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Abstract: This paper proposed implementing a water and air monitoring system using sensor
development and a LoRa Network. To transmit data, a self-made PCB board integrates the terminal
sensors with Renesas RX64M MCU and LoRa. There are 16 monitoring point stations for the media
experiment. The sensors were used to measure the water and air parameters such as PM; 5, CO,,
DO concentration, pH level, temperature, and humidity. In addition, the Grafana system was
implemented to present the status and variation in the monitoring parameters in the environmental
area. To evaluate the monitoring system, we also collected public information provided by the
environmental protection department of the Taiwan government at the same monitoring point
for comparison.

Keywords: LoRa; internet of things; low-power network; environmental monitoring; air pollution;
water monitoring

1. Introduction

For effective process monitoring and enhanced control in wide areas, reliable and accu-
rate real-time measuring is essential. The case study of air pollution and water monitoring
was the paper’s main objective to implement the LoRa network. We are all aware that
haze is hazardous to one’s health. Domestic thermal power plants and pollutants from the
industrial output and dust diffusion contribute to Taiwan’s air pollution [1-3]. In this era of
the IoT, to understand the status of air pollution, it is necessary to select points and monitor
them. LoRa, a low-power, wide-area network modulation technology (LPWAN), refers to
long-range data communications. LoRa allows for long-range communications of up to
three miles or five kilometers in urban areas and up to ten miles or 15 km in rural areas. The
ultra-low power requirements of LoRa-based systems are a crucial feature, allowing for the
design of battery-operated devices that can last up to 10 years. A star network based on the
open LoRaWAN protocol is suitable for an implementation scheme that needs long-range
or deep in-building communication [4].

Numerous scholars worldwide have predicted that Internet of Things (IoT) computing
will become a dominant paradigm. The majority of focused research areas are located at
the intersections of these three major fields (cloud computing, mobile computing, and the
IoT), as well as at the intersections of all three. Several cutting-edge and developing com-
puter concepts are concentrated in such areas. Among these are Mobile Cloud Computing
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(MCC), cloudlet computing, mobile clouds, fog computing, and edge computing, to name
a few [5,6]. LoRaWAN, according to the LoRa Alliance, addresses important Internet of
Things (IoT) criteria such as secure bi-directional communication, mobility, and location
services. The LoRaWAN standard enables the rollout of IoT applications by providing
seamless interoperability among smart items without the need for complicated local in-
stallations. Low-power, wide-area networks, according to experts, will account for a large
share of the expansion of IoT devices in the next years [7].

In this paper, we adopted two strategies. First, we use a low-power LoRaWAN
network (low-power, wide-area network technology), which is capable of long-distance
transmission [8,9]. Second, we use solar cell charging equipment to achieve self-contained
power without constraints on the power supply issue. In this way, we solve the power
supply problem, and the logging data can be transmitted remotely [10-12]. In this case,
this work sets up six sets of monitoring stations in Tunghai University. In each station,
we use PM; 5, CO, concentration, temperature, and humidity sensors. Every minute after
processes logging data, the data were sent back to the database system based on the OSM
map (Open Street Map) [13,14]. Therefore, the objectives of this paper are listed as follows:

*  Implement the LoORaWAN network in an air quality and water monitoring system;
*  Evaluate the performance of the LoORaWAN receiver in terms of sensitivity and
throughput.

2. Background Review and Related Works
2.1. LoRa Low Power Consumption Network

LoRa means “remote” and is extended by the LoRa Union remote wireless commu-
nication system. This system is designed for equipment powered by batteries with long
life spans that are critical to energy consumption [15,16]. The uplink uses a significant
amount of data to send the measurement data, while the downlink is primarily used for
acknowledgment in many applications [17].

2.2. LoRa Network Architecture

A LoRa network is usually referred to as a “star-like network”, as seen in Figure 1,
because it comprises at least three different types of devices. The LoORaWAN network’s
basic architecture is as follows: (1) The terminal communicates with the gateway using
LoRa and LoRaWAN [18]. The data from the terminal device are sent to the webserver
through a high-throughput interface (often 4G, 3G, or Ethernet). (2) The gateway merely
serves as a two-way relay or protocol converter, and (3) the network server is in charge of
decoding packets received from the terminal and producing packets to be transmitted back
to the terminal [19,20].
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Figure 1. LoRa Network Composed of Three Different Types of Equipment.
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2.3. Arduino Development (Pre-Development for Rapid Implement)

Arduino’s appearance was due to the fact that students of a teacher at a high-tech de-
sign school in Italy often complained that a cheap and easy-to-use microprocessor controller
could not be found. The teacher, named Massimo Banzi, worked with another teacher,
David Cuartielles, and Spanish chip engineer Discuss to design their own circuit boards,
and introduced the student, David Mellis, to the circuit board design and development
language; they named this circuit board “Arduino” [21,22].

