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Abstract: The Internet of Things (IoT) paradigm plays a vital role for improving smart city appli-
cations by tracking and managing city processes in real-time. One of the most significant issues
associated with smart city applications is solid waste management, which has a negative impact on
our society’s health and the environment. The traditional waste management process begins with
waste created by city residents and disposed of in garbage bins at the source. Municipal department
trucks collect garbage and move it to recycling centers on a fixed schedule. Municipalities and
waste management companies fail to keep up with outdoor containers, making it impossible to
determine when to clean them or when they are full. This work proposes an IoT-enabled solid waste
management system for smart cities to overcome the limitations of the traditional waste management
systems. The proposed architecture consists of two types of end sensor nodes: PBLMU (Public Bin
Level Monitoring Unit) and HBLMU (Home Bin Level Monitoring Unit), which are used to track bins
in public and residential areas, respectively. The PBLMUs and HBLMUSs measure the unfilled level of
the trash bin and its location data, process it, and transmit it to a central monitoring station for storage
and analysis. An intelligent Graphical User Interface (GUI) enables the waste collection authority to
view and evaluate the unfilled status of each trash bin. To validate the proposed system architecture,
the following significant experiments were conducted: (a) Eight trash bins were equipped with
PBLMUs and connected to a LoRaWAN network and another eight trash bins were equipped with
HBLMUs and connected to a Wi-Fi network. The trash bins were filled with wastes at different levels
and the corresponding unfilled levels of every trash bin were monitored through the intelligent GUL
(b) An experimental setup was arranged to measure the sleep current and active current contributions
of a PBLMU to estimate its average current consumption. (c) The life expectancy of a PBLMU was
estimated as approximately 70 days under hypothetical conditions.

Keywords: Internet of Things; solid waste management; trash bin; LoORaWAN; Wi-Fi; smart city;
remote monitoring

1. Introduction

The Internet of Things (IoT) is a concept that refers to the ever-expanding network
of internet-connected devices that are currently in use all over the world. Despite the
current Covid-19 pandemic, the Internet of Things industry is growing, and it is estimated
that around 30 billion IoT connections will exist by the end of 2025 [1]. Advanced smart
sensors, cloud computing, big data, lightweight communication protocols, open-source
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server programs, and web development tools are the enabling technologies that accelerate
the development and deployment of domain-specific IoT systems [2]. These interconnected
devices can bridge the gap between the physical and digital worlds to enhance life, culture,
and productivity. IoT has already exhibited promising approaches towards domain-specific
applications such as Smart Homes [3], Smart City [4], Agriculture [5], Wearables [6,7], Smart
Grids [8], Industrial Internet Telehealth [9], and Smart Supply chain Management [10].

IoT plays a pivotal role in enhancing smart city applications through real-time monitor-
ing and management of city processes. One of the biggest challenges associated with smart
city applications is solid waste disposal, which impacts our society’s health and nature.
Solid wastes are produced as a result of human and animal activities and are typically
discarded as useless [11]. Annually, the world produces 2.01 billion tons of urban solid
waste, with at least 33% not being handled in an environmentally friendly way. By 2050,
global waste is estimated to reach 3.40 billion tons, more than doubling population growth
over that period [12].

The conventional waste management process begins with waste being generated by
residents in cities and disposed of in trash bins at the point of creation. At a predetermined
schedule, municipal department trucks gather the garbage and transport it to the recycling
centers. Municipalities and corporations struggle to keep up with the outdoor bins to
determine when to clean them or whether they are completely filled or not. One of the most
pressing issues of our time is the prevention, tracking, and treatment of these wastes [13].
The conventional method of manually inspecting waste in bins is a time-consuming pro-
cedure that requires more human labor, time, and money which can be eliminated with
today’s technology [14].

Several WSNand loT-based remote monitoring systems have been developed and
deployed to address the aforementioned limitations of conventional waste management
systems [15,16]. For tracking the bins, some of the monitoring systems used short-range
wireless networking techniques including Bluetooth, Infrared, ZigBee, and Wi-Fi [17-19].
Similarly, a few works described smart bin monitoring systems that employs wide area
network technologies such as NB-IoT, Sigfox, and LoRa [20-22].

