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Περίληψη 

Η εκπόνηση της παρούσας διπλωματικής εργασίας έγινε υπό την επίβλεψη και την καθοδήγηση 

του Επίκουρου Καθηγητή κ. Δημητρίου Σκούτα, στα πλαίσια απόκτησης του προπτυχιακού 

διπλώματος Μηχανικών Πληροφοριακών και Επικοινωνιακών Συστημάτων του Πανεπιστημίου 

Αιγαίου κατά το ακαδημαϊκό έτος 2021-2022. 

Στόχος της εργασίας είναι η μελέτη και υλοποίηση ενός ολοκληρωμένου συστήματος 

παρακολούθησης της ποιότητας του ατμοσφαιρικού αέρα και της ηχορύπανσης σε αστικό 

περιβάλλον με χρήση του μικροελεγκτή ESP32 και της τεχνολογίας LoRa και LoRaWAN. 

Η συσκευή καταγραφής περιλαμβάνει τον μικροελεγκτή ESP32, έναν αισθητήρα ήχου για την 

καταγραφή της έντασης του ήχου, έναν πολύ-αισθητήρα θερμοκρασίας/υγρασίας/ατμοσφ. 

πίεσης/eCO2/TVOC για την καταγραφή της ποιότητας του ατμοσφαιρικού αέρα και άλλων 

παραμέτρων του, έναν αισθητήρα μέτρησης αιωρούμενων σωματιδίων PM2.5/PM10/PM1, μία 

οθόνη OLED και ένα LoRa RF chip για την μετάδοση των δεδομένων. Η καταγραφή και αποστολή 

των τιμών γίνεται ανά τακτά χρονικά διαστήματα στην διάρκεια μιας ημέρας. Η συσκευή στέλνει 

τα δεδομένα σε ένα LoRaWAN gateway το οποίο με τη σειρά του στέλνει τα δεδομένα προς 

επεξεργασία στην εθελοντική πλατφόρμα ”The Things Network”. Ο τελικός προορισμός των 

μετρήσεων είναι η πλατφόρμα ThingSpeak όπου τα δεδομένα προβάλλονται δημόσια και 

επεξεργάζονται με χρήση του εργαλείου MATLAB. 

Το ερευνητικό έργο αυτό υλοποιήθηκε κατόπιν μελέτης αντίστοιχων λύσεων καταγραφής των 

ιδίων παραμέτρων ώστε να παραχθεί ένα προϊόν όπου θα βοηθήσει στην μελέτη και βελτίωση της 

διαβίωσης σε αστικό περιβάλλον, αφού έχει παρατηρηθεί και συσχετισθεί η ηχορύπανση και η 

ποιότητα του ατμοσφαιρικού αέρα με χρόνια προβλήματα υγείας των κατοίκων του περιβάλλοντος 

αυτού. 
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Abstract 

 

The preparation of this thesis has been under the supervision of Assistant Professor Mr. Dimitrios 

Skoutas in fulfilment of the requirements for the degree of Engineer of Information and Communication 

Systems Engineering in the University of the Aegean, of the Department of Information and 

Communication Systems Engineering (ICSD). 

Aim of this thesis is to study and implement a monitoring system of the air quality and sound 

pollution in urban environment with the use of ESP32 microcontroller and the technology of LoRa and 

LoRaWAN. 

The sensor node essentially consists of the ESP32 microcontroller, a sound sensor (microphone) to measure 

the sound level, a multi-sensor of temperature/humidity/pressure/eCO2/TVOC for measuring the air quality 

and other environmental parameters, an OLED screen for readings output, a particulate matter (PM2.5, 

PM10, PM1) sensor and a LoRa RF transceiver for sensor readings transmission. Multiple times per day, 

the sensors gather the values, and the node sends them to the LoRaWAN gateway, which in turn sends 

them to the “The Thins Network” platform. The destination of the readings is the ThingSpeak integration 

where they are plotted in public charts and further analyzed with MATALAB. 

 This thesis has been written after researching other implementations and solutions for monitoring 

the parameters of air quality and sound pollution which have been documented to associate with chronic 

health issues of urban environment citizens. 
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Abbreviations 

LoRa Long Range 

LoRaWAN Long Range Wide-Area Network 

TTN The Things Network 

CSS Chirp Spread Spectrum 

RF Radio Frequency 

MAC Medium Access Control 

CPU Central Processing Unit 

PM2.5 Particulate matter smaller than 2.5μm 

PM1 Particulate matter smaller than 1μm 

PM10 Particulate matter smaller than 10μm 

eCO2 Equivalent calculated carbon-dioxide 

TVOC Total Volatile Organic Compound 

WHO World Health Organization 

SPI Serial Peripheral Interface 

I2C Inter-Integrated Circuit 

I2S Inter-IC Sound 

CSV Comma Separated Values 

JSON JavaScript Object Notation 

XML eXtensible Markup Language 

HAT Hardware Attached on Top 

OS Operating System 

SaaS Software as a Service 

ISM Industrial, Scientific and Medical 
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1  

Introduction 

1.1 Scope, background, and objectives 

 

 In the last few decades, the development of urban territories and the ongoing growth of 

industrialization has caused air and noise pollution to become major issues in cities of developing 

and developed countries. Urban area is more susceptible compared to rural because of heavy 

industry and means of transport which makes the city residents more exposed to the pollutants. 