Arduino is an open hardware platform based on the open source spirit, which uses
a signle-chip Atmel AVR (Note 1). Its language is the C/C++ language development
environment, similar to Java.

2.4. Inverse Distance Weighted (IDW)

IDW is a deterministic multivariate interpolation method that uses a known dis-
tributed set of points. A weighted average of the values available at the known points is
used to assign values to unknown points. The range of the interpolated values calculates
the specified weight. The concept is an unknown value point that is inversely proportional
to the value distance of the known point around it; the further the distance, the lower the
degree of impact. The degree of impact between the unknown point and the established
point is the force of the distance. The formula is presented as follows:

i-1 ie1
flx,y) = [Z w(di)zi‘| + [Z w(di)‘| 1)
N N

where w(d;) is the weight equation, where z; is i of the value’s first known point, and d;
is i of the distance from the point to the unknown point. The inverse ratio of the power
determines the size.

2.5. Related Works

The remote and low-power network of the Internet of Things is an important subject
of future urban development. In 2016, Augustine et al. [8] studied and evaluated LoRa,
providing an overview of the technology and a detailed examination of its functional
components. Field testing and simulation were used to assess the performance of the
physical and data link layers. On this basis, some prospective enhancement solutions are
given.

Juha Petédjdjarvi et al. [23] tested the performance of the LoRa interior in 2016 at the
University of Oulu, where there were more than 570 m northeast of East Asia and 320 m
west of the main area using 14 dBm of transmit power and 868 MHz ISM band 12. Of the
maximum spreading factor, the entire campus area can be covered. The measured packet
delivery rate was 96.7%, with no acknowledgment or retransmission.

In 2014, Andrea Zanella et al. [24] produced the Smart City website, a thorough review
of urban Internet technologies, protocols, and architectures, as well as technical solutions
and best practice guidelines, centered on the City Internet of Things system.

M. Lauridsen et al. [25], published in March 2017, focus on LoRa and SigFox of the
Interference in the European 868 MHz ISM Band with five different locations, which is
referred to as the LoRa 868 MHz ISM band interference test: point out shopping, com-
mercial parks, hospital complexes, industrial areas, and residential areas, where RFID
interrogator signals occupied the 865-868 MHz band and which may prevent LoRa and
SigFox deployments. Channels need to be switched to avoid this problem.

Bhardwaj et al. [26] designed and implemented Cloud-WBAN, an experimental
framework that not only brings the cloud computing system closer to the WBANs user
(edge-of-things computing) but also automatically adjusts the computing resources (at
cloudlet) to maintain the WBANSs users’ service level agreements (SLAs) based on the
volume and type of sensory data. The efficacy of the suggested strategy is assessed, and the
experimental findings demonstrate that when compared to other methods, the proposed
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approach increases resource utilization by at least 26% and reaction time by at least 49%. In
addition, Bhardwaj et al. [27] present a new elasticity controller that combines fuzzy logic
control with autonomic computing for autonomic resource provisioning. This controller
calculates the needed number of processor cores based on the internal workload of the
program and the virtual machine’s resource consumption. In comparison to existing
methods, the suggested methodology reduces the finishing time by up to 64% and boosts
resource usage by up to 36%, according to the test results.

D. M. Hernandez et al. [11] published an energy and coverage study of a LPWANs
schemes for Industry 4.0 in May 2017, which mentions that low-power broadband networks
(LPWAN) are becoming one of the major components of the Industrial Internet of Things
(oT). The combination of network topology could cover large urban areas similar to the
indoor environment when using energy-efficient transmission.