As most homes are equipped with wireless internet connections, it is inferred that the
Wi-Fi-based solution is well suited for monitoring the household bins. This will minimize
the additional infrastructure expense. However, it is unsuitable to monitor trash bins in
public places. Similarly, LoRa-based monitoring techniques are appropriate for monitoring
bins in public areas. However, these methods are not preferable for monitoring bins at
home because they would incur additional costs for the implementation of gateways and
other facilities. According to the literature, none of the current solid waste management
methods discuss the need for a hybrid architecture to efficiently manage solid waste in
smart cities. Therefore, this work proposes an IoT-based solid waste management system
for smart cities. The main contributions of this work in contrast to the existing solutions
are as follows.

¢ Hybrid network architecture to monitor the household and public trash bins.
¢ Solar energy harvesting facility to extend the life time of the end nodes.

* A GPSmodule is embedded to evaluate the Geo-location of the trash bins

e Anintelligent GUI is employed to view the status of every trash bin.

The remainder of this article is organized as follows. Section 2 presents the related
work. Section 3 describes the proposed network architecture and Section 4 presents the
results of the experiments performed. Finally, Section 5 concludes this article.

2. Related Work

Improper waste discharge, lack of systematic waste collection and management
schemes, and ineffective waste management practices have all resulted in severe envi-
ronmental issues and high waste disposal costs [23]. Because of the positive outcomes
of IoT services, various waste management studies focused on IoT technologies have
been undertaken by researchers to address the aforementioned issues involved in solid
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waste management. Construction industries, food processing industries, etc. consistently
produce a portion of waste that has notable residue enhancing the significance of the
application of waste management practices and sustainability principles [24].

Several works have been published that cover various aspects of waste management
technology. A basic framework that recognizes the saturation of trash bins is presented
in [25], in which the gathered data are transmitted via a wireless mesh network to conserve
power and increase operating time. Besides, the smart bin employs a duty cycle strategy
to cut down on power demand and increase operating time. For experiment validation,
this approach was tested in an outdoor environment, which demonstrated the feasibility of
the system. However, the system still has some unclear issues with the implementation.
In [26], a food waste collection system in which data were gathered using radio-frequency
identification (RFID) technology and distributed through a wireless mesh network is
presented. However, the system fails to address the data gathering possibilities from
the trash bins which are located in far places as cities cover a wide area. An automated
line-following automobile with a robotic hand for waste collection is proposed in [27],
but it lacks any algorithms to make the waste assemblage more efficient. An intelligent
bin emphasized system is proposed in [28]. To prevent waste disposal outside the bin, this
work recommended a method in which monitoring happens not only within the bin but
also in the immediate area around it. Infrared sensors are mounted in the bins, which sense
discarded garbage from a bin as well as to measure the bin’s filled level.

A waste treatment and management system based on LoRaWAN technology is pro-
posed in [29], a path optimization for the waste collection trucks is also mentioned in this
work. Furthermore, an IoT-based network framework is proposed, but it did not offer
lucidity about coordination and optimization for all garbage bins in the system. Another
work in [30] developed a working prototype of smart trash bins. The proposed work
focuses on segregating different forms of waste for better treatment and recycling. An inte-
grated GPS module provides geotagging to the bins, a gas detector that senses hazardous
gases, an infrared sensor that determines the filled level of the bin, a sound sensor for
noise emission control, and a temperature and humidity sensor are all used with each
bin. Sensors are linked to a microcontroller, which collect data and send it to a gateway
through a LoRa transceiver module. The sensor data from multiple garbage bins will be
received using a gateway module with a LoRa transceiver. The data will be processed
locally, and the processed data will be sent to the cloud via TCP/IP and the MQTT protocol.
The cloud server is enabled in such a way that alerts can be sent according to the waste
levels of the bins. Furthermore, an Al-based algorithm runs to provide an optimized route
for the waste-collecting trucks. An automated cloud-based sensing framework with mobile
app-based control is presented in [31]. This work’s unique feature is the ability to detect
foul gases as well as the amount of waste present in the bins. The proposed work in [32]
suggested an intelligent trash bin monitoring system that aims to detect the filled levels
of the bins and send them to a central monitoring station at far locations. This system
was designed to learn from previous experiences and forecast future states based on vari-
ables such as traffic congestion in the environment where the waste bins are located, cost
efficiency balance, and other factors that are difficult for humans to observe and analyze.

