Cosmic Ray Data Acquisition Using Arduino Mega and Raspberry Pi
Revision date 5 -3-2025

Junjle Chen, Rad|d®_gd/y,a‘z'r _ ‘: Kim, Ul
QCC PhyS|cs Depalctment

Mentor R. Armendariz



Table of Contents

EXPDEIIMENT OVEIVIEW  eeitttteeeneeeeeeeeeesssnssssssssesseessssasssssssssssssesssssssssssssssssssssssssssssssssssscessnns

HardWarE OVEIVIEW ..eeeeeieeeeeeeeeeeeeeeeeseesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnns

Setting Up Putty fOr Data EXIFACHION .ivriieiieieeeeeseeeesosessssssessssssssssssssessssssessssssssssenses

Data ANalySIS USING EXCEI  uuueiiiiiiiiiiiiii ittt ieiiieeeenaeeeeeanneeeeannnesecasnnseecannnsseanns

Arduino Timer TeSHNG W/ PUISE GeNEIALOr ciiuiiiiitieeeeteeeenesaeessssssesssessesssessssssssssesssssnns




Table of Contents

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000



Introduction

Cosmic Ray Data Acquisition Using
Arduino -Based Systems




Cosmic Rays

Cosmic rays argigh-energy particles from outer spacinat travel through the universe and strike the Earth's
atmosphere. Despite the name, they are not rays (like light rays), but rathetomic particles mostlyprotons.

Galactic Sources of Cosmic Rays

Supernovae Pulsars Black Hole Accretion Disks

Figure 1.1 Figure 1.2 Figure 1.3



Muons o Subatomic Particles

When cosmic ray protons strike atmospheric molecules on Earth, they trigger air showers that produce secondary
particles, which quickly decay into muons and neutrilrdsons, fast and weakly interactive with matter, reach the
ground andare the main particles detected by the cosmic ray detectoissed in our experiment. The higher the

energy of the original cosmic ray, the more extensive the air shower and the greater the number of secondary
particles produced.

Primary cosmic rays — 30
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Cosmic Ray Detector

Whena muon passes through the scintillation material in the detectdrinteracts with the atoms in the material,
transferring energy to them. This energy excites the electrons in the atoms, causing them to jump to a higher ener
state. When these electrons return to their lower energy stétey release the excess energy in the form of

photons (light) Theamount of light emitted is proportional to the energy deposited by the muas it passes
through the material.

Figure 3.1 0 Cosmic ray detectors
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Photomultiplier Tubes

The photomultiplier tubes (PMTSs), which receive the photons generated by the scintillator material, are responsible fdimgpnve
it into a measurable electric current.

Conversion of Light to Electrical Signal in the PMT

Whena photon reachesthe photocathode of the PMT, it ejectsan electronthroughthe photoelectriceffect. Thiselectron
isthen acceleratechn

d directedtoward a seriesof electrodescalleddynodesinsidethe PMT At eachdynode,the electrontriggersthe releaseof
additionalelectronsuponimpact,creatingan amplified cascadehat greatlymultipliesthe originalsignal

Theresultinglarge pulseof electronsis collectedat the anode,which servesasthe final electrodein the chain Theanode
gathersthe multiplied electronsand convertsthem into a measurableelectricalcurrent.

Figure 4.1 (Drawings not to scale)
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Cosmic Ray Detector Setup

As you may have noticed from the diagram, our detectors are stacked two

high, one directly above the other.

Coincidence Detection W

Stacking detectorss a method used facoincidence detectionmeaning that only
particles that pass through both detectors at nearly the same tirtiiee fastmoving
muong are counted.

This setup helpSlter out random noiseemitted by the PMTs and background
radiation, which usually only trigger one detector at a time. A connected signal
processing module checks for matching signals in both detectors and ignores
anything that doesn't occur in coincidence, making the data much more reliable.

Figure 5.1 0 Cosmic Ray Detectors (QCC Lab)



Signal Processing Module

Once the signal processing module obtains a signal from the PMTs{thireasnain functions

Signal Amplification: ) zi cAAU sSsECI UEET Ag
Amplifies the weak output signal generated by the photomultiplier tube |
(PMT). o (N A A f 1 |4
o el i3 == 8 %
8 | 1 1

Pulse Shaping: ) T e — - '-! —w
The voltage pulses from the PMT are extremely brigfly about 20 to 40 W >
nanoseconds wide. To accurately measure their peak voltage, each pulse i ~§*\ g

stretched using an RC integrator circuit with an operational amplifier (op
amp). This makes the pulse easier to analyze and measure.

Filtering and Noise Reduction: W

The signal processing module compares the signals from the two stacked
detectors. Because valid cosmic ray events (like passing muons) trigger bot
detectors at nearly the same time, the system uses this coincidence to filter ,

i o= ) ] Figure 6.1
out random noise or background radiation, which typically only affects one
detector.

10



Arduino Microcontroller

Thefinal destinationof the signal generated by the muon is the Arduino Microcontroller and it is responsible for:

Analog to Digital Conversion: W

When a muon passes through the detectors, it produces an electrical L . .
pulse. This pulse is an analog voltage that can range from just a few EOhi AC _ilE
millivolts to several volts. The exact size depends on how many muons
passed through and how close they were to the photomultiplier tube
6taclb AYAaAARS UKS RSUSOU2N» {AyOS
signals directly, it uses a part calledaralogto-digital converter (ADC) §
to change the voltage into a binary number. This digital number lets the

Arduino read, process, and store the data from each muon event.

Event Logging & Timestamping: W

Each time the Arduino detects a muon, it also records the exact time it
happened. This is callgémnestamping Timestamping is important
because it lets us track when the muons are detected, how often they Figure 7.1
appear, and if there are any patterns over time.
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Applications

Intercollegiate Detector Network W

In collaboration withcollegeswe plan to create a muHpoint
detection array capable of capturing wideea cosmic ray
events.

Measuring Air Shower Size and Structure W

By comparing muon detections across multiple detectors in
different boroughs, we can estimate the lateral spread and
Intensity of an air shower. Larger showers correlate with more
energetic cosmic rays, helping us characterize the original
event, or source of the cosmic ray.

