(um) 3-6X3 3.6Xx3 56X5
Power Active = 60 mW Active = 60 mW mA
Requirements Standby < 20 pA | Standby < 20 A 75
Dynamic Range
(dB) 52 52 60
Price (€) 11.01 5.99 35.92

Table 3.2 — Comparisson among camera modules

As seen in Table 3.2, first two modules are very similar. In fact, these camera
modules themselves are exactly the same. However, one of them has a FIFO queue.
This characteristic is a huge difference in terms of design because, thanks to that, an
external clock is not needed to sync up the camera with the MCU. If the module
without FIFO was used, a slight desynchronization between the microcontroller and the
camera would mean the image loss.

Low Speed Telemetry Link System for CubeSat



12 Chapter 3. Analysis

Therefore, once the without FIFO has been discarded, the next step is comparing the
module with FIFO with the Adafruit one. Here, the election seems quite easy just by
seeing the difference between prices and between power requirements.

Eventually, and as said at the beginning of this subsection, the camera module chosen

is the with FIFO.

Test
Pattern [—]
G Generator
DSP Image Video
Analog (Lens shading | Scaler FIFo Port
Processing ::"e?ﬁmv__ « == D[7:0]
bl =k p el
50/60 Hz | [correction, atto
AutO :;t’ehla\ce,
Detect
[
Column Sense Amp Exposure/Gain
Detect
Q
2
K3 Image Array
2 (656 x 488)
e Registers
Clock |—| Video Timing Generator l In?:rcf:a?:e

R

XCLK STROBE HREF PCLK VSYNC RESET# PWDN Slo_C SIO_D

Figure 3.5 — Camera Block Diagram [0]

SRAM
Cache {L
- . Write Read -
I:I>DII70 :>II3TJ¢fuer Data | —— Memgr?/4g;(I?Array ! Da_!ta :>Lljtf‘f)er - %%70
Register Register
*— /OE
oK Write Timing Generator Read ReK
/WRST —| Address > & Arbiter -t Address |«—— /RRST
JWE Counter Counter IRE
Refresh Address
Counter

Figure 3.6 — FIFO Block Diagram [>]
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Dl
E‘ ECH
14

Figure 3.7 — Camera Module Figure 3.8 — FIFO

3.1.4 BUS PC-104

As the CubeSat that will hold the PCB of this project has multiple boards, it is needed
to add a bus of 104 signals to exchange information among them.

P2 1P3
GPIO CM3 CNY70 1 53 54
SENSE A MOTOR 3 3 55 5
SENSE B MOTOR 5 57 5
7 59 6
9 GND 1 y
1 2 BAL SW1 3 4 BAT SW2
3 2 5V SWI 5 GND
5 5V sw2 7 SV SW3 GD
5V_USB 7 8 GND & 3V3 SWI
9 2 3V3 SW2 71 72 3V3 SW3
20 b, GND 73 74 GND
3 24 75 7
CDONE_FPGA 75 ; 5V BUS 77 785V BUS R~
CRESET FPGA 27 3V3 BUS 79 0 3V3 BUS IV3 BUS
29 3 GND 1 2 GNID
CS_FPGA 3 32 5V USB 3 3 GND
SPI_MISO 33 34 BAT Pos 5 6 BAl Pos
SPL_MOSI 35 E CM_IN 7 PCM IN
SPI CLK 37 E BF SW 9 BF SW
39 3 P SW I I 92 _SP SW 2
12C_SDA _EPS a1 Ip CR OUT 3 94 _BCR OUT
memars [2C_SCL EPS _ 33 4 CR_OUT 5 96 _BCR OUT
e ERATSZC_SDA_GENERAL 45 3 AT POS 7 BAT POS
3G SCL GENERALSZC SCL GENERAL 47 3 D o9 T GND
9 30 101 2
1 5 103 04
ESQ-126-39-G-D ESQ-126-39-G-D_53-104

Figure 3.9 — BUS PC-104 Schematic [13]

Most of the signals seen in Figure 3.9 are from the EPS, but only some of them are
actually used in the current project, which are those highlighted [13]:

5V bus, in s 77 and 78

3V bus, in s 79 and 8o

GND, in s 61, 66, 69, 73, 74, 81, 82, 84, 99 and 100

[2C EPS signals, in s 41 and 43

Low Speed Telemetry Link System for CubeSat



14 Chapter 3. Analysis

* General I2C signals, in s 45 and 47

3.2 Software Defined Radio and GNU Radio in the Receiver

To simulate a , a very good idea is using an SDR connected to an antenna (Figure
3.10) and both connected to a computer with a built schematic.

