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Cosmic Ray Data Acquisition Using 

Arduino -Based Systems

   Introduction
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Cosmic Rays

Cosmic rays are high-energy particles from outer space that travel through the universe and strike the Earth's 
atmosphere. Despite the name, they are not rays (like light rays), but rather subatomic particles τ mostly protons. 

Supernovae Pulsars Black Hole Accretion Disks

Galactic Sources of  Cosmic Rays

Figure 1.1 Figure 1.2 Figure 1.3 5



Muons ð 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 neutrinos. Muons, fast and weakly interactive with matter, reach the 
ground and are the main particles detected by the cosmic ray detectors used 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.

Muons from cosmic ray

Cosmic Ray 

Detectors

Figure 2.1 Figure 2.2 Figure 2.3 6



Cosmic Ray Detector

When a muon passes through the scintillation material in the detector, it interacts 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 energy 
state. When these electrons return to their lower energy state, they release the excess energy in the form of 
photons (light). The amount of light emitted is proportional to the energy deposited by the muon as it passes 
through the material.

Scintillation Material Inside Detectors

Photon traveling through light guides

Muons from cosmic rays

Light Emission (Photon)

Light Guides

Photomultiplier Tubes
Figure 3.1 ð Cosmic ray detectors
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Photomultiplier Tubes

The photomultiplier tubes (PMTs), which receive the photons generated by the scintillator material, are responsible for converting 
it into a measurable electric current.
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When a photon reaches the photocathode of the PMT, it  ejects an electron through the photoelectric effect. This electron 
is then accelerated an
d directed toward a series of electrodes called dynodes inside the PMT. At each dynode, the electron triggers the release of 
additional electrons upon impact, creating an amplified cascade that greatly multiplies the original signal.

The resulting large pulse of electrons is collected at the anode, which serves as the final electrode in the chain. The anode 
gathers the multiplied electrons and converts them into a measurable electrical current.

Conversion of Light to Electrical Signal in the PMT

sëĆġĆÿĥúġíēúíÙĖ ¢ĥÌÙ2ÙġÙÎġĆĖ

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.

Stacking detectors is a method used for coincidence detection, meaning that only 
particles that pass through both detectors at nearly the same timeτlike fast-moving 
muonsτare counted.

This setup helps filter out random noise emitted 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.

Detectors

Photomultiplier Tubes

Figure 5.1 ð Cosmic Ray Detectors (QCC Lab)

Coincidence Detection
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Signal Processing Module

zíçĀÀú sĖĆÎÙĚĚíĀç _ĆÓĥúÙ

Amplifies the weak output signal generated by the photomultiplier tube 
(PMT). 

The voltage pulses from the PMT are extremely briefτonly about 20 to 40 
nanoseconds wide. To accurately measure their peak voltage, each pulse is 
stretched using an RC integrator circuit with an operational amplifier (op-
amp). This makes the pulse easier to analyze and measure.

The signal processing module compares the signals from the two stacked 
detectors. Because valid cosmic ray events (like passing muons) trigger both 
detectors at nearly the same time, the system uses this coincidence to filter 
out random noise or background radiation, which typically only affects one 
detector.

Once the signal processing module obtains a signal from the PMTs, it has three main functions:

Signal Amplification: 

Filtering and Noise Reduction:

Pulse Shaping:

Figure 6.1
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Arduino Microcontroller
Magnifying glass with solid fill

ĖÓĥíĀĆ _íÎĖĆÎĆĀġĖĆúúÙĖ
When a muon passes through the detectors, it produces an electrical 
pulse. This pulse is an analog voltage that can range from just a few 
millivolts to several volts. The exact size depends on how many muons 
passed through and how close they were to the photomultiplier tube 
όta¢ύ ƛƴǎƛŘŜ ǘƘŜ ŘŜǘŜŎǘƻǊΦ {ƛƴŎŜ ǘƘŜ !ǊŘǳƛƴƻ ŎŀƴΩǘ ǳƴŘŜǊǎǘŀƴŘ ŀƴŀƭƻƎ 
signals directly, it uses a part called an analog-to-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.