Estimating Primary Cosmic Ray Energy W # _
The size and density of detected muon showers serve as indire€t -“ . ' |
- oY Y ¥ = . A X o i ergi g we can gener ce ~
A YRA O = N:BT' =z 1 _K_ = LJ!\IJ\ _Y I_ Nfb 02 gfr?érzg%rs Illﬁﬁth:éal%% had%yﬁjg;ﬁsn%&@ ng tgem a%e% %eS‘I R R S
shower suggests a highenergy origin, possibly indicating ulkra  fundamental physics at extreme energies, possibly revealing new partlcles or
high-energy cosmic rays (UHECRS). interactions
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Module |

Hardware Overview



What 1s Arduino?

Arduino is an opefsource electronics platform that combines hardware and software to create interactive projects.
It utilizes a variety of microcontrolldyased boards, which can be programmed using the Arduino IDE (Integrated
Development Environment), a software application where you write the code that tells the Arduino what to do.

Software Hardware

Instructions o -

/)| .. =B
Data

=0
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Hardware Overview

2dzNJ FANBG ad0SL) aK2dzZ R 6S G2 FlLEYAfAFNRIS @2dz2NESE T ¢
function of each component is important for resolving troubleshooting issues and designing effective circuits. It als

helps prevent damage by ensuring safe connections and simplifies the integration of components into your project:

Hardware :

- Arduino Mega 2560

- Adafruit LED Backpack Counter

- Adafruit BMP280 Pressure and Temp. Sensor
- Adafruit Ultimate GPS Breakout v.2

Ultimate GPS -

[ J
w® Breakout v3
& o5
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Microcontroller

Arduino Mega 2560

The Arduino Mega 2560 is a type of microcontroller, Microcontrollerc Arduino Mega 2560
which is a small computer on a single circuit board. It
IS used to control various electronic devices and
projects. Imagine it as the "brain" that tells other
parts what to do.

| SNFQa K2¢g A0 62NJay
Anputs: It can take signals from sensors (like a
temperature sensor or a GPS chip) that provide
information.

ArocessingThe Arduino uses this information to
make decisions based on a program (set of “Beor & mere deieallled deseil il emns
instructions) that you write in your code. pin functions, please refer to the appendix.

KOutputs: After processing the inputs, it can control

things like lights, motors, or sounds by sending

signals to them.
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Temp. & Pressure Sensor

Adafruit BMP280 o Barometric Pressure and Temperature Sensor

The BMP280 sensormeasuresthe temperature and
barometric pressure of the surrounding air or
environment in which it is placed It detects the
ambienttemperature and the atmosphericpressure
and is responsible for sending that data to the
microcontroller

mm
-
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LED Backpack Counter

Adafruit LED Backpack Counter

TheAdafruit LEDBackpaclCounteris a small,readyto-use
displaythat showsnumbers(and sometimesletters) on its
LEDdigits. It's perfect for projects where you need to
display things like scores, timers, counters, or other
numericaldata.

-0

(" — -V

0.56" 7-segment LED HT16K33 Backpack
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GPS Module

Adafruit Ultimate GPS Breakout v.3

The Adafruit Ultimate GPSBreakout v3 is a compact GPS
moduledesignedfor accuratelocationtrackingand navigation
It integrateseasilywith microcontrollersand offers a variety of
featuresto enhanceprojectfunctionality.

A Accurate GPSData Providespreciselocation information,
including latitude, longitude, and altitude. Speed and
Direction Calculatesspeed and movement direction for
navigationpurposes

A NMEAOutput: Outputsdata in standardNMEAformat for
easy integration with microcontrollers like Arduino or
RaspbernpPi

A Timekeeping Offers accurate time data based on GPS
signalsjncludingUTC(CoordinatedJniversalTime)

A Battery Backup Includes a battery backup option to
maintainreaktime clockand satellite information, ensuring
faster GPSixesafter powerloss

19



Module I

Software Overview 0 Arduino IDE



Arduino IDE

Arduino IDE (Integrated Development Environment)

Nowthat we havebeenintroducedto the hardwareg S @dwbrkingwith, let usdiscusghe software

15t Step:Plug in the USB Type B cable into the Arduino board and the comput:
This will allow you to communicate to the microcontroller from your computer
and viceversa.

21



Arduino IDE

Arduino IDE (Integrated Development Environment)
2nd Step:Find the icon on your desktop to open up the Arduino IDE.

Thecodeyou write in the ArduinoIDEis calleda sketch and the Arduino compilerwithin the programhandlesall the
setupto convertit into machinelanguageor the microcontroller It utilizesa simplifiedsubsetof C++with a few custom

librariessimplifyingC++o0 be more accessibldor prototypingand hardwareinteraction
22



& sketch_oct30b | Arduino IDE
File Edit Help

Auto Format

Check for proper board selection:

Arduing Uno

Arduino Uno Mini

1. Navigate to the toolbar and select

Arduino

Arduina M or Mec TO O I S
Arduina LR

Arduino Leon,

Arduino Leon

T 2. Go toBoards> Arduino AVR Boards

Arduina b
Arduino Ethernet
Arduina Fio

3. Select the model of the board you

Lily Arduino U

are using. In this case, it is the

Arduino

Arduino Megaor Mega 2560.

Arduino Ro

Arduino Ro

Arduino Gemma

ruit Circuit Pl
Arduina Yin Mini
Arduino Ind ial 101
Linin

Arduina Un

Ln1,Col 1 Arduino Mega a5 Mega 2560 on COM1 [}




Check for proper port selection:

1. Navigate to the toolbar and select
Tools

(Mega 2560)

2. Go toPorts

3. Select the COM port that shows the
model of your microcontroller
alongside it.

*** Qccasionally, the security software installed on campus computers will flag the Arduino, blocking its
connection. If you have connection issues with the Arduino board, try closing the IDE, unplugging the bo:
and reconnecting it. Using the reset button on the Arduino board may also help.