Exactly this exposure has been associated with increased mortality and hospital admissions due to 

cardiovascular and respiratory diseases [1]. 

Excessive noise and daily exposure to it can seriously harm our health and interferes with 

daily activities. It can cause sleep disturbance, psychophysiological and cardiovascular effects, 

reduce performance and cause changes in social behavior [2]. 

The situation described above has brought to the surface the need for monitoring these two 

factors of wellbeing with various technological solutions. By monitoring noise and air pollution we 

can design solutions to decrease the effects they have and enhance the life of citizens. This need is 

exactly what has driven the development of this project. 

The aim of this thesis is to develop an end-to-end solution that will gather environmental 

data, especially air quality and sound level, send them using the latest technology in IoT (Internet 

of Things) to a platform and make them available for viewing and further analysis. 

The following figure shows a brief representation of the whole project: 
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Figure 01 (source in Appendix I): Overview of thesis 

 

 

1.2 Air quality 

 

 Air pollution represents a main threat to global society. The majority of people on the planet 

reside in locations where the World Health Organization's (WHO) recommended acceptable level 

for air quality is exceeded. Urban areas emit around 78 percent of all carbon emissions and 

significant airborne pollutants, which have a negative impact on more than 50 percent of the world's 

population that live there. Emissions, weather, and physicochemical changes are just a few of the 

many variables that can affect the regional air quality. Another significant factor that contributes to 

long-term air quality issues is urbanization, a process that modifies the size, makeup, and expansion 

of cities in response to the population surge. 

 

 In our thesis, we will measure the levels of eCO2 (Equivalent Calculated Carbon-Dioxide) 

in parallel with TVOC (Total Volatile Organic Compound) and PM (Particulate Matter). 

 

Carbon dioxide (CO2) is a gas with no odor or color with present in the atmosphere on a 

regular basis. CO2 is a typical byproduct of biological metabolism and is present in exhaled breath. 

Additionally, it comes about as a result of burning fossil fuels and natural processes like volcanic 

eruptions. CO2 levels in outdoor air normally vary from 300 to 400 parts per million (ppm), but 

they can reach 600 to 900 ppm in urban areas. The way it affects the air quality is that whenever the 
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presence increases in the air, it also increases in the bloodstream, limiting the amount of oxygen 

available to the brain. 

Generally, CO2 sensors are expensive. This drawback is solved by not measuring CO2 

directly but by reporting eCO2. An eCO2 measurement is derived from a total volatile organic 

components (TVOC) measurement, which are compounds that have a high vapor pressure and low 

water solubility (Methane, alcohols, ketones, amines, and aromatic hydrocarbons etc.). The sensor 

we use has a metal oxide TVOC sensor integrated, and it works by measuring the resistance of a 

special reactive layer that is exposed to the air. The readings are used as inputs and after processing 

there is an estimation in CO2 concentration. 

 

 

 

 

 

Figure 02 (source in Appendix I): CO2 hazard scale 

 

 

 

 

 

Figure 03 (source in Appendix I): TVOC air quality scale 
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 There are many pollutants, as many studies have shown, that are the main cause of human 

disease. Among them, particulate matter (PM), which are particles of variable but microscopic 

diameter that act as follows: they enter the respiratory system through inhalation and cause 

cardiovascular and respiratory diseases, central nervous system dysfunctions, reproductive 

dysfunctions, and cancer. The average annual concentration of fine particles with a diameter of less 

than 2.5 µm (PM2.5), in the most polluted cities is almost 20 times higher than in the cleanest city, 

surveys in 499 global cities have shown. 

 

 

 

 

Figure 04 (source in Appendix I): Particulate matter info and examples 

 

 

 The following figures show the limits and hazard scale for the PM concentration: 

 

 

 

Figure 05 (source in Appendix I): Common Air Quality Index (CAQI) and PM levels 

 

 

Especially in Europe, the emission standards and limits are the following: 

 



Thesis:  Study and implementation of air quality and noise pollution monitoring system in urban areas using 

LoRaWAN technology 

  

Konstantinos Stathis, University of the Aegean, Dept. of ICSD 17 

 

 

 

Figure 06 (source in Appendix I): European standards about emissions 

 

 

1.3 Sound pollution 

 The spread of noise, commonly referred to as environmental noise or sound pollution, has a 

number of consequences on human or animal behavior, the most of which are at least somewhat 

harmful. The main sources are machinery, transportation, and propagation systems. Some of the 

main causes of noise in residential districts are loud music, transportation (traffic, rail, airplanes, 

etc.), construction, electrical generators, and people, which are amplified by poor urban design. 

According to the WHO, the typical permissible noise level in residential areas is 50 dB, which is far 

lower than the current average noise level of 98 dB in cities. High levels of noise are linked to 

cardiovascular effects, including an increased risk of coronary artery disease [3]. 

 

 

 

 

Figure 07, 08 (source in Appendix I): Sound levels and everyday examples 
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1.4 Motivation – Health issues and air quality/noise pollution 

 The motivation behind the whole project is simple and yet very important: there are some 

characteristics of the air we breathe and the sound levels we are exposed to that have direct impact to our 

health. This applies to every area we reside but especially in a city. Monitoring these indicators helps us 

decide for better measures and actions to improve our daily life and avoid exposure to threatening conditions. 