From the literature, it is evident that the current systems are not covering all aspects for
a full-fledged deployment of smart waste management systems in smart cities. The sensors
and communication technologies adopted for the network architectures are to be evaluated
in real-time for the feasibility of the developed systems. The frameworks need to be
designed to manage household bins and public bins in smart cities. Moreover, the sensing
nodes need to be power efficient and self-powered under long-term monitoring aspects of
smart waste management systems.

3. Network Architecture of the Developed System

The network architecture of the developed IoT enabled solid waste management
system is shown in Figure 1. It follows a hybrid network architecture to manage the trash
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bins in public places and residential areas effectively. The architecture comprises end
sensor nodes, namely, Public Bin Level Monitoring Unit (PBLMU) and Home Bin Level
Monitoring Unit (HBLMU) for monitoring the trash bins at public places and residential
areas, respectively.

[ Bin level monitoring in Publicareas
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Figure 1. The network architecture of the developed system.

A LoRaWAN networking architecture is adopted for the deployment of PBLMUSs,
whereas a Wi-Fi-based communication is adopted for HBLMUs as the trash bins are
associated with homes. The PBLMUs use a frequency of 915 MHz to relay unfilled level
and geo-location data from trash bins to the LoORaWAN gateway. The data from the
PBLMUs are collected by the LoRaWAN gateway and uploaded to the server for storage
and visualization, whereas a Wi-Fi module is integrated in the HBLMUs to get connected
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with the home routers for uploading data to the central monitoring station. The data
are published into the server from the PBLMUs and HBLMUs through the MQTT broker
which follows a publish-subscribe communication model. The PBLMUs and HBLMUs
are the publishers that send data to the predefined topics of MQTT broker and the central
monitoring server is the MQTT broker’s subscriber, receiving data from it. The features
such as low power consumption, rapid data transmission, lightweight nature, and ease
of implementation make MQTT protocol very attractive for IoT-based remote monitoring
systems. Through the intelligent GUI, the authorized persons can monitor and analyze
the unfilled levels and the respective geo-locations of all the trash bins for the efficient
waste collection.

3.1. Design of the PBLMU

The PBLMU is designed to collect the unfilled level and geo-locations of the trash
bins located in public places. The block diagram of the designed PBLMU is shown in
Figure 2. It comprises of an ultrasonic sensor and a GPS module to measure the unfilled
level and the geo-location of the trash bins, respectively. A LoRa module is equipped with
the PBLMU to establish the LoRaWAN network with the LoRaWAN gateway. Further,
a power management unit is integrated to provide the required supply voltages to all the
components of the PBLMU. Additionally, a solar panel is attached with the power man-
agement unit for energy harvesting and self-powering of PBLMUS since they are powered
with batteries. A brief description of the components of the PBLMU is provided here.
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Figure 2. Block diagram of the Public Bin Level Monitoring Unit (PBLMU).

3.1.1. Ultrasonic Sensor

The ultrasonic sensor equipped in the PBLMU is a MB1010 LV-MaxSonar-EZ, which is
lightweight, small in size, and commercially available. It is a cost-effective and dependable
sensor with high accuracy, stable range detection, and a high-quality beam. With this
sensor, high-frequency sound waves (42 kHz) are produced, and the sensor evaluates the
back-received echo. A wide range detection of solid waste ranging from 0 m to 6.45 m is
possible with this sensor covering objects from very short to long range. This sensor is so
accurate that there is no dead zone within the sensing range. The sensor outputs three
different types of data at the same time: RS232 serial output, analog voltage output, and
pulse width output. The sensor’s actual operating temperature range is —40 °C to +65 °C
but the recommended temperature range is 0 °C to +60 °C. When the sensor is in triggered
operation, it provides the desired reading range, allowing the unfilled level of a trash bin
to be measured. A sensor operating in free-run mode, on the other hand, can continuously
measure and output the range information.