Figure 3.10 - RTL-SDR & DAB FM DVB-T

The antenna is used for the RX function and the SDR device for the operation seen in
Figure 4.1, where the analog received signals are transformed into digital using an
ADC. These elements bring this project enough power sensitivity and receiving
frequency range to perform as a good in the distance that the tests will be done.

Obviously, these two elements themselves are not enough to demodulate the
received signals, which is the main part of the receiving task. If the information is not
demodulated, the transmission would be senseless. Hence, as said before, the SDR +
antenna must be connected to a computer with a signal processing capable software. In
this case, the chosen one is due to some interesting reasons, being the main one that it
is programmed in . The clear advantage of this feature is that it is a widely spread
language, which is translated in a very large community with a good amount of
documentation to solve different problems that will be dealt with along the project
process.

Another ease given by is that it can be linked without any problem to a coded
project, which makes it very useful in the task of presenting the received packets to the
user.
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3.3 Power and mass characteristics

As said in Chapter 2, this PCB will be part of a CubeSat. This means that there
are some power, size and mass limitations that must be respected to make this project
possible.

The first matter to care about is the total allowed weight. An important reason to
choose a component over another is its weight because if it is too heavy, the previous
requirements would not be achieved. The weight of each component is shown in the
following table:

Component Weight (g)
PCB 22
Microcontroller 0.6
RF Module 4
PC-104 2.7
Camera 12.9
Camera Connector 2
SMA Connector 1.5

Table 3.3 — Weight of the components

Taking into account that there are two RF modules and two SMA connectors, the total
weight is 51.2 g, which meets with the maximum allowed mass requirement of 1.33 kg.

In terms of size, only with a right PCB the limitations are covered. Therefore, this is
also good for the project.

The last task is related to power consumption. Here, the most relevant components
are the camera module, the MSP430FR6989 and the RF modules. Saving energy is one
of the most important matters. Hence, a very low power consumption in sleep mode
and a not so high power consumption in active mode are searched while choosing the
components. In Table 3.4 these consumptions are shown:

Component | Sleep Mode (yW) | Active Mode (mW)
Camera 66 165
Microcontroller 10.56 2.64
RF Module 15 2750

Table 3.4 — Power budget

As seen, the components chosen have a good energy consumption either in sleep
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mode and active mode. Therefore, this requirement is correctly respected.
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Chapter 4

System Design

After analyzing the different parts of both, the transmitter and the receiver, it is
important to explain how they are designed. To begin with, the transmiiter has some
systems and procedures that must be understood in order to design a well simulated
ground station that does the inverse processes. Obviously, if both parts are not
equivalent, the whole system will not performed in the desired way.

4.1 Transmitter design

4.2 Receiver design

As explained in Section 3.2, the receiver will be simulated using a SDR connected to .
After receiving the signals, the antenna’s task is to transform the electromagnetic wave
into a signal that the SDR device is able to understand. In this project, the Software
Defined Radio will only be used as a receiver. Therefore, its schematic is shown in the
next figure:

Software Defined Radio in reception
Antenna

RF
Amplifier
RF Filter Lowpsss ADC | —» USB Interface
Filters
Local
Oscilator

Figure 4.1 — Software Defined Radio in reception
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Before explaining all these parts, the system must be calibrated. To do so, a software
called rtl_test has been used. This is a very good and useful program because with
this, the frequency correction needed by the SDR is easily found. This process will be
explained in the next chapter.

Just after the signal is received by the antenna, it is amplified using a LNA and
followingly it is filtered. The next step during the signal processing is moving the input
signal to a desired frequency and, to do so, a LO with a mixer is used. After it, it is
needed to send the signal to a Low Pass Filter in order to supress the harmonics. Finally,
this signal is converted to digital with an ADC and then sent to the host where the
schematic is implemented through a USB interface. It is important to mention that the
sample rate during the conversion must not be too high (lower than 2.8 MS/s) to avoid
problems [13].