Such procedures are already in place in major cities around the world like China, where citizens are informed 

about the air quality and sound levels, and they are advised to wear a mask or avoid places with poor or 

hazardous conditions. So, our monitoring implementation can be a starting point and a basis for further 

scaling and enrichment in a city that wants to be smarter, proactive, and provide healthier environment to its 

citizens. 

 

 

1.5 Thesis structure 

 

Chapter 1 is the introduction of the thesis, in which we explain the motivation which is the health 

issues associated with air quality and noise pollution in the city, the contribution which is a complete 

monitoring solution of the environmental parameters we are interested in and the further description of them. 

 

Chapter 2 is about the technologies we use to send the sensor readings from the end node to our 

gateway and to the platforms we will use for further analysis. 

 

Chapter 3 is focused on describing all the parts and sensors of our LoRa end node which is responsible 

for acquiring the data and sending them using LoRa to our gateway. 

 

Chapter 4 is focused on describing all the parts of our LoRaWAN gateway which is responsible for 

receiving the sensor readings from the end node and forwarding them to “The Things Network” platform. 

 

Chapter 5 is describing the destination of the data we receive and include the “The Things Network” 

platform on which we create an integration with the “ThingSpeak” platform, and we publish their graphs.  

 

Chapter 6 is about the analysis of the sensor data. There, with the help of MATLAB analysis we 

calculate important graphs and statistics. 

 

Chapter 7 is about the evaluation of our monitoring solution, mentioning any improvements and any 

conclusions about the data we received. 

 

 

 

 



Thesis:  Study and implementation of air quality and noise pollution monitoring system in urban areas using 

LoRaWAN technology 

  

Konstantinos Stathis, University of the Aegean, Dept. of ICSD 19 

 

2  Data 

transmission – LoRa, LoRaWAN 

 

2.1 Description 

For our thesis, we are making use of RF transmission with LoRa and LoRaWAN technology, which 

includes one end-node and one gateway. 

 

 

 

 

Figure 09 (source in Appendix I): Example of typical communication between end nodes and 

gateways 

 

 

LoRaWAN gateways act as the link between end nodes and the network. To receive information from the 

End Nodes, gateways in the area are equipped with a very capable LoRa concentrator and are considered as 

a powerful router. The primary types of LoRaWAN Gateways are two and they distinguished based on their 

type of software running: 

 

• Minimal firmware: runs only the packet forwarding software. 
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• Operating system: the software responsible for packet forwarding runs in the background. This gives 

the possibility of utilizing the gateway for other purposes and running more tools to provide 

flexibility and added value on the expense of power consumption. 

 

 End Nodes are devices that may be placed anywhere at the end of a network and are outfitted with 

sensors or actuators to gather and monitor data. Low-power microcontrollers are the most common version, 

as they may be deployed for years, are maintenance-free, have a small battery, and are equipped with a LoRa 

transmitter to deliver data packets to Gateways. 

 

 It is important to clearly understand that there is a difference in the type of communication between 

the entities of a LoRaWAN network: an end node communicates with near-by gateways through low power 

LoRaWAN, whereas gateways communicate with the Network Server using higher bandwidth 

communication protocols (Ethernet, WiFi, Cellular) [4]. 

 

 All the parts of the ecosystem of our projects are explained in the following sections. 

 

 

 

 

Figure 10 (source in Appendix I): Brief description of LoRa and LoRaWAN layer difference 

 

 

 

 

 

 

2.2 LoRa 

 

 



Thesis:  Study and implementation of air quality and noise pollution monitoring system in urban areas using 

LoRaWAN technology 

  

Konstantinos Stathis, University of the Aegean, Dept. of ICSD 21 

 

 

 

Figure 11 (source in Appendix I): LoRa logo 

 

 

Long Range (LoRa) is a great wireless modulation technique that evolved from Chirp Spread 

Spectrum (CSS) technology, in which data is encoded in radio waves using chirp pulses. The breakthrough 

features for IoT applications are low power consumption, secure data transmission, and increased data 

propagation distance. An additional and groundbreaking feature of modulated LoRa transmission is its 

property to remain impervious to interference without any loss of information. This method is an amazing 

fit for use cases/applications that send small pieces of data at low bit rates and over a longer distance 

compared to WiFi, Bluetooth, or ZigBee. These characteristics make LoRa an excellent and brilliant choice 

for low-power sensors and actuators. 

LoRa can operate in unlicensed sub-gigahertz bands such as 915 MHz, 868 MHz, and 433 MHz, 

for example. These frequencies are part of the ISM bands, which are used for industrial, scientific, and 

medical purposes around the world. Ranges vary by region. The United States, for example, uses the 915 

MHz band, while Asia uses the 865 to 867 MHz and 920 to 923 MHz bands. It can also operate on the 2.4 

GHz frequency for faster data rates than the sub-gigahertz band, but at the expense of range. [5]. 