Smart Cities 2021, 4

1009

3.1.2. GPS Module

Several trash bins must be placed to manage solid waste over a large area. For the
garbage truck to collect garbage, the geolocation coordinates for each trash bin is nec-
essary. Manually recording the geolocation data of a large number of trash cans is a
time-consuming task. Furthermore, the geolocation data aid in the identification of moved
trash bins, stolen trash bins, as well as determining the shortest and most effective route
for garbage collection. To collect the geolocation coordinates of each trash bin, the PBLMU
is integrated with a PAM-7Q GPS antenna module. Embedded antenna, low power con-
sumption, clear interface, high sensitivity of —161 dBm, and sophisticated interference
suppression are all features of the PAM-7Q), ensuring optimum efficiency even in hos-
tile environments. The PAM-7Q’s unique feature is its ability to achieve RHCP with a
smaller patch antenna. Installation costs are kept to a minimum with the simple design
and easy interfacing of an 18 mm X 18 mm patch antenna. To minimize the PBLMU’s
average current consumption, the GPS module is configured in a power-saving mode
called ON/OFF service.

3.1.3. LoRa Module

Each PBLMU is integrated with an RN2903 transceiver module to send data over a
long distance while using minimal power. The RN2903 module achieves high interference
immunity by using spread spectrum modulation. Every transmission is configured to use
US902-928 MHz ISM band in a pseudo-random fashion to make the system more resistant
to interference. The RN2903 module is operated by a 3.3 V DC supply and communicates
with the host microcontroller using a UART. The RN2903 has a sensitivity of —146 dBm
and a transmitting capacity of 18.5 dBm that can be adjusted. It can also be programmed
and managed over a UART port using ASCII commands. The RN2903 consumes 124 mA
when transmitting at full power, and 13.5 mA in reception mode.

3.1.4. Host Microcontroller

The host microcontroller is the heart of the PBLMU; it is responsible for controlling all
the functions of the PBLMU. In the PBLMU design, a high-performance, ultra-low-power,
and advanced RISC architecture-based 8-bit Atmel ATmega 2560 microcontroller serve as
the host microcontroller. The host microcontroller’s peripheral features include four 8-bit
PWM channels, a 16-channel ADC, four USARTSs, a master/slave SPI serial port, and an
12C interface. The host microcontroller interfaces the MB1010 sensor via the ADC channel,
the PAM-7Q GPS module via UARTO, and the RIN2903 LoRa transceiver module via UART1
in the PBLMU design. It runs at a clock frequency of 8 MHz and has a 3.3 V operating
voltage. Additionally, it has a temperature range comparable to that of the GPS module,
which is —40 °C to 85 °C.

3.1.5. Power Management Unit

The sensor requires a 5 V operating voltage, while the other components and the
controller require a 3.3 V operating voltage. To meet the 5 V and 3.3 V requirements,
a power management unit is integrated into the node design. The power management
unit comprises of a solar panel, a battery of 2500 mAh capacity, and a circuit for energy
harvesting and battery charging. A low-power charger chip (BQ25505) is adopted to extract
energy from the solar panel and to charge the batteries. It can obtain energy from a solar
panel with a voltage as low as 100 mV. The BQ25505 features an ultralow quotient current
consumption of 325 nA, integrated maximum power point monitoring from the solar panel
and a battery health indicator. To prevent excess charging, the chip has a under-voltage
threshold and over-voltage threshold of 3 V and 4.2 V, respectively. The ultrasonic sensor is
powered with a boost DC-DC converter (MCP16252T) as it requires a 5 V supply voltage. It
operates in PFM/PWM mode automatically and achieves a typical efficiency of 96 percent.
The MCP1825S LDO regulator keeps the voltage at 3.3 V, to meet the power requirements
of LoRa module, host microcontroller, and GPS module.
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3.1.6. LoRaWAN Gateway

Each PBLMU in the proposed IoT-enabled solid waste management system needs
to be monitored from the central monitoring station. As the PBLMUs in a specific region
create the Wide Area Network using non-IP-based communication protocols such as the
LoRa protocol, each region requires a gateway to allow internet connectivity between the
PBLMUs and the server. To function as the gateway in the proposed system, a commercially
available microchip LoRa gateway is preferred. The LoRa gateway configures the network
address, IP address, default subnet mask, server IP, server up port, and server down port
in accordance with the system requirements. The LoRa radio board and the LoRa core
board are the LoRa gateway’s two primary components. The PBLMUSs’ data are received
via the SMA radio connector on the radio board and fed to the RFSW1012-SPDT switch,
which generates two independent RF outputs. Before demodulation, the RF outputs are
filtered using two distinct frequencies. The microcontroller in the LoRa gateway’s core
board gathers data that have been transmitted by the radio board and then wraps the data
in a JSON format prior to transmitting it to the Ethernet controller. Further, the Ethernet
controller adds a UDP header to the packets, and these packets are sent to the server by
way of a network switch.