Ln1,Col1 Arduino Mega or-Mgga 2560 on COM10 [}




{ Arduino Mega or Meg... ~

sketch_oct30b.ino
setup() {

loop() {

Opening the Serial Monitor:

Now that you have your board and port
properly selected in the application, let
us bring up ouerial Monitowithin

the program. Two ways to bring it up
are circled here.

Ln8,Col 1 Arduino Mega or Megg 2560 on COM10 0} B
-




& sketch_oct30b | Arduino IDE 2.3.3

File Edit Sketch Tools Help

{ Arduino Mega or Meg... ~

ey What is the Serial Monitor:
i 1. Displays Outputtt shows the data sent from the Arduino board to your computer,
it your allowing you to monitor sensor readings, status messages, and other output. _

2. Send InputYou can send data from your computer to the Arduino by typing in the
input box and pressing Enter to send. This is useful for controlling your program or
changing parameters on the fly.

3. Baud Rate ConfiguratiorYou can set the baud rate, which determines how fast data is
transmitted between the Arduino and your computer. Both the Serial Monitor and the
Arduino need to be set to the same baud rate for proper communication.

¥ 0 =
New Line = H 115200 baud ~

Serial Monitor

Ln8,Col 1 Arduino Mega or Megg 2560 on COM10 [} B
\J




Module Il

BMP 280 Sensor Test:
Ambient Pressure, Temperature & Altitude



ct30b | Arduine IDE 2.3.3

Sketch Tools Help

¢ Arduino Mega or Meg... ~ N o
_-:mlSi]b.incSJ‘e:uIJ(JI {
BMP 280 Sensor Test
}
100p() { Let us experiment with this using the microcontroller and the BMP280 sensor. Before
8 we begin, make sure that you have the proper libraries installed so that the IDE can N

understand the code we have scripted for you.

Start by clicking on thkibraryicon in the left hand column.

Serial Monitor

¥ 0 =
New Line = H 115200 baud =

Ln8,Col 1  Arduino Mega or Megg 2560 on COM10 [} B
O



Oc | Arduino IDE 2.3.3

Sketch Tools Help

‘ ¢ Arduino Mega or Meg... ~ ‘ N o
LIBRARY MANAGER sketch_oct30c.ino
| | 1 setup() {
Type:
Topic )

[I]h loop() {

AlPIc_Opta by Arduino

Arduine IDE PLC runtime library for Arduino Opta
This is the runtime library and plugins for !
supporting the Arduino Opta in the Arduino PLC...

BMP 280 Sensor Test

:':U'i‘n-:l";;’c:"u“;n’;"mmmum It should open up th&ibrary Managewhere you can install and remove libraries of

s o . code from the IDE. For our purposes, we need to find the library made for our

o particular component, which is the Adafruit BMP 280 Temperature and Pressure
Sensor

Arduino Cloud Provider Examples by

In the search bar, type in Adafruit BMP280.

Examples of how to connect various Arduino
boards to cloud providers

Arduino Low Power by Arduino

Power save primitives features for SAMD and
NRF52 32bit boards With this library you can
manage the low power states of newer Arduino...

Arduino SigFox for MKRFox1200 by

Helper library for MKR Fox 1200 board and
ATABS8520E Sigfox module This library allows

Ln1,Col1 Arduino Mega or-Maga 2560 on COM10 L}




Oc | Arduino IDE 2.3.3

Sketch Tools Help

‘ ¢ Arduino Mega or Meg... ~ ‘ N o
LIBRARY MANAGER sketch_oct30c.ino
|adafruit bmp280| | il setup() {
Type:
Topic )
loop() {

Adafruit BMP280 Library by Adafruit

Arduino library for BMP280 sensors. Arduino library
for BMP280 pressure and altitude sensors. !

BMP 280 Sensor Test

Install the library ensuring it matches the one shown here. If you only see an option to
NEBY2@0S A0 GKSY AdQa FfNBIFIRe AyaidlrffSR FyR ¢

***You should receive a prompt once you clicistall Make sure to seledhstall All
when asked.

Install library dependencies X

The library Adafruit BMP280 Library:2.6.8 needs some other dependencies currently not installed:

- Adafruit BuslO
- Adafruit Unified Sensor

Would you like to install all the missing dependencies?

( INSTALL WITHOUT DEPENDENCIES ) ( )

Ln1,Col1 Arduino Mega or-Maga 2560 on COM10 [}
\J




BMP 280 Sensor Test

Using the breadboard

Whilethat isinstalling,let usconnectour Arduinoto the BMRP280 Sensar

1. Connectthe BMP280 Sensoto the breadboard

2. To connectthe BMP280 to the Arduino, the jumper wire must be placedinto the breadboardslot next to the
a Sy aphNIQa

3. Onceyour jumperwiresare connectedto the BMP280, makethe following connectiongo the Arduina

Connections — —
i
(Power) 5V ::; == '
(Power) GND GND =4 ‘& o
(PWM) Pin 10 CS s O -
(PWM) Pin 11 SDI = = || tne made aier |®
(PWM) Pin 12 SDO 0C -

(PWM) Pin 13 SCK

Sill



BMP 280 Sensor Test

Setup
Hereis what your setupshouldlook like!
Connections
(Power) 5V VIN
(Power) GND GND
(PWM) Pin 10 CS
(PWM) Pin 11 SDI

(PWM) Pin 12 SDO
(PWM) Pin 13 SCK




BMP 280 Sensor Test

Now that our hardware is properly connected, let us return back to the IDE and open up a
prewritten code to test the sensor. Go to:

File> Examples> Adafruit BMP280 Library BMP280 Test

**This will open up a new window containing prewritten code.

Serial Monitor

¥ 0 =
New Line - H 115200 baud -

Adafruit Unified
RTClib
sD

TimerQOne
Ln1,Col1 Arduino Mega or Megg 2560 on COM10 [} B



| Arduine IDE2.2.3

File Edit Sketch Tools Help

{ Arduino Mega or Meg... ~

bmp28&0test.ino

BMP 280 Sensor Test

& RSTldzZ 6 GKSNB Aa &az2yY$S O2RS GKIFO A
beginning the line with a double forward slash (i.e. //), effectively disabling it.
For our purposes here, we will need to enable them.