T. Peter et al. [12] published the performance and analysis of LoRa in September
2016. LoRa technology offers excellent outdoor coverage results in urban or rural areas,
with very low frame losses (about 3%) under optimal conditions. Water quality must be
continuously monitored before it is released into the environment. Kamidi et al. [28] use
an Arduino UNO R3 to capture water quality data. The parameter is then sent through
WiFi via the 8266 module. Data were collected and processed with Spark MLIib using
a Deep Learning model. If the parameter exceeded a previously determined threshold,
an SMS alert was sent. The SMART-WATER infrastructures technology allows for the
tracking and control of water consumption via websites [29]. To send logging data, they
use a variety of communication protocols. The LoRa and wMBus wireless protocols are
used to communicate with terminal devices, and NB-IoT and GSM cellular are used to
connect them to the cloud [30], a suggested method for providing real-time data for smart
cities based on IoT and Wireless Sensor Network. The current method relies solely on
wireless technology, which is limited in range and consumes more power. They switched to
LoRaWAN, which allowed them to cover a greater distance than Wi-Fi. Gangwani et al. [31]
proposed IOTA, a new distributed ledger system for the Internet of Things. It is based on a
directed acyclic graph. IOTA circumvents the blockchain’s present restrictions by providing
a data communication protocol called masked authenticated messaging that enables safe
data sharing between Internet of Things (IoT) devices.

To make our study different, we implemented LoRaWAN architecture on wide areas
in real-time at Tunghai University. We also compared the performance between the LoRa
module and WiFj, such as in terms of energy use. For the LoRa’s performance, we evalu-
ated more details on receiver sensitivity data collection in the 915 kHz channel, receiver
sensitivity data collection in the 868 kHz bands, the actual results of sensitivity receiving,
and the average throughput.

3. System Design and Implementation

In this section, we describe the LoRa system’s architecture and implementation in this
paper, which established an air pollution and water monitoring system on the Tunghai
University campus. The characteristic of this system, just like [32,33], efficiently assess real-
time air quality information and display and low power consumption of data transmission.
In addition, the system supports historical data query and analysis. Finally, the proposed
system has a user-friendly graphical interface.

3.1. System Environment

The system environment includes the hardware and software requirements. About
the hardware, the list in Table 1 shows the components needed for the air quality monitor-
ing station.

For water monitoring, we used three sensors for logging data. In addition to PM; 5, we
apply a Multi-parameter Water Quality Sensor for water quality sampling, which including
dissolved oxygen, pH, and temperature sensor:s

1.  Dissolved Oxygen Sensors



Appl. Sci. 2022,12, 5018

50f19

There are two methods for measuring dissolved oxygen: the optical method and the
amperometry method. The optical method is the more commonly used method [30].
2. pH Sensors
The pH value is determined via a pH-sensitive electrode [34]. The activity of hydrogen
ions in the solution generates a tiny current, which can be utilized to determine the
pH level in the water.
3. Temperature Sensors
Temperature sensors perform to a certain extent depending on the voltage across the
diode. The resistance of the diode changes in a precise proportion to the change in
temperature of the device. When the temperature drops, the resistance decreases, and
vice versa for the same reason.

Table 1. Monitoring Station Equipment.

ID Name Quantity
1 LoRa Node 6

2 Arduino UNO 6

3 PMS5003T 5

4 Charge and discharge control 5

board

5 Solar panels 5

6 Gateway 1

7 GE T6603-5 CO, 1

The list showed in Table 2 are the components needed on the end of the data displaying
station, which included a Citrix IBM AMD Opteron (tm) Processor 6172 x 24 cores, a
RAID10/300 GB/SAS * 4 HDD, and 40 GB RAM. In terms of the software, the operating
system used Ubuntu 14.04 LTS 64 bit, ELK (Elasticsearch, Logstash, and Kibana), Grafana,
Java, and Open Street Map to build up the system.

Table 2. System Service Equipment.

ID CPU RAM HDD NIC
AMD Opteron
1 Processor 6172@2.1 40 GB DDR3 1TB 4 GB Ethernet
GHz x24

We refer to [24] to set up six monitoring stations on campus; the locations are shown
in Table 3.

Table 3. The locations of monitoring stations.

ID Location Description
A Technology building Monitor road air quality
B Library Monlltor the hbr.ary room
learning room air quality
C Language Hall Monitor air quality on campus
D Restaurant Monitor the air quality of the
sports area on campus
E School gate Monitor road air quality
F Pasture Monitor the air quality of

industrial areas
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3.2. System Architecture

The overall structure is shown in Figure 2. For the issue of health hazards [35], the
air quality data are logged and monitored. Moreover, the outdoor monitoring stations are
charged by solar cells. There are three parts of monitoring servers in our system: the sensor

data, the web platform, and the ELK Stack.