Once the digital signal has reached the host, it is time for to demodulate it. After
this, the signal is sent to a program in able to find the preambles and synchronization
word of each packet and to show the user all the values sent by the transmitter. Firstly,
in Figure 4.2, all the parts of the demodulator can be seen:

osmocom Source
Device Arguments: rtl=0 Low Pass Filter Low Pass Filter
z::“:e':::’n:;"m;]l:ﬁl’js on Decimation: 1 Decimation: 100 Clock Recovery MM
Ch0: Freq. Corr. (ppm): D. :Imnp't Rate: 1.8M Quadrat Demod :In:; Rate: 1.8M z:iueg:: s 100
: uadrature Dem mple Rate: n Omega: 100m
€ho: DC Offsat Mode: OfF B0 cutorrrreq: 150 I # Gain: 1 I coore Freq: 2.4k (-] w: s00m
E::: :;‘::::_ :ﬁ:ﬂ-lm Transition Width: 50k Transition Width: 1.2k Gain Muz 100m
: " Window: Hamming Window: Hamming Omega Relative Limit: 0
L LI E Beta: 6.76 Beta: 6.76
ChO: IF Gain (dB): 20
Ch0: BB Gain (dB): 20 WX GUI FFT Sink
Title:
Sample Rate: 1.8M
Baseband Freq: 145.9M
Y per Div: 10 dB
H ¥ Divs: 10
Ref Level (dB): O
Ref Scale (p2p): 2 File Sink
;:L:::;Ej‘*:s Add Const I File: outpu_bin
) Constant: 12.5m Unbuffered: Off
Freq Set Varname: None Append file: Overwrite
WX GUI Waterfall Sink
Title: Waterfall Plot
Sample Rate: 1.6M
Baseband Freq: 0

) l Dynamic Range: 100
Reference Level: 0
Ref Scale (p2p): 2
FFT Size: 512
FFT Rate: 15
Freq Set Varname: None

Figure 4.2 — FSK Demodulator in GNU Radio

The first block of this demodulator osmocom source, which used to locate different
devices on the host’s system. In this case, it is used to link all the demodulation station
to the antenna + SDR system. Among the parameters that this block uses are the sample
rate, the frequency of the channel and several gains. The output type of this block is a
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complex float32 signal [1] that goes to a Low Pass Filter, an FFT Sink and a sink.

These two sinks are only relevant to visualize the reception of packets during the
transmission. However, the Low Pass Filter is important to suppress the out-of-band
signals in order to improve the performance of this demodulator. After being filtered,
the signal goes through a quadrature demodulation block with gain 1 that can be used
to demodulate signals in FM, FSK, (G)MSK, etc. Mathematically, this block the one-
sample delayed input and the conjugate undelayed signal. Followingly, it calculates the
argument of the resulting complex number. In mathematical terms:

yln] = arg(x[n]x[n —1]) (4.2.1)

It is relevant to understand that, basically, when the input signal is a sinusoidal, what
this block does is:

n:i 2.2
y[n] 3 (4-2.2)

being f the signal’s frequency and fs the sampling frequency.

The next block is another Low Pass Filter used with the same purpose as the previous.
Its output goes to a Mueller & Muller clock recovery block. As its name says, this block is
used to recover the clock of the input signal. However, this block brings many problems
due to its input parameters. As can be seen in Figure 4.2, this block’s parameters are:
omega (symbol period in samples per symbol), gain omega, mu (detected phase shift in
samples between the receiver and transmitter), gain mu and omega relative limit (limits
within which the omega can change during run time, if for example omega is 10, omega
relative limit can be 0.1, but this value depends on the signal) [7]. The main issue with
this block is that the only clear parameter is omega, which can be calculated as sample
rate devided by baud rate. The rest of the parameters are found empirically until the
block has a correct performance.

Due to all the problems that the clock recovery block meant to the project, it was
needed to insert an Add Constant block. What this block does is to delay the biginning
of the clock’s high pulse in order to record correctly the value of the signal. Finally, the
signal goes through a binary slicer to recover the bytes sent within the signal, which are
saved in a binary file using the File Sink.
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Chapter 5

Tests and results

Before starting with the tests, it has a huge relevance to make sure that the antenna
+ SDR system is well calibrated. For this task, the software called SDR Sharp (SDR#)
is very useful because it allows to receive different types of signals such as AM or FM
broadcasting and record them.

To calibrate an antenna means to find out the gain and frequency correction needed
to receive signals without errors. The gain value is important because if it is too low, no
signal would be received. However, if its value is too high, it would be possible to receive
signals but the noise would be increased as well. On the other hand, the frequency
correction helps to receive the signals in the middle of the channel. Even though an
antenna is set to receive at a specific frequency, if the frequency correction is not well
chosen, the received signals would be shifted, which means the loss of information.