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

The final destination of the signal generated by the muon is the Arduino Microcontroller and it is responsible for:

Event Logging & Timestamping:

Analog to Digital Conversion: 

Figure 7.1
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Applications

Intercollegiate Detector Network

The size and density of detected muon showers serve as indirect 
ƛƴŘƛŎŀǘƻǊǎ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ŎƻǎƳƛŎ ǊŀȅΩǎ ŜƴŜǊƎȅΦ ! ǿƛŘŜǊΣ ŘŜƴǎŜǊ 
shower suggests a higher-energy origin, possibly indicating ultra-
high-energy cosmic rays (UHECRs).

In collaboration with colleges we plan to create a multi-point 
detection array capable of capturing wide-area cosmic ray 
events. 

Measuring Air Shower Size and Structure

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

Figure 8.1 - UHECRs have energies exceeding anything we can generate in particle 
accelerators like the large hadron collider. Studying them allows us to probe 
fundamental physics at extreme energies, possibly revealing new particles or 
interactions.
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Hardware Overview

   Module I

Magnifying glass with solid fill
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What is Arduino?

Arduino is an open-source electronics platform that combines hardware and software to create interactive projects. 
It utilizes a variety of microcontroller-based 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

Data

Magnifying glass with solid fill
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Hardware Overview

¸ƻǳǊ ŦƛǊǎǘ ǎǘŜǇ ǎƘƻǳƭŘ ōŜ ǘƻ ŦŀƳƛƭƛŀǊƛȊŜ ȅƻǳǊǎŜƭŦ ǿƛǘƘ ǘƘŜ ƘŀǊŘǿŀǊŜ ȅƻǳΩƭƭ ōŜ ǳǎƛƴƎΦ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ǇǳǊǇƻǎŜ ŀƴŘ 
function of each component is important for resolving troubleshooting issues and designing effective circuits. It also 
helps prevent damage by ensuring safe connections and simplifies the integration of components into your projects.

Hardware :

- Arduino Mega 2560

- Adafruit LED Backpack Counter

- Adafruit BMP280 Pressure and Temp. Sensor

- Adafruit Ultimate GPS Breakout v.2 

Magnifying glass with solid fill
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Microcontroller

Arduino Mega 2560

The Arduino Mega 2560 is a type of microcontroller, 
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.

IŜǊŜΩǎ Ƙƻǿ ƛǘ ǿƻǊƪǎΥ
ÅInputs: It can take signals from sensors (like a 
temperature sensor or a GPS chip) that provide 
information.
ÅProcessing: The Arduino uses this information to 
make decisions based on a program (set of 
instructions) that you write in your code.
ÅOutputs: After processing the inputs, it can control 
things like lights, motors, or sounds by sending 
signals to them.

Microcontroller ς Arduino Mega 2560

*For a more detailed descriptions on this componentõs 
pin functions, please refer to the appendix.

Magnifying glass with solid fill
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Temp. & Pressure Sensor

Adafruit BMP280 ð Barometric Pressure and Temperature Sensor

The BMP280 sensor measures the temperature and 
barometric pressure of the surrounding air or 
environment in which it is placed. It detects the 
ambient temperature and the atmospheric pressure 
and is responsible for sending that data to the 
microcontroller.

Magnifying glass with solid fill
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LED Backpack Counter

Adafruit LED Backpack Counter

The Adafruit LED Backpack Counter is a small, ready-to-use 
display that shows numbers (and sometimes letters) on its 
LED digits. It's perfect for projects where you need to 
display things like scores, timers, counters, or other 
numerical data.

Magnifying glass with solid fill
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GPS Module

Adafruit Ultimate GPS Breakout v.3

The Adafruit Ultimate GPS Breakout v3 is a compact GPS 
module designed for accurate location tracking and navigation. 
It integrates easily with microcontrollers and offers a variety of 
features to enhance project functionality.

Å Accurate GPS Data: Provides precise location information, 
including latitude, longitude, and altitude. Speed and 
Direction: Calculates speed and movement direction for 
navigation purposes.

Å NMEA Output: Outputs data in standard NMEA format for 
easy integration with microcontrollers like Arduino or 
Raspberry Pi.

Å Timekeeping: Offers accurate time data based on GPS 
signals, including UTC (Coordinated Universal Time).

Å Battery Backup: Includes a battery backup option to 
maintain real-time clock and satellite information, ensuring 
faster GPS fixes after power loss.