 

 

 

 

Figure 12 (source in Appendix I): Common frequency plans 
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2.3 LoRaWAN 

 

 

 

 

Figure 13 (source in Appendix I): LoRaWAN logo 

 

 

LoRaWAN is a network protocol (media access control (MAC) layer) based on the innovative LoRa 

modulation technique and provides long-range, low-power and security features that are ideal for use cases 

involving, for example, telemetry and sensor data very small size as well as low power actuators. It is a 

software layer that defines how LoRa hardware transmits and receives, and the format of the messages sent. 

The LoRa Alliance is responsible for the development and maintenance of the LoRaWAN protocol. 

In a typical LoRaWAN network, gateways carry messages between end nodes and a central network 

server in the backend, forming a star architecture. End devices communicate with one or more gateways 

(depending on which one is in range and with the strongest signal) using LoRa, while the gateways 

communicate with the network server via regular IP connections. Although uplink messages from an end 

device to the network server are supposed to be the primary traffic, all communication is usually bidirectional, 

sometimes with the presence of downlink messages. 

 

 

 

 

Figure 14 (source in Appendix I): LoRaWAN Network Architecture 
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A typical LoRaWAN network, as we can see in the previous figure, includes the following entities: 

 

• End devices: these are sensors or actuators, of any size but low power, as they use batteries 

(unless connected to a continuous power supply) that send LoRa-modulated wireless messages 

to gateways (uplink message) or receive messages back (downlink message). 

• Gateways: receive messages from end devices and forward them to the network server. Also 

responsible for sending messages back to the end nodes. They are usually connected to a 

continuous power supply. 

• Network server: software running on a private server (or cloud platform) that is responsible for 

managing the entire network. 

• Application servers: a piece of software running on a private server (or cloud platform), 

responsible for securely processing application data and for viewing or sending it to other 

applications for further processing. 

• Join Server: a piece of software running on a private server (or cloud platform) that processes 

end device join request messages so that their messages can successfully reach the network and 

application servers and applications. 

 

 

The end nodes are split into 3 categories based on energy consumption and message transmission [6]: 

 

• Class A (Bi-directional): This class supports bidirectional communication, with each end-device's 

uplink broadcast followed by two short downlink reception windows. It is the most energy-efficient 

system for applications that only require downlink communication with the server once an uplink 

transmission has been sent. At any other time, downlink communications from the server will have 

to wait until the next planned uplink. 

• Class B (Bi-directional with scheduled receive slots): This class allows for more receive slots. Class 

B devices, in addition to the random receive windows of Class A, open additional receive windows 

at predetermined periods. 

• Class C (Bi-directional with maximal receive slots): This class has practically always open receive 

windows, which are only closed when sending. Class C end-devices consume more power than Class 

A or Class B (thus they are usually connected to a continuous power supply), but they have the 

shortest server-to-end-device communication latency. 

 

Each gateway is connected using IP connections to the network server, and end devices communicate 

with gateways within range rather than a specific one, since the LoRaWAN networks use the ALOHA 

protocol. The Network Server receives the messages and then message deduplication is used: if the Network 

Server receives several copies of the same message, it maintains just one copy and discards the others [7] 
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Figure 15 (source in Appendix I): Typical LoRaWAN network 

 

 

 

 

Figure 16 (source in Appendix I): LoRaWAN OSI reference 

 

 

The following are some key characteristics and benefits of using this technology: 

 

• Ultra-low power: Low power optimized end devices that can last large periods of time on small 

batteries. 

• Long range: In rural locations, gateways may broadcast and receive signals over up to 10-11 

kilometers, and in urban areas, up to 3-4 kilometers. 

• Deep indoor penetration: Multi floor buildings can easily get coverage. 

• License free spectrum: The technology operates in the license-free frequency spectrum. 

• Geolocation: By using triangulation and the position of at least 3 gateways, the location of any kind 

of end device can be determined without the need for Global Positioning System (GPS) 

• High capacity: Vast amounts of messages from thousands of gateways can be handled by Network 

Servers. 

• Public and private deployments: Public and private LoRaWAN networks can be easily deployed 

using the same type of hardware (gateways, actuators, end devices, antennas) and pieces of software 

(packet forwarders, LoRaWAN software stacks). 

• End-to-end security: Highly secured communication (AES-128 encryption support) is ensured 

between the end device and the application server. 

• Over the air (OTA) firmware updates: Remote update of the firmware can be achieved 

(microcontroller code and the LoRaWAN stack) for one or group of end devices with no need of on-

premises access. 

• Roaming: End devices can use any gateway within range and perform handovers from one network 

to another without any issue. 

• Low cost: Minimal-cost end nodes and sensors, minimal infrastructure, and open-source software 

usage. 

• Certification program: LoRa Alliance certifies end devices and guarantees about the reliability of the 

devices and LoRaWAN specification compliance. 
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• Ecosystem/Community: LoRaWAN features a wide ecosystem of actuator/device/gateway/antenna 

manufacturers, network service providers, and application developers, as well as excellent support 

in the event of a problem. 

 

The following are a small number of use cases with ways of application to give some insight [8]: 

 

• Vaccine transport monitoring: Temperature and humidity sensors are employed, to guarantee ideal 

conditions for the vaccines while in transit. 

• Animal conservation: Managing endangered species using tracking sensors. 

• Elderly patients monitoring: Wristband sensors provide fall detection and panic buttons provide 

emergency awareness. 

• Smart Metering: Providing efficient solutions to monitor energy consumption at an asset level. 