3.2. Design of the HBLMU

Similarly, the HBLMU is designed to collect the unfilled level and geolocation of the
trash bins installed at homes. The block diagram of the designed HBLMU is shown in
Figure 3. It comprises an ultrasonic sensor and a GPS module to measure the unfilled
level and the geolocation of the trash bins respectively. A Wi-Fi module is equipped
with the HBLMU to establish wireless connectivity with the home router which is acting
as the access point to get connected to the cloud server. Further, a power management
unit is integrated to provide the required supply voltages to other components of the
HBLMU. Additionally, a solar panel is attached with the power management unit for
energy harvesting and self-powering of HBLMUs as they are powered with batteries.
The functionality and specifications of the ultrasonic sensor, GPS module, and power
management unit are alike to that in the design of PBLMU, the remaining components of
the HBLMU are described here.
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Figure 3. Block diagram of the HBLMU.

3.2.1. Wi-Fi Module

The Wi-Fi module in the HBLMU is a Microchip Smart Connect ATSAMW25H18
SOC. It is certified and incorporated with the 802.11 IP stack. It is composed of an ARM
cortex M0+ microcontroller (host computer) and an ATWINC1500 Wi-Fi network processor.
The host machine operates at a 48 MHz clock frequency. It includes an on-chip memory
management engine that reduces the load on the host computer. It includes an 8 Mb internal
flash memory for firmware updates via OTA. Secure network access is established using
TLS and SSL protocols. Additionally, it supports network protocols such as DHCP, DNS,
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UDP, HTTP, and HTTPS. The controller’s operating voltage is normally 3.7 V. It features
a ten-bit DAC and a fourteen-channel 12-bit ADC. ATSAMW25H18 is the best option for
the HBLMU design due to its extremely low power consumption, over-the-air software
update capability, and built-in security features.

3.2.2. Home Router

Attributed to the reason that the HBLMUSs are used to track the unfilled levels and
geolocations of household trash bins, the home router is used to establish connectivity
between the central monitoring station and sensing nodes. The wireless router used in
this experiment is a TP-Link TL-MR6400. It complies with IEEE 802.11/n/a and IEEE
802.11b/g/n wireless standards and supports data transfer rates of up to 300 Mbps.

3.3. The Server and the GUI

The server’s hardware configuration includes an Intel Core i7-8700T processor, 16 GB
RAM, and a 500 GB hard drive running Ubuntu 20.04 LTS. The software package provides
open-source components such as Redis, PostgreSQL, ChirpStack gateway bridge, Eclipse
Mosquitto, ChirpStack network server, and ChirpStack application server, as well as an
intelligent GUI The Eclipse Mosquitto message broker is used to implement the MQTT
protocol, which uses a publish/subscribe model to transport data. Redis is an in-memory
database used to store transient data, while PostgreSQL is used to store long-term data.
The intelligent GUI is designed using the C Sharp programming language on the .NET
platform. The .NET core 3.0 includes the gRPC framework, a lightweight and highly perfor-
mant RPC framework that enables real-time message push without polling. After decoding
and systematically storing the bin level data, the generated graphical representation of the
main window, all area icons, and all trash bin icons are graphically mapped to the PBLMU
and HBLMU measurements. To quickly identify the trash bin level, each level is assigned
with a color code.

4. Results and Discussion

The fabricated HBLMU and PBLMU are shown in Figures 4 and 5, respectively. Signif-
icant experiments were conducted to validate the feasibility of the developed IoT-enabled
solid waste management system. First, an experiment was conducted to validate the devel-
oped IoT system by monitoring the corresponding unfilled levels of the trash bins through
the intelligent GUI Second, an experimental setup was arranged to measure the sleep cur-
rent and active current contributions of a PBLMU to obtain its average current consumption.
Finally, the life expectancy of a PBLMU was estimated under hypothetical conditions.
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Figure 4. (a) Various components of the fabricated HBLMU. (b) Installation of HBLMU on a trash
bin. (c) Front view of the HBLMU equipped trash bin.
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Figure 5. (a) Various components of the fabricated PBLMU. (b) Rear view of the fabricated PBLMU.
(c) Installation of PBLMU on a trash bin. (d) Front view of the PBLMU equipped trash bin.