Magnifying glass with solid fill
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Software Overview ð Arduino IDE

   Module II
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Arduino IDE

Arduino IDE (Integrated Development Environment)

1st Step: Plug in the USB Type B cable into the Arduino board and the computer. 
This will allow you to communicate to the microcontroller from your computer 
and vice-versa.

Now that we have been introduced to the hardware ǿŜΩƭƭ be working with, let us discuss the software.

Magnifying glass with solid fill
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Arduino IDE

Arduino IDE (Integrated Development Environment)

2nd Step: Find the icon on your desktop to open up the Arduino IDE.

The code you write in the Arduino IDE is called a sketch, and the Arduino compiler within the program handles all the 
setup to convert it into machine language for the microcontroller. It utilizes a simplified subset of C++ with a few custom 
libraries simplifying C++ to be more accessible for prototyping and hardware interaction.

Magnifying glass with solid fill
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1. Navigate to the toolbar and select 
Tools.

2. Go to Boards > Arduino AVR Boards 

3. Select the model of the board you 
are using. In this case, it is the 
Arduino Mega or Mega 2560.

Check for proper board selection:

23



1. Navigate to the toolbar and select 
Tools.

2. Go to Ports.

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

Check for proper port selection:

*** Occasionally, 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 board 
and reconnecting it. Using the reset button on the Arduino board may also help.
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Now that you have your board and port 
properly selected in the application, let 
us bring up our Serial Monitor within 
the program. Two ways to bring it up 
are circled here.

Opening the Serial Monitor:
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1. Displays Output: It shows the data sent from the Arduino board to your computer, 
allowing you to monitor sensor readings, status messages, and other output.

2. Send Input: You 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 Configuration: You 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.

What is the Serial Monitor:
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BMP 280 Sensor Test:

Ambient Pressure, Temperature & Altitude

   Module III

Magnifying glass with solid fill
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Let us experiment with this using the microcontroller and the BMP280 sensor. Before 
we begin, make sure that you have the proper libraries installed so that the IDE can 
understand the code we have scripted for you. 

Start by clicking on the Library icon in the left hand column.

BMP 280 Sensor Test
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It should open up the Library Manager where you can install and remove libraries of 
code from the IDE. For our purposes, we need to find the library made for our 
particular component, which is the Adafruit BMP 280 Temperature and Pressure 
Sensor. 

In the search bar, type in Adafruit BMP280.

BMP 280 Sensor Test
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Install the library ensuring it matches the one shown here. If you only see an option to 
ǊŜƳƻǾŜ ƛǘΣ ǘƘŜƴ ƛǘΩǎ ŀƭǊŜŀŘȅ ƛƴǎǘŀƭƭŜŘ ŀƴŘ ȅƻǳ Ŏŀƴ ǎƪƛǇ ǘƘƛǎ ǎǘŜǇΦ 

***You should receive a prompt once you click Install. Make sure to select Install All 
when asked. 

BMP 280 Sensor Test
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BMP 280 Sensor Test

Using the breadboard

1. Connect the BMP 280 Sensor to the breadboard. 
2. To connect the BMP280 to the Arduino, the jumper wire must be placed into the breadboard slot next to the 
ǎŜƴǎƻǊΩǎ pin.

3. Once your jumper wires are connected to the BMP280, make the following connections to the Arduino:

Arduino BMP 280

(Power) 5V VIN

(Power) GND GND

(PWM) Pin 10 CS

(PWM) Pin 11 SDI

(PWM) Pin 12 SDO

(PWM) Pin 13 SCK

Connections

Magnifying glass with solid fill

While that is installing, let us connect our Arduino to the BMP280 Sensor.
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BMP 280 Sensor Test

Setup
Here is what your setup should look like!

Arduino BMP 280

(Power) 5V VIN

(Power) GND GND

(PWM) Pin 10 CS

(PWM) Pin 11 SDI

(PWM) Pin 12 SDO

(PWM) Pin 13 SCK

Connections

Magnifying glass with solid fill
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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.

BMP 280 Sensor Test
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.ȅ ŘŜŦŀǳƭǘΣ ǘƘŜǊŜ ƛǎ ǎƻƳŜ ŎƻŘŜ ǘƘŀǘ ƛǎ άŎƻƳƳŜƴǘŜŘ ƻǳǘέΦ ¢Ƙƛǎ ƛǎ ŘƻƴŜ ōȅ 
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.
Add // to the beginning of the first line, disabling it, and remove the // from 
the third line to enable that one.