Navigate to the text highlighted here.
#include <ire.h> Add // to the beginning of the first line, disabling it, and remove the // from

P N the third line to enable that one.

#define BMP_SCK (13)
#defi MISO (12)

" oo et (10) Leave the second line alone.

a
#define BMP_CS  (18)

27 Adafruit_BMP286 bmp;

Adafruit_BMP28@ bmp(BMP_CS); hardware SPI
Adatruit_BMP286 bmp(BMP_CS, BMP_MOSI, BMP_MISO, BMP_SCK);

setup() {
Serial.begin(9660) ;
while { !Serial )} delay(1€@);
Serial.println(F("BMP280 test"});
status;

status = bmp.begin();
if (!status) {
Serial.println(F("Could not find a valid BMP28@ sensor, check wiring or "
"try a different address!™});
Serial.print("SensorID was: 8x"}; Serial.println(bmp.sensorID(),16);

Serial.print(” ID of ©xFF probably means a bad address, a BMP 180 or BMP @85%n");
serial.print(” ID of @x56-8x58 represents a BMP 288,\n"};

Serial.print(” ID of Bx68 represents a BME 288.%\n"};

Serial.print(” ID of ©x61 represents a BME 688.%\n"};

while (1)} delay(1@);

b

Ln 27, Col 28  Arduino Mega orMgga 2560 on COM10 L)




| Arduine IDE2.2.3

File Edit Sketch Tools Help

¢ Arduino Mega or Meg... ~ 3 O

# Reminder: You can use the button in the top right to pull up the serial monitor.

bmp28&0test.ino

#define BMP_SCK (13)
#define BMP_MISO (12)

ptine o vost () BMP 280 Sensor Test

Note that thebaud rateselected in the serial monitor must match thaud rate
defined in the code, otherwise your results will be off.

Adafruit_BMP28@ bmp(BMP_CS, BMP_MOSI, BMP_MISO, BMP_SCK);

setup() {
32 - -Serial.begin{960@);
while { !Serial ) delay(18&);

seralprincn(r("oe280 test): So open up the serial monitor again, and make sure you have 9600 baud selected
status - bap. e The baud rate in the sketch is defined by the code:
if (!status) { Serlalbeg|m9600),

Serial.println{F("Could not find a valid BMP28@ sensor, check wiring or "
"try a different address!"});
Serial.print("SensorID was: 8x"}; Serial.println(bmp.sensorID(),16);

serial.print(" ID of exFF probably means a bad address, a BMP 188 or BMP 885\n");:
Serial.print(” ID of @x56-Bx58 represents a BMP 288,\n");
Serial.print(” ID of ©x6@ represents a BME 288.%\n"};
Serial.print(” ID of Bx61 represents a BME 688.%\n"};
while (1} delay(18};
}

bmp. setSampling(Adafruit_BMP28©: :MODE_NORMAL,

Serial Monitor x

v
New Line i” 9600 baud -

Ln 32, Col1 Arduino Mega or Megg 2560 on COM10 1 B




| Arduino IDE

h Tools Help

¢ Arduino Mega or Meg... ~ N o

wnp280tesiino

#define BMP_SEK_ (13)
#define BMP_MISO (12)
#define BMP_MOST (11)

BMP 280 Sensor Test

Adafruit_BMP28@ bmp(BMP_CS, BMP_MOSI, BMP_MISO, BMP_SCK);

setup() {

Now, let us run the code and test to see if component is reading properly.
Click on the check mark to compile the code, which also checks for errors.

32 | -serial.begin(9600); Once cleared, hit the forward arrow to run the code.

while { !Serial ) delay(1€8);
Serial.println(F("BMP288 test"}); m

status =

status;

bmp.begin();

if (!status) {

Serial.

Serial.
Serial.
Serial
Serial
Serial.

println(F("Could not find a valid BMP28@ sensor, check wiring or "
"try a different address!"});
print("SensorID was: ©x"); Serial.println{bmp.sensorID(),16);

print(" ID of exFF probably means a bad address, a BMP 188 or BMP 885\n");:
.print(" ID of @x56-Bx58 represents a BMP 288,\n");
.print(” ID of ©x6@ represents a BME 288.%\n"};
print(" ID of Bx61 represents a BME 688.%\n"};

while (1} delay(18};

b

bmp. setSampling(Adafruit_BMP28©: :MODE_NORMAL,

Serial Monitor x

¥ 0=

New Line "|9600baud -

Ln 32, Col1 Arduino Mega or Megg 2560 on COM10 0 B
\J



| Arduine IDE2.2.3

File Edit

Sketch Tools Help

{ Arduino Mega or Meg... ~

bmp28&0test.ino

#include <Wire.h>
#include <SPI.h>
#include <Adafruit_BMP288.h>

#define BMP_SCK (13)
#define BMP_MISO (12)
#define BMP_MOST (11)
#define BMP_CS  (18)

Adafruit_BMP28@ bmp(BMP_CS, BMP_MOSI, BMP_MISO, BMP_SCK);

38

setup() {
Serial.begin(9660) ;

Serial Monitor % Output

BMP 280 Sensor Test

The code is read by the Arduino which communicates withstreseoy returning
the results as seen below in your serial monitor displaying the temperature,
pressure, and altitude of your location.

Once successful, move on to the next slide to begin our next component test.
***The most common issues arise from not having the correct COM port selected.
LT &2dzONB KI @Ay3I (NRBdzof S R2dzof S OKSO]

resetting the Arduino board by pressing the button near the USB port on the
microcontroller.

¥ O

New Line - H 9600 baud -

18

18:
18:
18:
18:
18:

18

18:
18:

18

X¥0:57:32.244 —> Pressure = 102000.42 Pa

:57:32.276 —> Approx altituode = -56.08 m
57:32.319 —>

57:34.244 —> Temperature = 22.68 *C
57:34.277 —> Pressure = 102000.25 Pa
57:34.277 —> Approx altitude = -56.07 m
57:34.312 —>

:57:36.259 —> Temperature = 22_68 *C
57:36.292 —> Pressure = 102000.5% Pa
57:36.292 —> Approx altitude = -56.10 m
SE3:36.331 —>

Ln 30, Col 1 Arduino Mega or Mega2?560 on COM10 22 B




BMP 280 Sensor Test

ldentifying Data Transmission Speed

Thereare afew piecesof informationyou cangatherfrom this test:
(a)temperature,pressure andaltitude of your location

(b) the length of time it takesto senda setof data (temperature,pressure & altitude)
(c) how often it sendsthis data

18:57
1R =57
18:57
18:57

18:57:36.