• Smart farms: Crop soil moisture is continuously monitored, and watering schedules are optimized. 

• Food safety: Real time temperature monitoring for food quality maintenance. 

• Smart Grid: Real-time monitoring of electricity networks and immediate detection, reaction, and pro-

action to changes in usage and any issues. 

• Smart city: Waste bin level alerts, air quality, sound pollution, damage report can be automated and 

sent to the responsible staff/committee to prioritize/optimize solutions. 

• Efficient workspaces: Monitoring of room occupancy, temperature, humidity, energy use, and 

parking availability for optimal scheduling. 

• Home, Building, Industrial automation: Excellent use for low power automation with incredible 

scaling. 

• LoRa in space: Full scale Earth LoRaWAN-based coverage with satellites. 
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3  

Measurements acquisition – LoRa end node 

3.1 Description 

The heart of our project is a LoRa end node, and the next picture shows the hardware that was used and 

combined to build it: 

 

 

 

 

 

Figure 17 (source in Appendix I): End node with sensors 

 

 

 

This node is where everything begins. It is responsible for acquiring the values from the sensors and 

transmitting them to the cloud platforms that we use for representation and calculations. It is battery powered 

with low power consumption. 
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3.2 Hardware involved 

 

In the next subsections, we will enumerate and describe all the components that make up the LoRa 

node that was developed and used for our project: 

 

 

3.2.1 ESP32 

Our main MCU (MicroController Unit) is ESP-32 (by Espressif). It is an MCU that combines WiFi 

and Bluetooth technologies along with a powerful CPU (Central Processing Unit) and more than enough 

RAM (Random Access Memory) and ROM (Read Only Memory) [9]. 

 

 

 

 

 

Figure 18 (source in Appendix I): ESP32 microcontroller 

 

 

 This MCU was chosen because of the capabilities it offers and the possibility for further expansion 

of the project. It is programmed in the Arduino programming language, which is based in Processing 

programming language, a very simple hardware programming language, which is like C/C++ language. The 

ESP32 has a very good amount of memory for programming which we need since we use many libraries for 

our sensors to work and to send data using “The things Network” libraries.  

 

 

 

Figure 19 (source in Appendix I): Arduino IDE message on memory allocation, after compilation of code 
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3.2.2 SSD1306 - OLED 

SSD1306 is a CMOS OLED screen. The resolution of the screen we used is 128x64 and uses the I2C 

interface. The module is integrated with contrast control, oscillator, and RAM, which makes the number of 

external components and power consumption minimum [10]. 

 

 

 

 

Figure 18 (source in Appendix I): OLED screen 

 

 

In this project, it is used for debugging and as a mean to show the sensors’ readings and their 

transmission. In the code we used and adjusted the example from the included library 

(https://github.com/greiman/SSD1306Ascii). 

 

 

3.2.3 DRF1276G – LoRa RF chip 

DRF1276G is a LoRa module that consists of SX1276 chip, SMD crystal and antenna. It operates at 

low voltage (less than 3.6V) with standby current that reaches the levels of μA which makes it suitable for 

battery-operated use cases/applications [11]. 
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Figure 21 (source in Appendix I): LoRa module 

 

The SX1276 transceiver included in the module feature the LoRa modem which provides ultra-long 

range spread spectrum communication and strong interference immunity while consuming the least amount 

of energy. Using Semtech’s unique, patented and innovative LoRa modulation technology, SX1276 can 

achieve a very high sensitivity (greater than -148dBm) [12] [13]. 

 

 

 

 

Figure 22 (source in Appendix I): LoRa modem 
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With this module we achieve data transmission from our end node to our gateway. In the code we 

used and adjusted the example from the included library (https://github.com/manuelbl/ttn-esp32). 

 

 

3.2.4 CJMCU8128 – Air quality board 

 

 

 

 

Figure 23 (source in Appendix I): TVOC, eCO2, temperature, humidity sensor 

 

This board consists of 3 chips: 

 

CCS811 (by ScioSense): It is a very energy efficient digital gas sensor that uses the I²C interface. 

The use of a metal oxide (MOX) gas sensor ensures the easier and more accurate detection of a wide range 

of Volatile Organic Compounds (VOCs) for outdoor/indoor air quality monitoring. By using this incredibly 

thin hotplate technology, a highly reliable solution for gas sensors, very fast cycle times and a significant 

reduction in energy consumption is achieved [14] 

This sensor will measure eCO2 (equivalent calculated Carbon-dioxide) concentration (400 to 8192 

parts per million (ppm)), and TVOC (Total Volatile Organic Compound) concentration (0 to 1187 parts per 

billion (ppb)). The range of detections involves Alcohols, Ketones, Organic Acids, Amines, and various 

Hydrocarbons [15]. In the code we used and adjusted the example from the included library 

(https://github.com/adafruit/Adafruit_CCS811). 

 

HDC1080 (by Texas Instruments): It is a highly accurate Digital Humidity sensor which integrates 

a temperature sensor operating at very low power and is already factory calibrated [16]. In the code we used 

and adjusted the example from the included library (https://github.com/adafruit/Adafruit_Si7021). 