After understanding this, a good option is to receive FM broadcasting to calibrate the
SDR in an easier way because these signals have known channels. When the software is
run and a channel is selected, the received signal looks like in Figure 5.1. Here, the is
too high and the channel is barely recognised. The reason is that neither the gain nor
the frequency correction have been set.
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((C LB 40 ))) - E235 - IaUPO RADIO IMANADA GRUPO RADIO GRANADA
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FM Broadcast

To find out the frequency correction, a software called rt/_test [15] has been used. This
software is very easy because once it is downloaded in the host connected to the SDR,
only with the command rtl_test -p in the console (for this task the OS used is Linux)
it begins to receive information during a few minutes in order to know which is the
frequency correction in parts-per-million of the antenna (see Figure 5.2).
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daniel@daniel-VirtualBox:~ torio/rtl-sdr-masterS rtl_test -p
Found 1 device(s):
©: Realtek, RTL2838UHIDIR, SN: 90000001

Using device ©: Generic RTL2832U OEM
Detached kernel driver

Found Rafael Micro R820T tuner
Supported gain values (29): 6.6 0.9 1.4 2.7 3.7 7.7 8.7 12.5 14.4 15.7 16.6 19.7 20.7 22.9 25.4 28.0 29.7 32.8 33.8 36.4 37.2 38.6 40.2 42.1 43.4 43.9 44.5 48.0 49.6
R82XX] PLL not locked!

Sampling at 2648600 S/s.
Reporting PPM error measurement every 10 seconds...
Press ~C after a few minutes.
Reading samples in async mede...
lost at least 88 bytes

lost at least 136 bytes

lost at least 8 bytes

lost at least 8 bytes

lost at least 68 bytes

lost at least 160 bytes

lost at least 80 bytes

lost at least 64 bytes

lost at least 216 bytes

lost at least 128 bytes

lost at least 60 bytes

lost at least 156 bytes

lost at least 44 bytes

lost at least 188 bytes

lost at least 68 bytes

lost at least 8 bytes

lost at least 28 bytes

lost at least 124 bytes

real sample rate: 2027525 current PPM: -9997 cumulative PPM:
lost at least 232 bytes

lost at least 44 bytes

lost at least 48 bytes

lost at least 196 bytes

lost at least 44 bytes

lost at least 4@ bytes

lost at least 148 bytes

lost at least 164 bytes

lost at least 112 bytes

lost at least 120 bytes

lost at least 28 bytes

lost at least 168 bytes

lost at least 156 bytes

lost at least 44 bytes

lost at least 188 bytes

Figure 5.2 — RTL test

The frequency correction of the SDR + antenna system is 33. Now, with this value it is
possible to receive the FM broadcasting signals in a proper way. In addition, it is needed
to enable an IF noise reduction with a threshold of -120 dB, appart from establishing a
15.7 dB gain (value that allows a good reception of the signal with a low level of noise)
and the RTL AGC mode (RF auto gain). With all these paremeters set, the received signal
is as seen in Figure 5.3:
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((C Los40 J))) - E235 - GRUPO RADIO GRANADA GRUPO RADIO GRANADA
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L
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Figure 5.3 — FM broadcasting well received

Now that the antenna is calibrated, the received FM broadcasting signal looks better,
with a lower . Another proof of its well calibration is that the SDR# is able to decode the
RDS, which gives information about the channel like its name.

D
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Appendix A

Microcontroller’s migration

As explained in Subsection 3.1.1, the microcontroller used in this project is
MSP430FR6989, whereas the one used in FloripaSat-1 project is . Hence, at the
beginning it was necessary to migrate from one MCU to the other.

Firstly, it is important to understand which are the main differences between these
two modules. Therefore, a good strategy is comparing the functional of both. The of
our MCU is shown in Figure 3.2, while the FloripaSat-1’s is here below:

XIN XOUT DV, DV AV, AV,  RST/NMI PA PB PC PD
A ‘ | | | | P1.x, P2.x, P3.xy, P4x, P5x, P6x, P7.x, P8x, P9x
A2 v v v x4 x4 X A 4 4 7y
XT2IN — [ 64xB
Unified [ ACLK ! || azke Power sYs S | Al | IR 1o Patts 1] voPorts | uscio,2
Clock I s512kB MID RAM  |IManagement| [~ —- -~ . . 3 g Po 1, USB
XT20UT 41— system |-p-smcLk || 384KB [ Watchdog |2*5 VOs || 2x81/0s || 2x81/0s 156105 || 18105 || ax uarT
Memory EERCELT S | R | S—_— nlerrupt Interrupt 1x8 I/Os I)I(:SA SP\‘ Full-speed
y 1 Integrity USB Buffer LDO P2 Port Capability Capability rDA,
Flash Detection SVM, 8VS§ Mapping PE 2
MCLK | y PA PB PC PD Bx: SPI, I'C
| | +8BRial\;kup Brownout Controller 1x16 1/0s 1%16 1/0s 1%16 1/0s 114 10s 1x8 1/0s
y |
CPUXV2
and
Working
Registers
EEM
(L: 8+2) o
ADC12_A
Tl and RTC_B | oacrz A LCD_B | 6 Channel
JTAG, TAO TA2 TBO 12 bit - REF
P wevee I s oree all oo o 777 200 ksps i 160
WSE?,\QQE MPY32 Timer A || 2Timer A || Timer_B CRC16 Comp_B s ) LZ bit 1 || Reference || segments
5CC each with 7¢C Battery 16 channels Cu anne 5| 15V,2.0V,
N Registers 3cc Registers Backup (12ext, 4 int) || VO"29° O 25V
Pf\“_x Port PJ Registers System Autoscan
x L3 L3 T x

Copyright © 2016, Texas Instruments Incorporated

Figure A.1 — MSP430F6659 Functional Block Diagram [5]

To make this comparison easier, it is a good idea to show the main disparities in a
table:
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Feature MSP430FR6989 MSP430F6659
Power consumption Active Mode: 100 Active Mode: 295
(A/ MHz) Standby Mode: 0.4 Standby Mode: 2.2
Shut-Down Mode: 0.02 Shut-Down Mode: 0.45
CRC 16-Bit and 32-Bit 16-Bit
ADC 12-Bit 12-Bit
Full Speed USB No Yes
RAM FRAM 128 kB SRAM 64 kB / 32 kB
No Yes
4 eUSCI ports 6 USCI ports
USCI Ao and A1 for UART, IrDA and SPI | Ao, A1 and A2 for UART, IrDA and SPI
Bo and B1 for SPI and I2C Bo, B1 and B2 for SPI and 12C
1/Os 10 9
DAC No 12-Bit / 2 Channels
DMA 3 Channels 6 Channels
16-Bit Timer 5 4
LCD 320 segments 160 segments
Clock frequency 16-Bit up to 16 MHz 16-Bit up to 20 MHz
AES Yes No
Comp E B
RTC C B
Internal ar.ld digitally enabled Yes No
capacitors / pull-ups
Extended Scan Interface Yes No
Battery Backup System No Yes
Price (€) 5.89 9.85

Table A.1 — Differences between microcontrollers

Once all these differences have been seen and understood, it is needed to change all
the code related to them. The microcontroller is part of the transmitter. Therefore, all its
code is in implemented in using CCS.
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Appendix B

Blinking Test

B.1 Code and explanation

One of the first tests done is the Blinking Test, focused on making a LED in order
to take control over the PCB. To achieve a good performance here, parameters like
frequency are relevant to control the LED’s timing of . After the code, an is used to
check the correct blinking frequency.

Since the PCB used has five LEDs, the first thing to do is deciding which one will
perform this testing task. As seen in Figure B.1, two LEDs follow the I2C , one follows
the SPI and another is connected to the power supply so it remains switched on all the
time. Hence, the chosen LED is the one flagged as SYSTEM_ON, which is connected to
the 95 of the MCU.
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MSP VCC 3V3

LED I2C EPS LED12C OBC LED SPI SYSTEM ON

R6 R7 R8 R3 R9
330R 330R 330R 1k 330R
0805 0805 0805 0805 0805
D1 D2 D3 D3 D5
R N R e e
Red Red Red Red Red
jp— _]__ p— p— p—
GND GND GND GND GND

Figure B.1 — LEDs system

With the testing LED chosen, the next task to do is to make it . Therefore, a simple
script is written and presented in Listing B.1. To make the comprehension of this code
easier, in Figure B.2 the is shown:

Blinking Test
LED Initialization Turn on LED 4
Delay

Clock Configuration

! !

Turn off LED 4

Turn off LEDs

| !