Monitoring Server

((‘ﬂv) (ﬁ» (ﬁ»

JavaScript

Elastic
search

Logstash

'

HTML5

Sensor Data ‘ Web Platform ’ ‘ ELK Stack |
D Highchartjs
((E)) Nginx | Kibana
LoRa LAN
Base Station ‘ L |

Figure 2. System architecture.

3.3. Real-Time Data Collection Service

Real-time data are important for the assessment of campus air quality, as shown in
Figure 3. We use Java programs to capture these real-time data from the monitoring sensors
and then store the data in the MySQL database by the Open street map and ELK Stack

[36-38].

Sensor Data

ThingSpeak Web
((ﬁ))

LoRaLAN
Base Station

@ @

1

DATABASE

Data Collection Service

Real-time data collection service

< >

i, —

Figure 3. Data Collection Service.

3.4. Web Monitoring System

The architecture of the web monitoring system uses the following software: (1) Ubuntu
18.04 as the operating system; (2) Python 3.6 was used for application programming, while
MQTT and MYSQL databases were used for data transmission and access in the data
communication section of the website; and (3) Grafana 6.2.5 was used to display the data
and establish alert standards to notify when specified anomalous instances occurred, as
depicted in Figure 4. To create the system, we installed Open Street Map, Java, and ELK

(Elasticsearch, Logstash, Kibana).

OSMP map
rendering
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Figure 4. System Architecture Diagram.

3.5. Sensor Deployment
3.5.1. Air Quality Sensor and LoRa Terminal Deployment

The air quality sensors and LoRa, including the RX64M controller PCB, humidity
(PMS5003T) and temperature sensors, solar panel, charge and discharge control board,
LoRa module, and Gateway, are shown in Figure 5.

Figure 5. Monitoring Station with LoRa and Gateway.

Figures 6 and 7 show the gateway location and LoRa test installation of the deployment
station at the campus, respectively.

Figure 7. LoRa Campus Test Chart.
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3.5.2. Water Monitoring Sensor and LoRa Deployment

The terminal sensors are integrated and log data by a lab-made PCB board with
RENESAS RX64M MCU, using LoRa to transmit the data. The MCU of Renesas RX64M [39]
with 170 Pins and 128 I/O Ports is capable of operating at up to 120 MHz and allows for
high-speed and low power consumption. The RX64M Group is suitable for network devices,
industrial equipment, and other applications that require large-capacity memory, real-time
performance, and harsh environments.

According to the development process, we used Renesas chips and constructed and
simulated the necessary circuits with ADS (Advanced Design System) software based on the
circuit principle. After several integrated tests of interface matching, we achieved success,
and then used Altium Designer (PCB Design Software) to draw the PCB Layout diagram
shown in Figure 8a. We then constructed it as a real system as shown in Figures 8b and 9a.

CPEEINECY VIV VARER rEpE
Ik 5 ]

PP AT PRIt T
Ll

eoo60eon O
o 000[c o0o]|of
o
o

(b)

Figure 8. PCB model: (a) The PCB Layout Figure of repaid rapid monitoring station; (b) Complete
diagram of all-component welding.

Modbus [40] is widely used in industrial settings because it is simple to implement
and maintain compared to other standards and has minimal constraints. Modbus allows
several devices to be connected to the same cable to communicate with each other. A gadget
that measures temperature and another that monitors humidity, for example, might be
linked to the same cable and transmit measurements to the same computer, just like the
water sensor we employed in this paper, as shown in Figure %b.

This system collects four parameters: pH, DO Conductivity, and Temperature. The
data are broadcast to the network using MQTT. The message is then captured by the MQTT
client and saved to the database. We used a mini ship to collect the water parameters from
the lake. Figure 10 illustrates the mini ship used in our experiments.

The data were transmitted with LoRa and broadcasted using an MQTT gateway, as
shown in Figure 11. In comparison to the Wi-Fi transmission system, the cost is much
lower [41]. Furthermore, the stable remote transmission prevents data loss and allows
for more reliable recording and analysis of the data collected. As a result, LoRa is the
transmission technology of choice for the majority of people.
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Figure 9. LoRa and Water Multi-sensor: (a) The total connection diagram of with LoRa module of
EK-5765XB; (b) Multi-parameter Water Quality Sensor.

Figure 11. Water Quality Data Collection.