 

BMP280 (by Bosch): It is a barometric pressure sensor, which is the best solution for small size 

related applications. Its small size and its low power consumption allow for the implementation of devices 

where the use case demands the use of battery. The device is packaged and already factory-optimized in 

terms of power consumption, resolution, and filtering [17]. In the code we used and adjusted the example 

from the included library (https://github.com/adafruit/Adafruit_BMP280_Library). 

 

We use this group of sensors as our main source of retrieving environmental variables data. 
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3.2.5 PMSA003 - particulate matter sensor 

 

 

 

 

Figure 24 (source in Appendix I): PM1, PM2.5, PM10 sensor 

 

 

 This sensor is a universal particle concentration sensor, which measures the number of air-suspended 

particles, i.e., the air concentration of particles, and renders them in the form of digital interface. For such 

sensor, use of laser scattering principle is applied, which entails producing scattering by using laser to radiate 

air-suspended particles, collecting scattering light in a predefined degree, and ultimately obtaining the 

scattering light change over time curve. Finally, equivalent particle diameter and the arithmetic amount of 

particles with different diameter per unit volume can be calculated by the integrated microprocessor based 

on Mie scattering theory [18]. 

 The values that we retrieve from this sensor are PM1, PM2.5, PM10 which refer to particles less than 

1μm, 2.5 μm, 10 μm in diameter respectively. In the code we used and adjusted the example from the included 

library (https://github.com/plerup/espsoftwareserial, https://how2electronics.com/interfacing-pms5003-air-

quality-sensor-arduino/). 

 

 

3.2.6 INMP441 – Microphone 

 

 

 

Figure 25 (source in Appendix I): Microphone used as sound level sensor 
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 The INMP441 is a MEMS microphone with the following characteristics: high-performance, low 

power, digital-output and omnidirectional. It supports signal conditioning, integration of an analog-to-digital 

converter, implementation of anti-aliasing filters, supports power management, and an 24-bit I²S interface 

[19]. 

We used this microphone as a mean to measure the pressure level of sound with the appropriate use 

of the library (https://github.com/ikostoski/esp32-i2s-slm). 

 

 

 The end node was installed for 7 days in the heavily industrial city of Elefsina, Attica, Greece. This 

urban territory is surrounded by many factories, an oil refinery plant, and a national toll station. It is also a 

logistics center with many companies operating there, which leads to increased levels of traffic and therefore 

increased sound levels and air pollutants. 

 As a comparison, after the end of the data acquisition period in the city, we moved the end node to a 

rural area of the city of Mandra, away from factories and heavy traffic, again for 7 days. This relocation was 

necessary to have some readings from a cleaner area, healthier for the habitants.  

The interval of the sensor reading, and data transmission is 1 per hour, so we have 24 readings per 

day. Then the readings are transmitted to the gateway and then to the network/application server. 
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4  

LoRaWAN gateway 

 

4.1 Description 

 

 

 

Figure 26 (source in Appendix I): Complete gateway (Raspberry Pi 3 + RAK831) 

 

 

 

 

Our LoRaWAN gateway is the receiver of the sensor readings from our end node and the responsible 

router of these messages to the network server of “The Things Network” platform. 

Essentially it is a Raspberry Pi with a LoRaWAN concentrator hat (hardware attached on top) running 

the packet forwarder software to send the values to the Network Server. 
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4.2 Hardware involved 

 

In the next sections, we will enumerate and describe all the components that make up the gateway that 

was developed and used for our project: 

 

4.2.1 Raspberry Pi 

 

 

 

 

 

Figure 27 (source in Appendix I): Raspberry Pi 3 

 

 

The Raspberry Pi is a 4-core Linux (mainly) development board, with a GPIO (General Purpose 

Input/Output) header to connect actuators/sensors, and the ability to easily add any multimedia device 

(external microphone or camera) or any HAT (Hardware Attached on Top) to further develop projects of any 

use-case. 

It is a typical and often to see piece of hardware in LoRaWAN gateways as it is robust, easily 

managed and very expandable. We are using an OS image provided by RAKWireless (manufacturer of the 

LoRaWAN HAT we use) which made our job to get the gateway up and running much easier. The OS is 

based on Raspberry Pi OS Debian Ver.10 “Buster” (at the time of writing) with all the required tools and 

configurations implemented. 

 

 

4.2.2 RAK831 
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Figure 28 (source in Appendix I): RAK831 Raspberry Pi 3 HAT 

 

RAK831 is a concentrator module, designed for a wide variety IoT use cases. It’s a multi-channel 

high-performance transceiver module that can receive several LoRa packets at the same time using different 

spreading factors on multiple channels. As a complete RF front-end, it allows for reliable communication 

between the gateway and a great amount of LoRa end-nodes spread out across a large area. For proper 

operation, RAK831 needs a host system. It can receive up to 8 LoRa packets at the same time sent with 

varying spreading factors on various channels. 

The module includes Semtech’s SX1301 which is a digital baseband chip that incorporates a very 

capable digital signal processing engine that is specifically developed to give revolutionary gateway 

capabilities in the free ISM bands around the world. The LoRa concentrator IP is integrated into the SX1301 

[20]. 

 The software installation and whole setup of the gateway was easy thanks to the OS (Operating 

System) image provided by RAKWireless (https://downloads.rakwireless.com/LoRa/RAK2247-Mini-

PCIe/RPi-Firmware/). 