18:57

18:57:3
18:57:3
18:=57=37 _
18:57:3
18 =573

2.244 —>
2.276 —>
319 —>
4.244
277 —>
=34.277 >

=24 312 3

Pressure = 102000.42 Pa
Approx altitude = —-56.08 m

Temperature = 22.68 *C
Pressure = 102000.25 Pa
Approx altitude = —-56.07 m

> Temperature = 22.68 =*=C

> Pressure = 102000.5% Pa

> Approx altitude = -56.10 m

Tofind (b) the length of time it takesto senda setof data (transmissiorspeed),
subtractthe timestampsof the first andlastdatapointsfrom the set (1 from 2)

34277C 34244 :.033econds to transmit a complete set of data (33 ms

N

Tofind (c) how often it sendsdata (transmissiorrate), subtractthe timestamps
of the first itemsfrom two consecutivesetsof data. (1 from 3)

36259C 34.244 = 2.01%econds between data transmissior

*** Recordboth the transmissionspeedand rate for your sensor Keepit loggedin a file for your workstation for
future reference

38



Module IV

LED Backpack Counter Test
w/ Arduino Generated Pulses



| Arduino IDE

File Edit h Tools Help

‘ ¢ Arduino Mega or Meg... ~ ‘ N o

LIBRARY MANAGER bmp280test.ino
Tipe: | .
Topic !

AlPIc_Opta by Arduino

17}
1]

Arduing!DE PLC runtime library for Arduino Opta
This is the runiime library and plugins for
supporting the Arduine Opta in the Arduino PLC...

open source code,

| LED Backpack Counter Test ]

:,':U'fn‘:l':;iffn;;i,ibramom,dmm ok To begin testing this component, we must make sure the proper libraries are installed,
Korary and plugins for supporting the Arduin.. e - just as we did for the sensor. Open up the library manager again, by clicking on the

28 #include <Adafs 2

2 icon in the panel to the left.

E #define BMP_

24 #define BMP

i cloud Provid | - werne o 1N tHE S€arch bar, type in Adafruit LED Backpack Library.
Arduino Cloud Provider Examples by

Arduino 20

7
!
wn

/jests time and resources providing

120

[

Examples of how to connect various Arduino

boards to cloud providers - W
26 Ada-Fru1t BHPQS@ bl‘l‘lp(Bf"lP CS, BMP_MOSI, BMP_MISO, BMP_SCK);

_C5); hardware SPI

3e
121 31 setup() {

32 Serial.begin(966@);

Serial Monitor % Output ¥ @O =

Arduino Low Power by Arduino New Line - H 9600 baud -
Power save primitives features for SAMD and STt S=m—====  ===== =
nRF52 32bit boards With this library you can 19:36:07.174 -> Pressure = 1019681.96 Pa
manage the low power states of newer Arduino... 19:36:07.207 —> Approx altitude = -54.55 m

19:36:07.247 —>
19:36:09.167 -> Temperature = 22.46 *C

122 19:36:09.167 —-> Pressure = 101581.96 Pa
19:36:09.199 -> Approx altitude = -54.55 m
19:36:09.233 —>
19:36:11.178 -> Temperature = 22.46 *C

Arduino SigFox for MKRFox1200 by 19:36:11.211 —> Pressure — 101981.78 Pa

Arduino 19:36:11.211 -> Approx altitude = —-54.54 m

Helper library for MKR Fox 1200 board and 19:36:11.245 —>

ATABS8520E Sigfox module This library allows

Ln 30, Col 1 Arduino Mega or Mega2560 on COM10 22 38




File Edit

| Arduino IDE
h Tools

Help

I3

‘ { Arduino Mega or Meg... ~

LIBRARY MANAGER
adafruit led backpack

Type: [Al v
Tomisl Al v

Adafruit LED Backpack Library by
Adafruit

Adafruit LED Backpack Library for our 8x8 matrix
and 7-segment LED backpacks Adafruit LED
Backpack Library for our 8x8 matrix and 7-segme...

151 «

bmp2&0test.ino

rf

These s

he Adafruit BMP28@ B

e sensor

Breakout

LED Backpack Counter Test

Trom Adar

FFFLT

#include <Wi

#include

#include <Adaf:

#define BMP_SCK (13)
#define BMP_MISO (12)
#define BMP_MOSI {11)
(10)

#define BMP_CS

fr B EMP CS5):
La)s

p(BMP_CS, BMP_MC

Adafruit_BMP28@ bm

1 setup() {

32 Serial.begin(966@);
Serial Monitor »  Output
19:36:07.174 —> Pressure = 101981.96 Pa
19:36:07-207 -> Approx altitude = -54.55 1
19:36:07.247 —>
19:36:09.167 -> Temperature = 22.46 *C
19:36:09.167 —> Pressure = 101981.96 Pa
19:36:09.199 -> Approx altitude = -54.55 m
19:36:09.233 —>
19:36:11.178 -> Temperature = 22.46 *C
19:36:11.211 —> Pressure = 101981.78 Pa
19:36:11.211 -> Approx altitude = -54.54 m
19:36:11.245 —>

ez2dz 2yt e
< and you can skip this step.

Install library dependencies

.-, Once clickingnstall,& 2 dzQ f f

Ve

6S YSi

- to hit Install Allfor this one again.

asSs

gAl0K

X

The library Adafruit LED Backpack Library:1.5.1 needs some other dependencies currently not installed:

- Adafruit BuslO

- Adafruit GFX Library
- Adafruit GPS Library
- Adafruit IL19341

- Adafruit SH110X

- Adafruit STMPEG10

- Adafruit TSC2007

- Adafruit TouchScreen
- RTClib

-SD

- WaveHC

Would you like to install all the missing dependencies?