4.1. Validation of the Developed System

The trash bins used in our study have dimensions of 40 cm x 40 cm on the top,
30 cm x 30 cm on the base, and 82.5 cm in height. An experiment was carried out in both
indoor and outdoor environments to validate the developed IoT system, where 8 bins were
installed with PBLMUs and connected to a LoRaWAN, and another 8 bins were installed
with HBLMUs and connected to a Wi-Fi network, respectively. The firmware of the PBLMU
and the HBLMU were programmed to send unfilled data every 5 min. The trash bins were
filled with paper, card boxes, bottles, and clothes at different levels, and the corresponding
unfilled levels of the trash bins were monitored in the Intelligent GUI.

Taking into account the readings from the PBLMU, HBLMU, and the trash bin’s
maximum unfilled level, the intelligent GUI assigns a color code to each trash bin. Table 1
shows the threshold unfilled levels of the trash bins for various color codes.

Table 1. Mapping table for the threshold unfilled levels and color code.

Unfilled Bin Level in cm Color Code Status
Equal to 82.5 Green Empty
Greater than 70 Green Lightly filled
Between 30 and 70 Orange Partially filled
Less than 30 Red Almost full

Figure 6 illustrates a screenshot of the developed intelligent GUI, which depicts
the global level (home icon), levels of different regions, and Region 1’s trash bin levels.
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The intelligent GUI was designed in a hierarchical fashion to allow for real-time monitoring
of the trash bin’s exact level and location. The intelligent GUI'’s primary icon (at the top
level) is a progressive bar that is synchronized with all PBLMUs and HBLMUs in the
IoT-enabled solid waste management system. The primary icon’s color code corresponds to
the trash bins lowest unfilled value. When the user clicks on the home icon, the intelligent
GUI automatically displays the regional icons. Additionally, the region icon functions
as a progressive bar whose status is determined by the number of unfilled PBLMUs and
HBLMU s in that region. The color code assigned to the region icons corresponds to the
lowest level of unfilled trash bins in that region. When a user clicks on a region icon,
the intelligent GUI displays all trash bins in that region. Additionally, the trash bin icons
function as a progressive bar whose status is determined by the sensor value of the PBLMU
or HBLMU. From the illustration, the main icon is red because the unfilled value of trash
bin 1is 11.2 cm, which is less than 30 cm (threshold value). This immediately alerts the user
that some trash bins in the IoT-enabled solid waste management system are approaching
capacity. The color of the region icons varies; Region 1 is red because the unfilled value of
trash bin 1 is 11.2 cm. Regions 2 and 3 are highlighted in orange because the trash bins’
unfilled level is between 30 and 70 cm. As the unfilled amount of all trash bins in Region 4
exceeds 70 cm, the region is green in color. When a user hovers or clicks on a trash bin icon,
the exact unfilled level of the bin as well as its geo-location coordinates are shown.

% Bin Level Monitaring System - o X

BIN LEVEL MONITORING SYSTEM

5 Regions

Region 1 Region 4

OVERALL LEVELS

- o X

— -
A A
16.2 cm .
w4y, REGION 1
-86.9436

Bin1 Bin4

Region 2 Region 3

Bin 2 Bin3

Figure 6. Screenshot of the Intelligent GUL
4.2. Average Current Consumption of a PBLMU

We used an INA233 evaluation module to assess the active and sleep mode current
contributions of a PBLMU while operating the LoRa module at a spreading factor of 7,
power level of 10 dBm, bandwidth of 125 KHz, and a coding rate of 4/5 . Table 2 shows the
nomenclature of the mathematical symbols used in the equations. The measured current
consumption in active and sleep modes are as follows.

PBLMU's active current contribution:

Qpermu, = ([Ienc, + Iupo, + Inc-pc, + Inm,) X Trm, )+

(Igps, x Tgps,) + (ILora, X TLoRa,)+
(Isensor,, X Tsensora)
=03316 A xs

)
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PBLMU's sleep current contribution:

Qpermu, = (Ienc, + ILpo, + Ipc-pc, + Ium, + Irora,) X (T — Thm,)

@)
=0.1115A x5
Average current consumption of a PBLMU:
I _ Qpprmu, + QpBLMmu;
PBLMU T 3)

=15mA

Table 2. Nomenclature of mathematical symbols.