 

 

The gateway was temporarily placed at a height of 4m and within line of sight from the end node. 

The temporary placement was because we would move both the end node and the gateway after 1 week from 

the urban area to the rural area to get readings for further analysis and comparison between them.  
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5  

Sensor data visual display 

5.1 Description 

 

For this implementation we decided not to implement a private LoRaWAN network but to use the 

collaborative platform of TTN (The Things Network) to gather all the sensor readings and then process them 

using some of the many integrations offered. 

 

5.2 The Things Network 

 

 

 

Figure 29 (source in Appendix I): TTN (The Things Network) logo 
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Image 30 (source in Appendix I): Greece TTN coverage overview 

 

 

 

 

Figure 31 (source in Appendix I): Wider area of Attica, Greece, TTN gateway coverage 

 

 

“The Things Network” SaaS (Software as a Service) platform is a global collaborative IoT ecosystem 

which creates networks and solutions using LoRaWAN technology. This initiative started in Denmark but 

quickly spread across the globe because of the support of all the people and organizations that wanted to use 

this new technology. It offers a set of open tools that can help someone build an IoT application at low cost 

but with security and the ability to scale.  
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5.3 App integration with ThingSpeak 

Until now we have described how to get our data from the sensors to the The Things Network Network 

server. From there, by creating a Webhook integration, we will send the data to ThingSpeak platform for 

graph representation and further processing in MATLAB. 

 

 

 

 

 

Figure 32 (source in Appendix I): ThingSpeak webhook in TTN console 

 

 

5.4 ThingSpeak 

 

 

 

Figure 33 (source in Appendix I): ThingSpeak logo 

 

ThingSpeak is an IoT analytics platform (written in Ruby) that allows anyone to aggregate, view, 

and analyze real-time data streams in the cloud. Live data can be sent by any device, and instant visualization 

can be created, or alerts can be sent. One of the most important assets we are offered, and use is the integrated 

support for the numerical computing software MATLAB from MathWorks, which allows us to analyze and 

visualize uploaded data using MATLAB without having to purchase of a MATLAB license [1]. 
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In the platform, we have created a channel that accepts the values from the LoRa end node and charts 

have been added for every field which is a sensor reading:  

 

 

 

 

Figure 34 (source in Appendix I): ThingSpeak channel charts per field/sensor reading 

 

 

As previously mentioned, the interval of the readings is once per hour. Every reading represents a 

dot in the graph. The graph shows all data for the last 30 days. They can also be exported as CSV, JSON and 

XML and imported to any other platform or software that we want for further analysis. 
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6  

Sensor data analysis 

6.1 Description 

 

As mentioned earlier, the end node was placed for 5 days in 2 different areas, a rural and an urban. 

This gave us the opportunity to further analyze the data and make comparison between them. 

 

 

6.2 MATLAB 

 

 

 

Figure 35 (source in Appendix I): MATLAB logo 

 

 

MATLAB is a numeric computing environment that besides other functionalities, it offers statistical 

analysis and plotting of functions and data. We use this functionality in our thesis for plotting the sensor data 

and computing certain values such as min, max, mean values, and more. 
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Figure 36 (source in Appendix I): MATLAB Apps in ThingSpeak 

 

 

First, we added a visualization (code in Appendix IV) that shows all the readings in separate plots in 

addition to the ThingSpeak charts, for both areas: 

 

 

 

 

Figure 37 (source in Appendix IV): MATLAB Visualization in ThingSpeak 
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Then we developed some analysis code that calculates the min, max, median, mean values per day 

for every reading: 

 

 

 

 

 

 

Figure 38 (source in Appendix I): MATLAB Visualization in ThingSpeak of all readings 

 

 Next, we created individual Visualizations for every sensor, and we calculated the same statistics 

plus a mean value of the 7-day period that we gathered data. 

 

 The following graphs and statistics are about the TVOC and eCO2 values: 

 

 

 

 

Figure 39 (source in Appendix I): MATLAB Visualization in ThingSpeak of TVOC readings 
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Figure 40 (source in Appendix I): MATLAB Visualization in ThingSpeak of TVOC 7-day period 

 

 

 

 

Figure 41 (source in Appendix I): MATLAB Visualization in ThingSpeak of eCO2 readings 
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Figure 42 (source in Appendix I): MATLAB Visualization in ThingSpeak of eCO2 7-day period 

 

 

As we can see from the values and graphs, during the 7-day period the mean value of TVOC for the 

urban area was 123 ppb (parts per billion) which classifies the air quality as “Moderate” according to 

Chapter’s 1.2 Figure. The rural area mean value was 63 ppb which classifies it as “Good”. 

 We can say with certainty that the results are as expected and a good indication that our sensors are 

working properly and sense the correct trend in air pollution. 

 

The next graphs about eCO2 values during the 7-day period show a mean value of 2432 ppm (parts 

per million) for the urban area which classifies the air quality as “Mediocre” according to Chapter’s 1.2 

Figure. The rural area mean value was 847 ppm which classifies it as “Fair”. 

 We can see that the urban values are elevated and there is a big difference between them and the 

rural ones. Again, the difference is expected, and the pollution trend was measured correctly. 