N Yes Delay
. o Number of
While (1) €< blinks <8

Figure B.2 — Blinking Test Flow Diagram
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int main(void) {

WDICIL = WDIPW | WDIHOID; ///< Stop watchdog timer
int blink; ///< Variable that will increase its value each time the main loop is run

init_LEDs () ; //< Function that initializes the LEDs.
configure_clock(8); ///< Function to configure the clock at 8 MHz.

turnOffLED (LED1) ; ///< Function that turns off the LED1
turnOffLED (LED2) ; ///< Function that turns off the LED2
turnOffLED (LED3) ; ///< Function that turns off the LED3
turnOffLED (LEDg) ; ///< Function that turns off the LED4

for(blink=1;blink <8;blink++) {
turnOnLED (LED4); ///< Function that turns on the LED4
_delay_cycles(8000000); ///< LED on during 8ooooo cycles. This value is used due to the clock is

turnOffLED (LEDg) ;
_delay_cycles (8000000);

}

while (1) ;

Code B.1 — Blinking test main code

at 8 MHz

After stopping the and initializing the LEDs of the PCB, it is necessary to set the
microcontroller’s clock frequency. In this test, the chosen value is 8 MHz, but it can be
another up to 16 MHz, as seen in Subsection 3.1.1.

The following action is to turn off (see Listing B.4) every LED but the one connected
to the power supply just to make the recognition of the blinking LED easier.

Finally, there is a for to turn off and on the LED4 seven times, which are enough
iterations for this test. In this there are two s to keep the current state during 8oooooo
cycles. This value allows to see the blinking during about one second, according to the
clock of the microcontroller.

In this
Listings.

N oUW N R

a
R OO N Ul H W N R

o

code there are some relevant functions that will be shown in the following

void init_LEDs () {

GPIO_setAsOutputPin (LED1) ;
GPIO_setAsOutputPin (LED2) ;
GPIO_setAsOutputPin (LED3) ;
GPIO_setAsOutputPin (LED4) ;
PMM_unlockLPM5 () ;

Code B.2 — LEDs initialization

void configure_clock (int8_t freq){

if (freq == 1)

CS_setDCOFreq (CS_DCORSEL _o,CS_DCOFSEL o) ;
else if (freq == 4)

CS_setDCOFreq (CS_DCORSEL _o,CS_DCOFSEL_3) ;
else if (freq == 8)

CS_setDCOFreq (CS_DCORSEL _o,CS_DCOFSEL_6) ;
else if (freq == 16)

CS_setDCOFreq (CS_DCORSEL_1,CS_DCOFSEL _4) ;

//Set ACIK = VLO with frequency divider of 1

Low Speed Telemetry Link System for CubeSat
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CS_initClockSignal (CS_ACLK,CS_VLOCLK_SELECT, CS_CLOCK_DIVIDER 1) ;

//Set SMCIK = DCO with frequency divider of 1
CS_initClockSignal (CS_SMCLK, CS_DCOCLK_SELECT, CS_CLOCK_DIVIDER 1) ;

//Set MCIK = DQO with frequency divider of 1
CS_initClockSignal (CS_MCLK, CS_DCOCLK_SELECT, CS_CLOCK_DIVIDER 1) ;

Code B.3 — Clock configuration
void turnOffLED (uint8_t port, uint8_t pin)|{

GPIO_setOutputLowOnPin (port, pin);
}

Code B.4 — Turn off LEDs

void turnOnLED(uint8_t port, uint8_t pin){
GPIO_setOutputHighOnPin (port, pin);
}

Code B.5 — Turn on LEDs

All these functions need the s and s of the LEDs in the PCB. Therefore, it is necessary
to define them in the . To find out about the s and s that belong to each LED, see code
Listing B.6.

1| #define LED1 GPIO_PORT_P6,GPIO_PIN1 ///< Port 6, Pin 1

2| #define LED2 GPIO_PORT_P6, GPIO_PIN5
3| #define LED3 GPIO_PORT_P2, GPIO_PIN6

Port 6, Pin 5

>ort 2, Pin 6

4| #define LED4 GPIO_PORT_P10,GPIO_PINo ///< Port 10, Pin o

Code B.6 — LED:s definition in PINMAP

B.2 Results

Once the code is understood, the following step is to see if the results agree with the
expected performance. To do so, watching the ’s output might be a good choice:

MS0-X 4104A, MY53110138: Tue Feb 25 17:57:36 2020

Figure B.3 — Pulse High
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in

Figure B.4 — Pulse Low
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Watching Figures B.3 and B.4, on the one hand the have a width of 995.80 ms. On
the other hand, the have a width of 995.83 ms. This results are the expected because the
clock frequency and the s of in each state have the same value.
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Appendix C

Dummy Packets Sending Test

C.1 Code and explanation

After having taken control over the LEDs, the following step is sending s
successfully. The wanted performance is to a LED when sending a . Furthermore,
another LED will switch on once all the s had been sent.

The script used to do this is shown in Listing C.1, being its in Figure C.1, presented
below the code.