( INSTALL WITHOUT DEPENDENCIES ) (

'y 2LIA2Y

0 2

LINE Y LJi

NBY2@S

0 2

(ani-N

AY &

[@n-N
A
0p)

¥ 0=

H New Line

v H 9600 baud v

Ln 30, Col 1
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LED Backpack Counter

Testing the LED Backpack Counter

1. Now,let usconnectthe LEDBackpaclkounterto the breadboardasyoudid with the sensor

2. Toconnectthe LEDBackpaclCounterto the Arduino,the jumperwire mustbe placedinto the breadboardslot next
tothed Sy aph.NXQ &

3. Connecta jumper wire to each of the pins on the counter Onceyour jumper wires are connectedto the LED
BackpaclkCounter,makethe following connectiongo the Arduina

Connections
(Power) 5V +
(Power) GND -
(Comm) SDA D
(Comm) SCL C

*** |n parenthesesare the sectionsof the Arduinoin whichthosepinsare located
*** TheLEDg 2 ylighiiup until yourun the code
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LED Counter
+.
D
C
Dg 2 ylight up until

Connections

Arduino
(Power) 5V
(Power) GND
(Comm) SDA Pin 20

Hereis what your setupshouldlook like!
(Comm) SCL Pin 21

Setup

*Keepin mind your LE
yourunthe code




wrduine [DE

¢ Arduino Mega or Meg... ~ N o

m SKETCHBOOK bmp28&0test.ino

Testing the LED Backpack Counter

22 #define BMP_SCK (13)

23 #define BHP_MISO (12) 1. Clickon the sketchbookiconin the left hand paneland

24 #define BMP_MOSI (11)

S el A click on the New Sketchbutton at the bottom. This will
openup anew window for youto run codein.

28 Adafruit BMP288 bmp(BMP _CS5); hardware SPI

20  Adafruit_BMP28@ bmp(BMP_CS, BMP_MOSI, BMP_MIS(, BMP_SCK);

31 setup() {

32 Serial.begin{966@);
EE while { !Serial ) delay(1e@); tait for native usb
34 Serial.println(F("BMP288@ test™}):

35 status;

dLUS = Dmp.Degl Lok

]
E

E
L

L

T

status = bmp.begin();
38 if (!status) {

36 Serial.println(F("Codld not find a valid BMP28@ sensor, check wiring or ™
48 "try a different address!"});

41 Serial.print("SensorID was: 8x"); Serial.println(bmp.sensorID(),16);

42 Serial.print(? ID of ©xFF probably means a bad address, a BMP 188 or BMP ©85%\n™);
LE Serial.print(" ID of @x56-8x58 represents a BMP 288,\n");
44 Serial.print(” ID of ©x6@ represents a BME 288.\n");
AG Serial _sfirint{" TD of AxA1 renresents a BMF &26. \n"):

Serial Monitor Qutput

ML TOuy LNSLOALTU HUGIT ULL UUSLURL - 1. 2

Already installed Adafruit STMPE618@l.1.6
Already idistalled Adafruit TouchScreen@l.1.5
Already’ installed Adafruit TSC2007@1.1.2
Alrepdy installed WaveHC@1.0.5

Already installed Adafruit GFX Library@l.11.11
flready installed Adafruit GPS Library@l.7.5
Already installed Adafruit ILI9341@1.6.1
Already installed Adafruit SH11eX@2.1.11
Downloading Adafruit LED Backpack Library@l.5.1
Adafruit LED Backpack Library@l.5.1

Installing Adafruit LED Backpack Library@l.5.1

NEW SKETCH Installed Adafruit LED Backpack Library@l.5.1

4l
m

Ln 48 Col3 Arduino Mega or Meg;

3 onCOM10 24 8




&l sketch_oct31a | Arduino IDE 2.3.3

File Edit Sketch Tools Help

¢ Arduino Mega or Meg... ~ N o

sketch_oct31a.ino
1 setup() {

T e Testing the LED Backpack Counter

1. Delete the default code that appearsin the new
window.
2. Copyandpastefollowing codein its place

#include <Wire.h >
#include <TimerOne.h > // Timerl documentation: https://www.pjrc.com/teensy/td_libs_TimerOne.html

#include <Adafruit LEDBackpack.h >YY 3 AAOAE ! OAOET T , EAOAOU | AT ACAO A& O v! AAgEgter OED, %$ " AJAE T
Adafruit_7segment matrix = Adafruit_7segment ();
timerCount = 0; // global variable needed to increment by one

secondElapsed () {
timerCount ++;
matrix . print (timerCount );

}
setup () {
matrix . begin (Ox 70); // Creates a serial connection to 7 - segment display with the address "0x70"
Timerl. initialize (1000000); // Initializes the timer to count every 1 000 000 microseconds i.e. one second
Timerl . attachinterrupt (secondElapsed ); // Triggers interrupt every time timer counts

}

loop () {
matrix . writeDisplay ();

}

Ln1,Col1  Arduino Mega or,

r/Mega 2560 on COM10 L)




&l sketch_oct31a | Arduino IDE 2.3.3

File Edit Sketch Tools Help

¢ Arduino Mega or Meg... ~ N o

sketch_oct31a.ino

#include <Wire.h»

#include <TimerOne.h>

#include <Adafruit_LEDBackpack.h>

Adafruit_7segment matrix = Adafruit_7segment();
timerCount = 8;

i Testing the LED Backpack Counter

matrix.print(timerCount);
}

setup() { 1. Oncepastedin, clickon the arrow in the headerto run

matrix.begin(ex7@};

Timerl.initialize(1600600); the COde

Timerl.attachInterrupt(secondElapsed);

votd 100p0) [ 2. Asaresult,the LEDshouldlight up and begincounting !
matrix.writeDisplay();

o 3. Onceh Us@xaessfulmove on to the next slide and let r
usbeginon the nextcomponent

**No output will be displayedn the serialmonitor.2 S Q NB
only trying to makesurethe LEDCounteris working

Serial Monitor %  Output ¥ @ =

New Line "|9600haud v

Ln17,Col 2 Arduino Mega or Mega2360 on COM10 22 B
-1 \UJ
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Module V