 

 

 

 The following graphs and statistics are about the PM10, PM2.5 and PM1 values: 
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Figure 43 (source in Appendix I): MATLAB Visualization in ThingSpeak of PM10 

 

 

 

 

Figure 44 (source in Appendix I): MATLAB Visualization in ThingSpeak of PM10 7-day period 

 

 

 

 

Figure 45 (source in Appendix I): MATLAB Visualization in ThingSpeak of PM2.5 

 

 

 

 

Figure 46 (source in Appendix I): MATLAB Visualization in ThingSpeak of PM2.5 7-day period 
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Figure 47 (source in Appendix I): MATLAB Visualization in ThingSpeak of PM1 

 

 

 

 

Figure 48 (source in Appendix I): MATLAB Visualization in ThingSpeak of PM1 7-day period 

 

  

As we can see from the values and graphs, during the 7-day period the mean value of PM10 and 

PM2.5 for the urban area was 46 μg/m3 and 41 μg/m3 accordingly which classifies concentration as “Low” 

according to Chapter’s 1.2 Figure. The rural area mean values for the same 7-day period were 28 μg/m3 and 

33 μg/m3 which classifies the concentration as “Low” to “Very Low”. The sensor we used also provided 

values for PM1 which are low (39 μg/m3 for urban and 20 μg/m3 for rural) even though we don’t have a 

reference chart to categorize the concentration, so we follow the general rule which is “the lower 

concentration of particulate matter, the better air quality”. 

 The results about the urban area and the presence of particulate matter in the air are showing us that 

the air is generally clean of particles. We still see a difference in urban and rural area, with rural air being 

cleaner and healthier. 

 

 

 The following graphs and statistics are about the Sound level: 
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Figure 49 (source in Appendix I): MATLAB Visualization in ThingSpeak of Sound levels 
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Figure 50 (source in Appendix I): MATLAB Visualization in ThingSpeak of Sound levels 7-day period 

 

As we can see from the values and graphs, during the 7-day period the mean value of Sound level 

for the urban area was 53 dB which classifies sound pollution as “Faint” to “Moderate to Quiet” according 

to Chapter’s 1.3 Figure. The rural area mean values for the same 7-day period were 50 dB which classifies 

the sound pollution in the same category as the urban one. 

 The results about the urban area show that the territory where we placed the sensor to gather data is 

quiet with minimum sound pollution. Obviously since we only gather measurements from one place, they do 

not represent the sound pollution situation of the city very well. It is one of the improvements we recommend 

in the next chapter of the thesis, gathering data from multiple places. We can also observe that there is small 

difference (even though it’s logarithmic scale) between the urban and rural area. 
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7  

Conclusion 

 Based on the findings and the data of the previous chapter, we can certainly conclude that the urban 

air contains elements that are hazardous for our health and the sound levels are elevated. Taking the extra 

step to gather further data from a rural area, provides us with the ability to compare the two areas: there is a 

clear difference in the indicators that we chose between an urban and a rural environment, the rural being 

much healthier and better for residents. 

 The initial goal of this thesis was accomplished: a robust implementation of sensor data gathering, 

and transmitting was achieved, and the data are (and will be) available for viewing and further analysis using 

the latest technologies and best tools available. As always, improvements can be made but this 

implementation can be the basis or inspiration of something better and larger. 

 

7.1 Improvements 

 

As mentioned earlier, the end node was placed for 7 days in 2 different areas, a rural and an urban. 

This gave us the opportunity to further analyze the data and make comparison between them. 

 Further improvements could be made in our implementation regarding the end nodes, such as adding 

different gases sensors for CO (Carbon monoxide), NO2 (Nitrogen dioxide), NO (Nitrogen monoxide), O3 

(Ozone), SO2 (Sulfur dioxide), all of them being hazardous for our respiratory system if present in the 

environment of our residence. Having data for more air quality indicators provides a more holistic approach 

to quality monitoring and further actions and measures can be taken, specifically for every indicator. In 

addition, the energy consumption could be improved by enabling any deep-sleep function that is supported 

or by using different microcontrollers which are less energy consuming.  

 Another improvement that would directly impact the number of readings and therefore the output of 

our measurements is scaling. More end nodes equipped with sensors could be added in the urban area under 

monitoring and more gateways to support them and expand the coverage. Gathering measurements from 

different places in an area makes the statistics of the data more accurate and any models deriving from them, 

closer to the real situation that the area is facing. 

 Regarding the software, programming the ESP32 was done using C/C++. An improvement would 

be to use MicroPython which is a minified and very light version of Python, especially developed for 

microcontrollers. This would make the whole more modern but the challenge that someone would face would 

be interfacing with the sensors since there aren’t many libraries yet for all sensors. 
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Appendix IΙ: LoRa end node source code 

LoRa end node source code: 
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Appendix ΙII: LoRa end node and sensors pin 

connections 

LoRa end node and sensors connection diagram: 
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Appendix IV: MATLAB code for ThingSpeak 

ThingSpeak MATLAB code for Visualization of values of all readings: 

 

 

 

 

 

ThingSpeak MATLAB code for Visualization of values of PM readings: 
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ThingSpeak MATLAB code for Visualization of values of TVOC + eCO2 readings: 
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ThingSpeak MATLAB code for Visualization of values of Sound Level readings: 
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