3.6. Packet Loss Rate Transmission

(1) Transmission Packet Loss Rate: For real-time flows, the PLR is a key performance
indicator. The number of packets lost or deleted during transmission must be kept low
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because these data flows are promised certain data speeds for smooth and flawless trans-
mission. The PLR can be calculated as follows in a transmission interval:
t T

PLR = % x 100 ?)
where N’x and N”x represent the total number of packets sent and received, respectively.
In LTE-Sim, it could be accomplished quickly by collecting all of the real-time packet sizes
that are transmitted and received, then calculating the PLR using one of the evaluation tools
available in the simulator. We compared two parameters, which are the central frequency
and the amount of data sent, based on the same distance between the gateway and the
logging points. There are two key points need to emphasize to optimize PLR. The first one
is to increase the numbers of gateway or 3 dBi antenna would be actually reduced the PLR.
The second one is to reduce the packet size.

Radio frequency (RF) test equipment is frequently prohibitively expensive, and test
engineers may lack RF knowledge. This leads to a lack of verification of the RF performance
in a device. As a result, devices end up exhibiting poor range characteristics that are not
circumvent able as the issue lies in the underlying design. In order to verify the receiving
ability, a LoRa’s receiving testing was conducted. The hardware includes the following:
(1) a LoRa® Evaluation Board LM-130H1 AEB, which is a built-in switchable protocol
(LoRaWAN™ /M.0.S.T.) device based on the GlobalSat LM-130H1 module, and (2) a dual
channel professional LoRa Gateway (LG-5201H EVB), which can operate independently, as
shown in Figure 12.

Figure 12. The Equipment of Packet Loss Rate Test.

4. Experimental Results

This paper introduces the experimental results of the LoRa low-power network of a
monitoring system, which is used for monitoring Tunghai University campus’s air and
lake water. In this section, the system design architecture is described. Section 4.2 lists the
aeronautical data collection services and real-time processing services and data analysis
services. Section 4.3 is the presentation of ELK historical data, and the performance
evaluation and results presented in the Section 4.4.

4.1. IDW Visualization

The logging data are transmitted, after processing, by LoRa and uploaded to the
ThingSpeak website per minute. Our real-time display system uses the OSM map (Open
Street Map). It can display a variety of information, as shown in Figure 13a. Figure 13b
presents the IDW map values after IDW calculation. It merges into the DataFrame of
the map’s grid layer and gives the corresponding density color according to the sensor
value of each grid. The color rendering refers to the sensor’s values classification from the
source data. Because it is difficult to see the concentration diffusion using StepColorMap,
this study uses LinearColorMap with gradient effect to better present the concentration
diffusion. Finally, we use the Folium framework to create a Leaflet map and overlay the
grid layer files of the map to complete drawing the grid’s map.
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Figure 13. LoRa Map and IDW coverage: (a) The location map of monitoring stations; (b) IDW map

implementation.
4.2. Historical Data ELK Stack Results

In addition to the real-time map, the data display system provides historical infor-
mation of PM; 5, temperature, and humidity in recent hours, for analysis, as shown in

Figure 14.

LG Tunghai Universiy - A10 nitoring (Mini ship) LoRa
PH(E18) Do(amE) EC(HRE)

Temperature(BAE)

22.53 (

Temperature &)
s emtinal
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Figure 14. Hourly time axis to observe the variation in logging data.
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4.3. Energy Consumption Comparison with WiFi Data Transmission

In order to understand the energy consumption when using LoRa module (EK-S765XB)
to transmit data, we conducted the other experiment with a WiFi transmission module for
comparison. Except for the different of transmission method, the water sensor and RX64M
controller PCB did not change. There is one more thing should be mentioned: the energy
consumption comparisons are conducted away from the web-sever of collecting data (a)
under a 1.7 km distance with the LoRa module and (b) under a 15 m distance with a WiFi
module. It is clearly shown in Figures 15 and 16. Long-distance transmission is indeed
LoRa’s advantage. Regardless of the amount of data (as long as it is within the capabilities
of LoRa), the energy consumption of LoRa is constant, but the WiFi is not. Moreover, there
is no delay phenomenon in the transmission at a distance of 1.5 km.

LoRa

(=]
|
3

40 60 BO 100 120

Data Bytes

Figure 15. The energy consumption comparison charts with the LoRa module under a 1.7 km distance.

WiFi

0 500 1000 1500

Data KBytes

Figure 16. The energy consumption comparison charts with a WiFi module under a 15 m distance.