Arduino Timers



Key Concepts

Arduino Components

[ S k& step backnow and go over two componentsof the Arduinoboard and critical conceptsthat & 2 dzQ f
needto graspbefore movingon. Thosearethe:

16 MHz Crystal Oscillator 16-Bit Timer

o™ ." =2\

/

®

/3
o s 2> M e ~.™ s ~
s §z:=-;~22<<:<o<
by o SICURE e P T
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Key Concepts

Decimal Numbering System

While the Arduino usesthe binary number system,it's helpful to first understandplace value in the more familiar
decimalsystem Decimalis a base10 system,meaningeachdigit's valueis determinedby its position and corresponds
to apower of 10. Forexamplef S br€@kdown the number9,432

Decimal Number: 9,432

n Therightmost digit (2) isin the onesplace

_ 2%x1=2
Place (exponential form 10® 10> 10 1(° Thenext digit (3) isin the tens place

Place 1,000 100 10 1 3x10=30
Total Value 9000 400 30 2 Thenextdigit (4) isin the hundredsplace
4 x100=400
Whenwe add up the values,we get a total for the Theleftmost digit (9) isin the thousandsplace
numberit represents 9x1000=9,000

9,000 + 400 + 30 + 2 =9,432

49



Key Concepts

Binary Numbering Systems

The binary number systemis similarto the decimalsystem,but instead of usingbasel0, it usesbase2. Thismeans
eachdigit's placevalueis basedon powersof 2, not 10. In binary,only two digitsare used 0 and 1, unlike the decimal
systemwhich usesdigits from 0 to 9. Also,binary numbersdo not use commaseparators Now, { S Br&a&down the

binarynumber1011for a better understanding

Binary Number: 1011

-ll--

Place (exponential form 23

Place 8 4 2 1
Value 8 0 2 1

To convertthis binary numberto a decimalnumber that
we can understand, we add the place values of the
positionswherevera 1 appearsn the binarynumber

8+0+2+1=11

The rightmost digit (1)s in theonesplace.

1x1=1

The next digit (1)s in thetwos place.
1x2=2

The next digit (O)s in thefours place.
0x4=0

The leftmost digit (1)s in theeightsplace.
1x8=28

*** The binary system is widely used in electronics because it
allows numeric values to be represented using two states easily

shown in circuitryONand OFFE which correspond td andOin

binary . 50



Key Concepts

Binary to Decimal Conversions

Binary Number (Bits) | Decimal Numbers | Binary Places (Bits) -

000 0 Place Values
001 1
{ REMEMBER
010 2 _ _ _
Toconverta binary numberinto a decimalnumber,add the place
011 3 valuesfor eachpositionwherethere isa 1 in the binarynumber
100 4 _ _ _ _
In this 3-bit example the highesthnumberthe countercanreachis
101 S 7, whichoccurswhenall three bits are setto 1 (ON)
110 6
111 7 4+2+1=1

51



Arduino: 16 -Bit Timer

Timers w/ Binary Systems

The timer on theATmega&560 uses 46-bit counter, which operates based on the binary number system. Each bit is
set to either anrONor OFFstate, corresponding to 4 (ON) or0 (OFF), respectively.
This means each bit represents a power of 2, where:

Al (ON)represents the presence of a value
A0 (OFFjepresents the absence of a value

As the timer counts, the bits change states where needed, to create the next unique binary number in sequence tha

reflects the passage of time.
16 Bits = 16 Placeholders for the Binary Number

5
---

Place (Exponential 215 20 26 25 24 28 22 21 0
Form)

Binary Number 1 0 1 0 1 1 0 1 1 O 1 1 0 1 0 1
Value 32,768 16,384 8,192 4,096 2,048 1,024 512 256 128 64 32 16 8 4 2 1

**A16-0 AU @I fdzS KIFIa mc O0OAYylFNE LI OSK2f RSNEZ SIFOK NBLINBaSydluA:
52



Arduino: 16 -Bit Timer

Ar dui n oeBd $imet 6
e N N S N N R A EA A L E E A

Value 32,768 16,384 8,192 4,096 2,048 1024 512 256 128 64 32 16 8
Binary 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Number

Binary to Decimal Conversion
1111111111111111 =65,535

A 16-bit counter with all bits setto 1 hasa maximumvalue of 65,535. Thisis important becausewith a 16-bit binary
system,the Arduino Timercanonly count up to this number However,our clockoscillatoroperatesat 16,000,000ticks
per second far exceedinghe counter'scapacityto tracktheseticks

53



Limitations

Working Around Limitations Using Code

To overcome the limitation of only counting up to 65,535, we wrote code to track how many times the counter
overflows that is, reaches its maximum value and resets to 0. Each time this happens, we increment a variable calls
"Overflows" in the code. For example, if the counter overflows twice, the total count would be 65536

Note: We multiply the value stored in the Overflows variablegby536(not 65,535) because the timer includes O as a
valid tick, making the range frothto 65,535 65,536 distinct ticks in total

65,536 ticks

Towatch the animation, clickthe ‘
Animations Tab from the ribbon

above, and click Previewto see Overflows

how the timer affects the

Overflowsvariable Tl m e r m
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Arduino: 16 MHz Oscillator

16 MHz Frequency Crystal Oscillator

The ATmega560 is operating with a 16MHz (megahertz)frequency clock oscillator, meaningthe microcontroller can
performup to 16 million operationsper second,or 16 million clockcycleseachsecond A clockcycle,or & 0 Ai€ije basic
unit of time for the microcontroller Thisfrequencydeterminesthe time periodfor eachtick.