Leave the second line alone.

BMP 280 Sensor Test

34



Note that the baud rate selected in the serial monitor must match the baud rate 
defined in the code, otherwise your results will be off. 

So open up the serial monitor again, and make sure you have 9600 baud selected.
     The baud rate in the sketch is defined by the code:
           Serial.begin(9600);

BMP 280 Sensor Test

Reminder: You can use the button in the top right to pull up the serial monitor.
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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. 
Once cleared, hit the forward arrow to run the code.

BMP 280 Sensor Test
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The code is read by the Arduino which communicates with the senseor, 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. 
LŦ ȅƻǳΩǊŜ ƘŀǾƛƴƎ ǘǊƻǳōƭŜ ŘƻǳōƭŜ ŎƘŜŎƪ ȅƻǳǊ ǇƻǊǘ ǎŜƭŜŎǘƛƻƴ ŀƴŘ ƛŦ ǘƘŀǘΩǎ ŦƛƴŜΣ ǘǊȅ 
resetting the Arduino board by pressing the button near the USB port on the 
microcontroller.

BMP 280 Sensor Test
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BMP 280 Sensor Test

Identifying Data Transmission Speed
There are a few pieces of information you can gather from this test:
 (a) temperature, pressure, and altitude of your location
 (b) the length of time it takes to send a set of data (temperature, pressure, & altitude)
 (c) how often it sends this data

1

2

3

To find (b) the length of time it takes to send a set of data (transmission speed), 
subtract the timestamps of the first and last data points from the set. (1 from 2)

34.277 ς 34.244 =.033 seconds to transmit a complete set of data (33 ms) 

To find (c) how often it sends data (transmission rate), subtract the timestamps 
of the first items from two consecutive sets of data. (1 from 3) 

36.259 ς 34.244 = 2.015 seconds between data transmission

***  Record both the transmission speed and rate for your sensor. Keep it logged in a file for your workstation for 
future reference.

Magnifying glass with solid fill
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LED Backpack Counter Test

w/ Arduino Generated Pulses

   Module IV

Magnifying glass with solid fill
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To begin testing this component, we must make sure the proper libraries are installed, 
just as we did for the sensor. Open up the library manager again, by clicking on the 
icon in the panel to the left.

In the search bar, type in Adafruit LED Backpack Library.

LED Backpack Counter Test
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Once clicking Install, ȅƻǳΩƭƭ ōŜ ƳŜǘ ǿƛǘƘ ŀ ǇǊƻƳǇǘ ǘƻ ƛƴǎǘŀƭƭ ŘŜǇŜƴŘŜƴŎƛŜǎΦ aŀƪŜǊ ǎǳǊŜ 
to hit Install All for this one again.

ϝϝϝLŦ ȅƻǳ ƻƴƭȅ ǎŜŜ ŀƴ ƻǇǘƛƻƴ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ƭƛōǊŀǊȅΣ ǘƘŀǘ ƳŜŀƴǎ ƛǘΩǎ ŀƭǊŜŀŘȅ ƛƴǎǘŀƭƭŜŘ 
and you can skip this step.

LED Backpack Counter Test
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LED Backpack Counter

Testing the LED Backpack Counter 

1. Now, let us connect the LED Backpack counter to the breadboard as you did with the sensor.
2. To connect the LED Backpack Counter to the Arduino, the jumper wire must be placed into the breadboard slot next 

to the ǎŜƴǎƻǊΩǎ pin.
3. Connect a jumper wire to each of the pins on the counter. Once your jumper wires are connected to the LED 

Backpack Counter, make the following connections to the Arduino:

Arduino LED Counter

(Power) 5V +

(Power) GND -

(Comm) SDA D

(Comm) SCL C

Connections

***  In parentheses are the sections of the Arduino in which those pins are located.
***  The LED ǿƻƴΩǘ light up until you run the code.

Magnifying glass with solid fill
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LED Backpack Counter

Setup
Here is what your setup should look like!

Connections

Arduino LED Counter

(Power) 5V +

(Power) GND -

(Comm) SDA Pin 20 D

(Comm) SCL Pin 21 C

*Keep in mind your LED ǿƻƴΩǘ light up until 
you run the code.