OO ®N AUl W N R

n

int transmission (void) {

WDICIL = WDIPW | WDIHOID; ///< Stop watchdog timer

init_LEDs () ; ///< Function that initializes the LEDs.
configure_clock(8); ///< Function to configure the clock at 8 MHz.

turnOffLED (LED1) ; ///< Function that turns off the LED1
turnOffLED (LED2) ; ///< Function that turns off the LED2
turnOffLED (LED3) ; ///< Function that turns off the LEDj3
turnOffLED (LEDg) ; ///< Function that turns off the LED4

spilnit () ; ///< Function that initializes the SPI protocol
rf4463_init('B"); ///< Function that initializes the RF4463 module
rf4463_enter_standby_mode('B'); ///< Function for entering the standby mode of the RF4463 module.

// Initialization of the buffer with dummy packets
uint8_t+ tx_buf[]={ox11, ox22, 0x33, 0X44, 0X55, 0Xx66};
uint8_t tx_buf_len = sizeof (tx_buf); ///< Buffer length

int pointer=o; ///< Variable that will be increased until the end of the buffer

while (pointer <6) {
rf4463_tx_packet('B', tx_buf[pointer], tx_buf_len); ///< Packet transmission.

turnOnLED (LEDy) ; ///< Function that turns on the LED4

_delay_cycles(4000000); ///< Delay used to keep the LED on for a while to notice about a transmitted
packet

turnOffLED (LEDg) ;

pointer ++;

}

turnOnLED (LED1) ; ///<Switch on a different LED to inform about the end of the transmission
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36 while (1) ;
37

Code C.1 — Transmission of dummy packets

Dummy Packets Test

Definition of dummy
packets

LED Initialization >

=

Clock Configuration

Turn on LED 1

A4

\ 4 A

Turn off LEDs Transmit packet While (1)
SEI. P‘rotqcol Turn on LED 4
Initialization

RF Module Delay
Initialization

RF Module enter
Standby Mode

—  Turnoff LED 4

Figure C.1 — Dummy packets Test Flow Diagram

Beginning just like the Blinking Test script explained in Appendix B, after initializing
the LEDs and the microcontroller’s clock, it is needed to initialize the RF module.
Firstly, using the spilnit() function (see Listing C.2), the SPI is set in the
microcontroller. The next steps are to initialize the RF module and to enter in the
standby mode to save energy. For these actions, functions rf4463_init() and
rf4463_enter_standby_mode() have been used, respectively. Both have as input the slave
that the s are being sent to. This input can be “B” ( Module) or “T” ( Module). In this
case, the selected slave is the Module.
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Next, s that will be transmitted are defined. Hence, a vector with s is created. Since
this is a simple test, six s are enough to check if the transmission is being performed.
The following line just establishes the length of the , parameter that will be useful after.

For the transmission of the s, the function needed is rf4463_tx_packet, shown in
Listing C.5. Using a while condition, the s will be released until the end of the . After
every sent , LED4 will to notice the user. Through the same technique used in the
blinking test, keeping s between turnOnLED and turnOffLED functions, this
performance can be achieved. However, this time shorter s are set up to make this test
quicker. Finally, when every has been sent, LED1 turns on.

All these functions that have been used can be seen followingly:

1| void spilnit () {
2 // Configure pins
3 GPIO_setAsOutputPin (SDN_B) ;
4 GPIO_setAsInputPin (nIRQ_B) ;
5 GPIO_setAsOutputPin (GPIOo_B) ;
6 GPIO_setAsOutputPin (GPIO1_B) ;
7
8 GPIO_setAsOutputPin (SDN_T) ;
9 GPIO_setAsInputPin (nIRQ_T) ;
10 GPIO_setAsOutputPin (GPIOo_T) ;
11 GPIO_setAsOutputPin (GPIO1_T) ;
12
13 GPIO_setAsOutputPin (RF_SS_T) ;
14 GPIO_setAsOutputPin (RF_SS_B) ;
15 GPIO_setAsPeripheralModuleFunctionInputPin (RF_MOSI,
16 GPIO_PRIMARY_MODULE_FUNCTION) ;
17 GPIO_setAsPeripheralModuleFunctionInputPin (RF_MISO,
18 GPIO_PRIMARY_MODULE_FUNCTION) ;
19 GPIO_setAsPeripheralModuleFunctionInputPin (RF_CLK,
20 GPIO_PRIMARY_MODULE_FUNCTION) ;
21
22 GPIO_setAsPeripheralModuleFunctionOutputPin (EPS_SDA,
23 GPIO_PRIMARY_MODULE_FUNCTION) ;
24 GPIO_setAsPeripheralModuleFunctionOutputPin (EPS_SCL,
25 GPIO_PRIMARY_MODULE_FUNCTION) ;
26
27 GPIO_setAsPeripheralModuleFunctionInputPin (OBC_SCL,
28 GPIO_PRIMARY_MODULE_FUNCTION) ;
29 GPIO_setAsPeripheralModuleFunctionInputPin (OBC_SDA,
30 GPIO_PRIMARY_MODULE_FUNCTION) ;
31 PMM_unlockLPMs5 () ;
32
33 //Initialize Master
34 EUSCI_A_SPI_initMasterParam param = {o};
35 param. selectClockSource = EUSCI_A_SPI_ CLOCKSOURCE_SMCLK;
36 param. clockSourceFrequency = CS_getSMCLK() ;
37 param. desiredSpiClock = 1000000;
38 param . msbFirst = EUSCI_A_SPI_MSB_FIRST ;
39 param. clockPhase = EUSCI_A_SPI PHASE_DATA_CHANGED_ONFIRST_CAPTURED_ON_NEXT;
40 param. clockPolarity = EUSCI_A_SPI_CLOCKPOLARITY_INACTIVITY_LOW ;
41 param.spiMode = EUSCI_A_SPI_3PIN;
42 EUSCI_A_SPI_initMaster (EUSCI_A1_BASE, &param) ;
43
44 GPIO_setOutputHighOnPin (SDN_T) ;
45 GPIO_setOutputHighOnPin (SDN_B) ;
46
47 EUSCI_A_SPI_initMaster (EUSCI_A1_BASE, &param);
48 EUSCI_A_SPI_enable (EUSCI_A1_BASE) ;
49|}
Code C.z2 — SPI Protocol Initialization
1| uint8_t rfg4463_init(char slave){
2 // 1 need to init SPI protocol outside this function
3
4 // Reset the RF4463
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5 rf4463_power_on_reset(slave);

6

7 // Registers configuration

8 rf4463_reg_config(slave);

9

10 rf4463_clear_interrupts (slave);
11

12 // Set max. TX power

13 rf4463_set_tx_power(slave, 127);
14

15 // Check if the RF4463 is working
16 if (rfq463_check_device(slave) == STATUS_SUCCESS) {
17 return STATUS_SUCCESS;

18 }

19 else {

20 return STATUS_FAIL;

21 }

22| }

Code C.3 — RF Module Initialization
1| bool rfq463_enter_standby_mode (char slave) |
2 uint8_t data = oxo1;

3
4 return rf4463_set_cmd (slave, RFg463 CMD_CHANGE STATE, &data, 1);
5}

Code C.4 — RF Module Standby Mode
1| bool rfq463_tx_packet(char slave, uint8_t +data, uint8_t len){
2 // Setting packet size
3
4 rfg4463_fifo_reset(slave); // Clear FIFO
5 rfq463_write_tx_fifo(slave, data, len);

6 rf4463_clear_interrupts(slave);

7

8 uint16_t tx_timer = RF4463_TX_TIMEOUT;

9

10 uint8_t time;

11

12 rf4463_enter_tx_mode (slave);

13

14 while (tx_timer ——) {

15 if (rfg463_wait_nIRQ (slave)) { // Wait packet sent interruption
16 return true;

17 }

18

19 __delay_cycles(2000);// Should be around 10 us
20 }

21

22 // 1f the packet transmission takes longer than expected, resets the radio.
23 rf4463_init(slave);

24

25 return false;

26| }

Code C.5 — Transmission of packets through RF Module

Functions for turning the LEDs on and off are explained in Appendix B.

C.2 Results

There are two ways to check that the s have been released. The first one is connecting
the blinking LED to the . Every time a is released, the will perform a (Figure C.2). The
second way is receiving the s using a simulated on (Figure C.3) connected to a SDR.

This result is the expected. After transmitting a , there is a in the LED with a
duration of almost 0.5 seconds. This is because of the relationship between the values
of the microcontroller’s clock frequency and the . The clock is set up at 8 MHz, while
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Figure C.2 — Packets released

the is at 4 MCycles. Taking into account this, it is understandable that the lasts for half
a second.
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Figure C.3 — Packet reception on GNU Radio

As seen in Figure C.3, six s have been received in the simulated . These s are translated
as six higher frequencies in the (in green).
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