4.4. Gateway Receiving Sensitivity

Because there are numerous models and evaluations of radio signal propagation at
the frequencies utilized by LoRa in diverse situations, this testing focuses on the decoding
performance of LoRa receivers. As shown in Figures 17 and 18, they sent two different
types of packets to the gateway, 1500 and 2000, which were then recorded as Received
Signal Strength Indicators (RSSI) of received packets from a LoRa device (logging points).
All packets were transmitted with a bandwidth of 125 kHz and a coding rate of 4 out of 5
using this configuration.
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915 kHz Channel measurements at different locations

2500 120.00%
2000 100.00%
80.00% 2
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] &
= 60.00% £
o o
e 1000 g
40.00% &
500 20.00%
0 Technol L 0.00%
‘echnology : anguage
building Library ol Restaurant = School Gate  Pasture
B No. of Tx packets 2000 2000 2000 2000 2000 2000
B No. of Rx packets 1995 1989 1981 1966 1764 [

——Success Ratio 99.70% 99.40% 99.00% 98.30% 88.20% 0%

Location/Distance

mm No. of Tx packets B No. of Rx packets ——Success Ratio
Figure 17. Receiver sensitivity data collection in the 915 kHz Channel.

For minimizing the distance covered before reaching low RSSIs, the device’s broadcast
power was set to the minimum (2 dBm, with a 3-dBi antenna). The distance between the
logging stations and gateway when packets started to be dropped was in the order of
1400 m. Figure 19 illustrates the actual results of sensitivity receiving.

868 kHz Channel measurements at different locations

1600 120.00%
1400
100.00%
1200
80.00% O
1000 E
-
g o
= 800 60.00% 5
] @
o o
600 S
40.00% @
400
20.00%
200 I
Technol L o00%
echnology o anguage
building Library Hall Restaurant = School Gate Pasture
B No. of Tx packets 1500 1500 1500 1500 1500 1500
m No. of Rx packets 1498 1493 1490 1475 1339 247
=———Success Ratio 99.80% 99.50% 99.30% 98.30% 89.30% 16.40%

Location Distance

mmm No. of Tx packets = No. of Rx packets ~ =——Success Ratio

Figure 18. Receiver sensitivity data collection in the 868 kHz band.

Sensitivity Receiving

160
140
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o
3 100
P 80
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o
40
0 |
10t 5m 150 5m 230t5m 500 * 10m 1000 £ 10m 1400 £ 15m
M Estimated RSSI 135 130 125 120 115 90
M Obseved RSSI 130 100 84 76 40 10
Distance (M)

o Estimated RSS1 m Obseved RSS|

Figure 19. The Actual Results of Sensitivity Receiving.
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4.5. Single-Device Maximum Throughput

Throughput is defined as the rate at which a successful message is delivered through
a communication channel. It is commonly measured in bits per second (bit/s or bps),
data packets per second (p/s or pps), or data packets per time slot (data packets per
time slot). The throughput of a communication system can be affected by a variety of
factors, including the limitations of the underlying analog physical medium, the available
computing capacity of system components, and end-user behavior. In the case of WiFi,
the ISP and devices upstream of the APs limit the amount of data that may be sent to
the Internet. Furthermore, because 802.11 is a shared medium, it is constrained by other
wireless devices. The testing here in this paper was to assess the maximum throughput of a
single device can be achieved in a RoLa module (just focus on analog physical medium).
It is obviously shown in Figure 20 that the results depend on the payload size being sent.
Consistent experimental results were found with [39] as well as the same result description.

Average Throughput
g
)
o 7
L]
3 6
b= 5
£
& 4
=1
2 3
& 2
m
o
< : I I
< 0 . [ | He
7 8 5 10 11 12
B Payload:51bytes  7.45 .48 2.43 1.35 0.63 0.36
B Payload:25bytes  3.76 2.43 1.79 1.01 0.46 0.23
Payload:1 bytes 0.14 0.13 0.11 0.06 0.03 0.02

Spreading Factor

B Payload:51 bytes M Payload:25 bytes Payload:1 bytes

Figure 20. Average Throughput.

4.6. Discussion

From the results, we can summarize that the largest information rate (in units of
information per unit time) that can be obtained with arbitrarily tiny error probability
is defined as the channel capacity. That is the tight upper bound on the rate at which
information may be successfully sent across a communication channel. The greatest mutual
information between the channel’s input and output determines the channel’s capacity,
where the maximization is with respect to the input distribution.