Magnifying glass with solid fill
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Testing the LED Backpack Counter 
1. Click on the sketchbook icon in the left hand panel and 
click on the New Sketch button at the bottom. This will 
open up a new window for you to run code in. 
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Testing the LED Backpack Counter 
1. Delete the default code that appears in the new 

window. 
2. Copy and paste following code in its place:

#include  <Wire.h >
#include  <TimerOne.h > // Timer1 documentation: https://www.pjrc.com/teensy/td_libs_TimerOne.html
#include  <Adafruit_LEDBackpack.h > ƳƳ 3ÅÁÒÃÈ !ÒÄÕÉÎÏ ,ÉÂÒÁÒÙ ÍÁÎÁÇÅÒ ÆÏÒ ʏ!ÄÁÆÒÕÉÔ ,%$ "ÁÃËÐÁÃË ,ÉÂÒÁÒÙƧ ÆÏÒ ʬ- segment LED.
Adafruit_7segment matrix = Adafruit_7segment ();
unsigned  int  timerCount  = 0;  // global variable needed to increment by one
void  secondElapsed () {
 timerCount ++;
 matrix . print ( timerCount );
}
void  setup () {
 matrix . begin (0x 70);  // Creates a serial connection to 7 - segment display with the address "0x70"
 Timer1 . initialize ( 1000000);  // Initializes the timer to count every 1 000 000 microseconds i.e. one second
 Timer1 . attachInterrupt ( secondElapsed );  // Triggers interrupt every time timer counts
}
void  loop () {
 matrix . writeDisplay ();
}
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Testing the LED Backpack Counter 
1. Once pasted in, click on the arrow in the header to run 

the code.
2. As a result, the LED should light up and begin counting.
3. Once ƛǘΩǎ successful, move on to the next slide and let 

us begin on the next component.

***No  output will be displayed in the serial monitor. ²ŜΩǊŜ 
only trying to make sure the LED Counter is working.
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Arduino Timers

   Module V
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Key Concepts

Arduino Components
[ŜǘΩǎ take a step back now and go over two components of the Arduino board and critical concepts that ȅƻǳΩƭƭ 
need to grasp before moving on. Those are the:

16-Bit Timer
16 MHz Crystal Oscillator

Magnifying glass with solid fill
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Key Concepts

While the Arduino uses the binary number system, it's helpful to first understand place value in the more familiar 
decimal system. Decimal is a base-10 system, meaning each digit's value is determined by its position and corresponds 
to a power of 10. For example, ƭŜǘΩǎ break down the number 9,432:

Decimal Numbering System

Digit 9 4 3 2

Place (exponential form) 103 102 101 100

Place 1,000 100 10 1

Total Value 9000 400 30 2

The rightmost digit (2) is in the ones place. 
2 × 1 = 2
The next digit (3) is in the tens place. 
3 × 10 = 30
The next digit (4) is in the hundreds place. 
4 × 100 = 400
The leftmost digit (9) is in the thousands place. 
9 × 1000 = 9,000

Decimal Number: 9,432

When we add up the values, we get a total for the 
number it represents:

Magnifying glass with solid fill

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

The binary number system is similar to the decimal system, but instead of using base-10, it uses base-2. This means 
each digit's place value is based on powers of 2, not 10. In binary, only two digits are used: 0 and 1, unlike the decimal 
system which uses digits from 0 to 9. Also, binary numbers do not use comma separators. Now, ƭŜǘΩǎ break down the 
binary number 1011 for a better understanding:

Binary Numbering Systems

8 + 0 + 2 + 1 = 11

The rightmost digit (1) is in the ones place. 
1 × 1 = 1
The next digit (1) is in the twos place. 
1 × 2 = 2
The next digit (0) is in the fours place. 
0 × 4 = 0
The leftmost digit (1) is in the eights place. 
1 × 8 = 8

Binary Number: 1011

To convert this binary number to a decimal number that 
we can understand, we add the place values of the 
positions wherever a 1 appears in the binary number.

Magnifying glass with solid fill

Digit 1 0 1 1

Place (exponential form) 23 22 21 20

Place 8 4 2 1

Value 8 0 2 1

*** The binary system is widely used in electronics because it 
allows numeric values to be represented using two states easily 
shown in circuitry: ON and OFF, which correspond to 1 and 0 in 
binary . 50



Key Concepts

Binary to Decimal Conversions

Magnifying glass with solid fill

Binary Number (3-Bits) Decimal Numbers

000 0

001 1

010 2

011 3

100 4

101 5

110 6

111 7

Binary Places (3-Bits) 22 21 20

Place Values 4 2 1

REMEMBER

To convert a binary number into a decimal number, add the place 
values for each position where there is a 1 in the binary number.