Parameter Description

Ir HC, Quiescent current of BQ25505 energy harvesting IC
I DO, LDO’s quiescent current

Ipprmu PBLMU'’s average current consumption

Ipc— DC, DC-DC converter’s quiescent current

QBattery Capacity of battery

Inm, Host machine’s current consumption in active mode
PBLMUgqys PBLMU's life expectancy

THm, Host machine’s time period in active mode

Igps, GPS module current consumption in active mode
I1.0Ra, LoRa’s active current consumption

I10Ra, LoRa’s sleep current consumption

Lsensor, Sensor’s active current consumption

Tgps, GPS module time period in active mode

I, Host machine’s current consumption in sleep mode
Tr0Ra, LoRa’s time period in active mode

Tsensor, Sensor’s time period in active mode

T Transmission time period

4.3. Life Expectancy of a PBLMU

The PBLMU's life expectancy was determined under the hypothetical scenario under
which the battery’s voltage is optimal before its power is depleted. Assume a standard
battery has a capacity of 2500 mAh and the following calculation is used to determine the
life expectancy of the sensing nodes.

PBLMUyys = ii‘z;’lz W

~ 70 days

Once the battery is fully charged it can power a PBLMU for approximately 70 days
without any interruption.

5. Conclusions

The development and validation of a hybrid network architecture approach to effi-
ciently manage trash bins in public places and residential areas of cities were discussed
in this paper. All facets of an IoT system have been developed, including the design of
end nodes, i.e., PBLMU and HBLMU; long-range data transmission with LoRa network for
public places and Wi-Fi connectivity for homes; long-term data storage; and hierarchical
visualization of trash bin level with the intelligent GUI. Experiments were conducted
to validate the developed IoT system, as well as to estimate current consumption and
maximum life expectancy of the end node. First, the trash bins had been filled with waste,
and the corresponding unfilled levels on the Intelligent GUI were monitored. Second, based
on the measured active and sleep current contributions, the PBLMU'’s average current
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consumption is calculated as 1.5 mA. Finally, the life expectancy of a PBLMU was estimated
as approximately 70 days under hypothetical conditions. According to the obtained results,
the proposed IoT-enabled solid waste management system is well suited for monitoring
real-time trash bin information in smart cities.

Future work in this area, trash bin information (unfilled level and geolocation coor-
dinates) obtained through the proposed IoT system can be used for framing geographic
information system (GIS). Furthermore, optimum routes can be obtained through machine
learning algorithms for waste collection trucks.
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Abbreviations
The following abbreviations are used in this manuscript:

PBLMU Public Bin Level Monitoring Unit
HBLMU Home Bin Level Monitoring Unit

IoT Internet of Things

GPS Global Positioning System

GUI Graphical User Interface

IR Infrared

Al Artificial intelligence

LoRaWAN Long Range Wide Area Network

RFID Radio Frequency Identification

LoRa Long Range

TCP/1P Transmission Control Protocol/Internet Protocol
MQTT Message Queuing Telemetry Transport

NB-IoT NarrowBand-Internet of Things

Wi-Fi Wireless Fidelity

WAN Wide Area Network

RHCP Right Hand Circularly Polarized

ISM Industrial, Scientific, and Medical

UART Universal asynchronous receiver/transmitter
ASCII American Standard Code for Information Interchange
RISC Reduced Instruction Set Computer

PWM Pulse Width Modulation

ADC Analog to Digital Converter

USART Universal Synchronous Asynchronous Receiver Transmitter
SPI Serial Peripheral Interface

12C Inter Integrated Circuit

PFM Pulse Frequency Modulation

IP Internet Protocol

SMA SubMiniature version A

SPDT Single Pole Double Throw

RF Radio frequency

JSON JavaScript Object Notation

ubpr User Datagram Protocol
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SOC System on a Chip
OTA Over-The-Air
TLS Transport Layer Security
SSL Secure Sockets Layers
DHCP  Dynamic Host Configuration Protocol
DNS Domain Name System
HTTP Hypertext Transfer Protocol
HTTPS Hypertext Transfer Protocol Secure
DAC Digital to Analog Converter
RPC Remote Procedure Call
LDO Low Dropout
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