5. Conclusions and Future Works

This paper deploys real-time air and water quality monitoring using the LoRa net-
work. LoRa has many benefits: low power consumption, energy-saving, and long-distance
transmission characteristics. In addition, we have made its sensors modularized for quick
deployment and low maintenance costs. It was necessary to use Grafana to clearly show
the trend of the data from various sources and demonstrate the benefits of this system
in these specific fields. For air or water monitoring, the terminal sensors are integrated
and logged data by a lab-made PCB board with RENESAS RX64M MCU and LoRa to
transmit data. In order to evaluate this campus LORA monitoring system, we also collected
public information provided by the environmental protection department of the Taiwan
government at the same monitoring point for comparison. Moreover, another effort in
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this paper is to extend the sensor to dissolved oxygen, pH, and temperature sensors and
use the monitoring system to monitor the water quality of Tunghai Lake. In this case, this
work showed the characteristics of LoRa energy-saving and long-distance transmission
advantage. In addition, we also discussed receive performance, packet loss rate, gateway
receiving sensitivity, single device maximum throughput, total capacity, and the channel
load of LoRa. Furthermore, data from multiple sensors may be used to train the learning
model in the future, and deep learning can be incorporated to further assess and predict
water quality. These data will be used to assist in improving the river and water quality.
According to the confidence in the experimental data, the LoRa monitoring architecture of
this paper can be extended to others in the wide range of areas for applications.
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Appendix A. Tests between Rx64M and Sensors

We could obtain pH, Dissolved Oxygen (DO), Conductivity (COND), Temperature
(Temp) 4 logging data from water quality sensor in 1 command, synchronously, as shown
in Figures A1 and A2. Figure Al showed the blue line as the command wave form from
RX64M to sensor, and the correct evidence obtain from the green wave in the bottom of
the Figure A1, which were sent through the TX port of RX64M and are out-and-out the
same with the blue one. Then, Water Sensor’s responses as shown in Figure A2, and they
conform to the format in the manual of sensor, fully, as shown in Tables A1 and A2 For
now, the function between the RX64M and the water sensor are correct.

Figure A1. Tests of command sending from Sensor to RX64M.
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Figure A2. Tests of command sending from RX64M to Sensor.

Table Al. The requirements format sending from Host (RX64M).

. . Number of
Address Coding II-{Ifggllls;ell; Ilfte)%\;sl;?tr RI_eIii;;te];ietd ll\i:;;sbt:;eocf CR%i}tIigh CRC Low Bit
(8 bit) (8 bit) 8 bit) Low Bit (8 bit)
0x01 0x04 0x00 0x07 0x00 0x05 0x81 0xC8
Table A2. The data format sending from Water quality Sensor (CWQ-Y4000).
Name High Byte Low Byte Complete Value Actual Value
pH 0x01 OxE4 484 4.8

DO 0x02 0x4D 589 5.89

COND 0x00 OxAF 175 0.175

Temp 0x0A 0x3A 2618 26.18

Appendix B. Tests between Rx64M and the LoRa Module of EK-S76SXB

We develop the firmware of RX64M for the function of sending data, which logs from
water sensor data using the LoRa Module. The response format is shown in Figure A3 as a
signal diagram, which is according to the command format of RX64M in Table A3 and is
out-and-out the same format of Table A4 of the RoLa module. That is to say, the function
between the RX64M and the RoLa module are correct.

Figure A3. UART Communication(Read Data!) from RoLa module to Host (RX64M).
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Table A3. The requirements format sending from Host (RX64M) to RoLa module.

Address

Coding
(8 bit)

Number of Number of
Registered Registered CRC High
High Bits Low Bits Bit
(8 bit) (8 bit)

Register Register
High Bit Low Bit
(8 bit) (8 bit)

CRC Low Bit

0x01

0x06

0x00 0x02 0x00 0x05 0x29 0xCC

Table A4. The responses format sending from RoLa module to Host (RX64M).

Address

Coding
(8 bit)

Number of Number of
Registered Registered CRC High
High Bits Low Bits Bit
(8 bit) (8 bit)

Register Register
High Bit Low Bit
(8 bit) (8 bit)

CRC Low Bit

0x01

0x04

0x00 0x07 0x00 0x05 0x81 0xC8
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