Theoretical Timer Tick Period

1 second
16,000,000 ticks

* Thisformula helps us calculatethe theoretical time between eachclockd  Add thé
Arduina. Unlike a regular clock that ticks once per second, the Arduino's clock ticks
approximatelyevery62.5 nanoseconds

= 62.5 nanoseconds per tick

*** However,factors like temperature fluctuations, crystal aging and the use of interrupts in the code can causethe
actualtimer tick periodto deviateslightlyfrom the theoreticalvalue Therefore testingis neededto determinethe true
timer tick period.
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Module VI

ldentifying True Timer Tick Period
w/ Pulse Generator Signals



Pulse Generator & Oscilloscope

Connecting the Pulse Generator & Oscilloscope

Forthis part we will be usingthe PulseGeneratorand Oscilloscopen tandemwith the Arduinoboardto test out some
more code

Beforewe cando this, you needto makesureyour equipmentis setup properly.

e

[ RIGOL P5/022, . . crame 2o

-

=
)

CEEEEEEL
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Pulse Generator & Oscilloscope

Connecting the Pulse Generator & Oscilloscope

The first connectiong S éetl to secureis the BNCcable to the Oscilloscope Connectthe BNCCablefrom CHL
(Channell) on the PulseGeneratorto Channell on the Oscilloscope

Oscilloscope

Pulse Generator

e & —
RIGOL 251022, . oo 2o U0 W B @s
DO
|
(& (s
Yoty t;r:,_"
(rv.\
®
s .}
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Pulse Generator & Oscilloscope

Connecting the Pulse Generator & Oscilloscope

Theother end of the BNCCableshouldbe equippedwith anadaptorthat hastwo slotsfor jumperwiressothat you can
attachthem to the Arduinoboard Theadaptorslotsfor the jumperwires are markedwith a positiveand negativesign
Usethis to makethe connectionsn the table below:

Arduino Board

Oscilloscope
Tektronix TDS 2022( ° [_
RS0R ©

Connections

BVNCCable

+ 2 (PWM)
- GND (PWM)

*** |n parenthesesare the sections of the
Arduinoin whichthosepinsare located

@)F

000000
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lloscope

O
N
O
o
-
©
L
O
-
©
O
Q
n
>
al

Setup

Hereis what your setupshouldlook like

IOREF

RE: mﬂ“,.w

Y s3v—4/

N\

Connections

BNC Cable

o
=
>
©
=
<

=
S =
=
a n
o 2
)

A A AR AARSENAAERERARRARRRAneD

A A A A AN ASAAASAERAASASRASESAARANARARERESSSEREREANESERSE SRR
A S A AAASSSASSAAASEARARAR ASANARRENRERNRAREEREER SRR

(©

S AEREAR EREER BEEEESs ERBEREA BEEERE AR AR AEERDN mE R LR )

ARAAAR

aaann

RAAAR RAARS® ARRAAR LA LI N A A - LN B A )
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Pulse Generator & Oscilloscope

Setting Up The Pulse Generator

Now lets adjustthe settingson the PulseGenerator

S :‘

RIGOL L2102 woori 0 o
1

Output Impedance

State €+—(
Waveform —

Sine D High Z JJSzEI— Current Channel Sign

Menu

(211.000,000,0kHz-

—» Parameter Display

p

Ampl | Offset | Phase |AligPha |

Turningon the pulsegenerator,the displaywill lightupande 2 dz€ef dcreensimilarto the one above Ensurethat the
Current ChannelSignis set to CHL. If setto CF2, pressthe CHL/CH2 button at the bottom of the panelto toggle

betweenthe two.
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Pulse Generator & Oscilloscope

Setting Up The Pulse Generator

Changethe type of waveform generatedto a pulse Pulsesare ideal for measuringhow systemsrespondto quick,
temporarychanges, 2 dafXicefthe waveformimageand state shownin the displaywill changeaswell.
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Pulse Generator & Oscilloscope

Adjusting the Frequency

Thefrequencydetermineshow manypulsesper secondthe pulsegeneratoremits. Soat 500Hz, A sénddut 500 pulses

per second _
| Frequency

RIGOL P51922,., yoeri i 22,

ANV

VO

Low frequency signal

\ N NNN
\VAVAVAVA

High frequency signal

Pressinghe blue button under the Freq(Frequencymenu item will toggle the screenfrom Periodto Frequencyand
viceversa If it is alreadyon Frequencyadjustthe valueto 500Hzby entering 500 usingthe numberkeypadoutlined in
red aboveandfinalizingyour entry by selectingthe appropriatescalefrom the new menuthat appearsunderneathyour
iInput. In our case we want to chooseHz(hertz) 63



Pulse Generator & Oscilloscope

Adjusting the Period

Theperiodis how longit takesfor a pulseto completeone full cycle

e

Cancel

Togglethe menuinto Periodmode, by hitting the blue button underneaththe Freqgmenuitem and enter the desired
time. For our purposes,let us enter 2ms by entering 2 with the number keypadand finalize it by pressingthe blue
button underneaththe ms(millisecondsmenuitem.

***| showyou how to adjustthe period sothat you know how, but the period is automaticallyset onceyou enter the

frequencyasthe two measuresarerelated. A500Hzfrequencywaveformwill alwayshavea 2msperiod. o



Pulse Generator & Oscilloscope

Adjusting the Duty Cycle

TheDuty Cyclerefersto the percentageof the waveformthat isin the ON(highvoltage)state.

i

* RIGOL 261022 . ichaoce 20w -
L Duty Cycle

Cancel |

Examples of Various Duty Cycles

L *As seenon the oscilloscope
Pressthe button below DtyCyc(Duty Cycle)and it will 75% duty cycle
displayits current setting. Enter 10 usingthe number | | Ll i B
keypadand finalize your input by pressingthe button Rp—
below the percentage sign in the newly displayed —| —I —|
menu

**Note that pressingthe DtyCycbutton twice will toggleit between DtyCycand Width. So,if you only see Width on
your screenjust pressthe button belowthe menuoption to changeit to DtyCyc 22



Pulse Generator & Oscilloscope

Adjusting the High Level

TheHighLevelrefersto the amplitude (height)of the waveform

N

RIGOL 25122, . oo o | (—— High Level

Pressthe button below HiLev(High Level)and it will displayits
current setting Enter5 usingthe numberkeypadand finalizeyour
input by pressingthe button below the appropriate scalein the
newlydisplayedmenu Forthis exerciseselectV (volts)

**Note that pressingthe HiLevoption twice will toggle it between Ampland HiLev So, if you only see Amplon your
screen just pressthe button belowthe menuoption to changeit to HiLev

















































































































































