In this 3-bit example, the highest number the counter can reach is 
7, which occurs when all three bits are set to 1 (ON).

4 + 2 + 1 = 7
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Arduino: 16 -Bit Timer

The timer on the ATmega 2560 uses a 16-bit counter, which operates based on the binary number system. Each bit is 
set to either an ON or OFF state, corresponding to a 1 (ON) or 0 (OFF), respectively.
This means each bit represents a power of 2, where:

Å 1 (ON) represents the presence of a value 
Å 0 (OFF) represents the absence of a value 

As the timer counts, the bits change states where needed, to create the next unique binary number in sequence that 
reflects the passage of time.

Timers w/ Binary Systems

1111111111111111 = 65,535

Binary to Decimal

Magnifying glass with solid fill

Bits 215 214 213 212 211 210 29 28 27 26 25 24 23 22 21 20

Place (Exponential 
Form)

215 214 213 212 211 210 29 28 27 26 25 24 23 22 21 20

Binary Number 1 0 1 0 1 1 0 1 1 0 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

16 Bits = 16 Placeholders for the Binary Number

***A 16-ōƛǘ ǾŀƭǳŜ Ƙŀǎ мс ōƛƴŀǊȅ ǇƭŀŎŜƘƻƭŘŜǊǎΣ ŜŀŎƘ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀ ǇƻǿŜǊ ƻŦ н ŦǊƻƳ нх ǘƻ нцъΦ
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Arduino: 16 -Bit Timer

Arduinoõs 16-Bit Timer

Binary Place 215 214 213 212 211 210 29 28 27 26 25 24 23 22 21 20

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

Binary 
Number

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

A 16-bit counter with all bits set to 1 has a maximum value of 65,535. This is important because, with a 16-bit binary 
system, the Arduino Timer can only count up to this number. However, our clock oscillator operates at 16,000,000 ticks 
per second, far exceeding the counter's capacity to track these ticks.

1111111111111111 = 65,535

Binary to Decimal Conversion

Magnifying glass with solid fill
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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 
overflowsτthat is, reaches its maximum value and resets to 0. Each time this happens, we increment a variable called 
"Overflows" in the code. For example, if the counter overflows twice, the total count would be 65,536 × 2.

Note: We multiply the value stored in the Overflows variable by 65,536 (not 65,535) because the timer includes 0 as a 
valid tick, making the range from 0 to 65,535τ65,536 distinct ticks in total.

65,536 ticks

Overflows

0Timer 12

To watch the animation, click the 
Animations Tab from the ribbon 
above, and click Preview to see 
how the timer affects the 
Overflows variable.

Magnifying glass with solid fill
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Arduino: 16 MHz Oscillator

*** However, factors like temperature fluctuations, crystal aging, and the use of interrupts in the code can cause the 
actual timer tick period to deviate slightly from the theoretical value. Therefore, testing is needed to determine the true 
timer tick period.

16 MHz Frequency Crystal Oscillator

1 second

16,000,000 ticks
=  62.5 nanoseconds per tick

*  This formula helps us calculate the theoretical time between each clock άǘƛŎƪέ on the 
Arduino. Unlike a regular clock that ticks once per second, the Arduino's clock ticks 
approximately every 62.5 nanoseconds.

Theoretical Timer Tick Period

The ATmega2560 is operating with a 16MHz (megahertz) frequency clock oscillator, meaning the microcontroller can 
perform up to 16 million operations per second, or 16 million clock cycles each second. A clock cycle, or άǘƛŎƪέΣ is the basic 
unit of time for the microcontroller. This frequency determines the time period for each tick.

Magnifying glass with solid fill
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Identifying True Timer Tick Period 

w/ Pulse Generator Signals

   Module VI

Magnifying glass with solid fill
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Pulse Generator & Oscilloscope

Connecting the Pulse Generator & Oscilloscope

For this part we will be using the Pulse Generator and Oscilloscope in tandem with the Arduino board to test out some 
more code.

Before we can do this, you need to make sure your equipment is set up properly.  

Magnifying glass with solid fill
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Pulse Generator & Oscilloscope

Connecting the Pulse Generator & Oscilloscope

The first connection ǿŜΩƭƭ need to secure is the BNC cable to the Oscilloscope. Connect the BNC Cable from CH1 
(Channel 1) on the Pulse Generator to Channel 1 on the Oscilloscope. 

Pulse Generator
Oscilloscope

Magnifying glass with solid fill
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Pulse Generator & Oscilloscope

Connecting the Pulse Generator & Oscilloscope

The other end of the BNC Cable should be equipped with an adaptor that has two slots for jumper wires so that you can 
attach them to the Arduino board. The adaptor slots for the jumper wires are marked with a positive and negative sign. 
Use this to make the connections in the table below.

BvNC Cable Arduino

+ 2 (PWM)

- GND (PWM)

***  In parentheses are the sections of the 
Arduino in which those pins are located.

Connections

Oscilloscope Arduino Board

+ / - Markings

Magnifying glass with solid fill
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Pulse Generator & Oscilloscope

Setup
Here is what your setup should look like!

Connections

BNC Cable Arduino

+ 2 (PWM)

- GND (PWM)

Magnifying glass with solid fill
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Pulse Generator & Oscilloscope

Setting Up The Pulse Generator

Now lets adjust the settings on the Pulse Generator. 

Turning on the pulse generator, the display will light up and ȅƻǳΩƭƭ see a screen similar to the one above. Ensure that the 
Current Channel Sign is set to CH1. If set to CH2, press the CH1/CH2 button at the bottom of the panel to toggle 
between the two.

Magnifying glass with solid fill
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Pulse Generator & Oscilloscope

Setting Up The Pulse Generator

Change the type of waveform generated to a pulse. Pulses are ideal for measuring how systems respond to quick, 
temporary changes. ̧ ƻǳΩƭƭ notice the waveform image and state shown in the display will change as well.

Magnifying glass with solid fill
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Pulse Generator & Oscilloscope

Adjusting the Frequency

The frequency determines how many pulses per second the pulse generator emits. So at 500Hz, ƛǘΩƭƭ send out 500 pulses 
per second.

Pressing the blue button under the Freq (Frequency) menu item will toggle the screen from Period to Frequency and 
vice-versa. If it is already on Frequency, adjust the value to 500Hz by entering 500 using the number keypad outlined in 
red above and finalizing your entry by selecting the appropriate scale from the new menu that appears underneath your 
input. In our case, we want to choose Hz (hertz).

Examples of  Varying Frequency

Magnifying glass with solid fill
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Pulse Generator & Oscilloscope

Adjusting the Period

The period is how long it takes for a pulse to complete one full cycle.

Toggle the menu into Period mode, by hitting the blue button underneath the Freq menu item and enter the desired 
time. For our purposes, let us enter 2ms by entering 2 with the number keypad and finalize it by pressing the blue 
button underneath the ms (milliseconds) menu item.

***I  show you how to adjust the period so that you know how, but the period is automatically set once you enter the 
frequency as the two measures are related. A 500Hz frequency waveform will always have a 2ms period.
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Pulse Generator & Oscilloscope

Adjusting the Duty Cycle

The Duty Cycle refers to the percentage of the waveform that is in the ON (high voltage) state.

Press the button below DtyCyc (Duty Cycle) and it will 
display its current setting. Enter 10 using the number 
keypad and finalize your input by pressing the button 
below the percentage sign in the newly displayed 
menu.

Examples of  Various Duty Cycles

*As seen on the oscilloscope.

**Note  that pressing the DtyCyc button twice will toggle it between DtyCyc and Width. So, if you only see Width on 
your screen, just press the button below the menu option to change it to DtyCyc.
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Pulse Generator & Oscilloscope

Adjusting the High Level

The High Level refers to the amplitude (height) of the waveform.

Press the button below HiLev (High Level) and it will display its 
current setting. Enter 5 using the number keypad and finalize your 
input by pressing the button below the appropriate scale in the 
newly displayed menu. For this exercise, select V (volts). 

**Note that pressing the HiLev option twice will toggle it between Ampl and HiLev. So, if you only see Ampl on your 
screen, just press the button below the menu option to change it to HiLev.

Breakdown of  a Pulse Waveform

ON OFF

Magnifying glass with solid fill
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