IEEE TRANSACTIONS ON SUSTAINABLE COMPUTING, VOL. XX, NO. XX, 2023 1

bSlight: Battery-less Energy Autonomous Street
Light Management System for Smart City
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Abstract—Public lighting is a ubiquitous utility in cities to ensure the safety of people. In addition to playing a significant role in
amending the comfort and safety of cities, street lighting causes substantial financial burden on governments to maintain its operation.
Smart Light Emitting Diode (LED) street light system has become a prominent alternative to conventional street lighting systems with
the involvement of Internet of Things (loT). In this manuscript, a supercapacitor based smart street management system with energy
autonomous capability has been proposed. It works in real-time and as an energy-saving alternative to prevent unnecessary electricity
consumption of the street light. The average current consumption and power consumption of the system are 619.14 A and 2.022 mW,
respectively. Three charging schemes have been investigated to find the optimized topology to harvest energy. The proposed device
harvests energy from ambient sunlight and artificial light using a solar cell of 64 mm x 37 mm x 0.22 mm with maximum output power
of 66 mW. LoRaWAN has been incorporated for communication, with a communication range of 761 m in real-world testbed. The
operation characteristics and performance evaluation has been done based on implementing the system in field to ensure seamless
operation.

Index Terms—Smart Cities, Smart Energy, Street Light Management, Energy Harvesting, Solar Energy, Supercapacitor, loT,
LoRaWAN
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1 INTRODUCTION

RENDS in global urbanization drive continuous ad-

vancements in digital technology and smart city design.
It is anticipated that 68% of the global population will
migrate from rural to urban areas by 2050 [1]. Therefore,
smart city is a cynosure at the current time. The devel-
opment of smart city applications has been significant in
recent years. Intelligent street lighting is one of the most
renowned among these applications. Cities now utilize 75%
of the energy of the entire world, and street lights consume
30% to 40% of the total power of a city [2], [3]. Thus, energy
efficiency is a considerable factor in designing any public
lighting. Unceasing attempts have recently been made in
this area by embracing Internet of Things (IoT). The frame-
work of smart street light management system is shown in
Fig. 1. However, the involvement of IoT in a wide range of
applications causes a rapid surge in the number of IoT nodes
around the globe. The number is likely to cross more than
30 billion by 2025 reportedly [4]. As a result, powering such

Fig. 1. Framework of smart street light management system

a vast number of IoT nodes turns out to be a challenging
problem that might impede the worldwide adoption of IoT.

Unfeigned efforts are being made to design batteryless
energy autonomous loT devices which can replace con-
ventional battery powered ones. One such way to design
batteryless energy autonomous IoT devices is to feed them
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from various renewable energy resources such as solar,
wind, thermal, mechanical vibration, radio frequency, etc.
[5]. Although few energy autonomous IoT devices have
recently been designed for several applications, most of
them still rely on batteries for their energy requirements.
The cost of wire, frequent replacement of batteries, and the
impact of dead batteries on the environment has become
the key concern for scientists. Despite the fact that there are
not many alternatives to battery technology at the present
time, supercapacitors are considered as a suitable substitute.
Supercapacitors have been implemented as storage unit in
wide range of applications such as automotive, consumer
electronics, defense, and power industries due to their fea-
tures like high power density, large number of charge cycles,
fast charging, low cost, and long life.
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1.1

A smart street light management system has been proposed
after reviewing the existing literature critically. The major
contributions of the manuscript are as follows.

Contribution of the current paper

e The proposed system has been featured with energy
autonomy. It is simulteneously powered from sunlight
and artificial light.

o The system is made completely batteryless. Supercapac-
itor has been implemented as storage element.

o It adapts the illuminance level of the street light based
on vehicle and pedestrian movements on the road. It
can also identify and report the faulty street lights based
on their light intensity to the concerned authorities
through remote monitoring feature.

e It is incorporated with LoRaWAN for long range com-
munication.

o It operates in real-time, demonstrating the feasibility of
the system with energy harvesting.

1.2 Problems addressed in the current work and pro-
posed solution

1.2.1

The existing street light management systems are driven
by conventional batteries, which have various drawbacks,
including short lifespan, high cost, and the necessity for
battery replacement [6]. Supercapacitor is widely adopted
as an alternative to battery technology nowadays. Although
supercapacitors feature fast charging, quick discharge is a
crucial issue in supercapacitor based systems. In addition,
it can store much less energy comapred to battery due
to its lower energy density characteristics. As a result,
supercapacitor based systems can not provide long power
back up as battery based systems. These factors make the
implementation of supercapacitor challenging compared to
batteries. Harvesting energy continuously and charging the
supercapacitor uninterruptedly can be the solution to the
cited issues. However, the availability of energy 24x7 in
the outdoor environment is also a big concern. In this
work, sunlight has been considered as the source of energy
harvesting during day and street light has been considered
as the source of energy harvesting during night. It has
been accomplished using thinfilm solar cell and low power
power management circuit.

Implementation of supercapacitor over battery

1.2.2 Energy harvesting irrespective of time

Harnessing energy from sun light during the day has be-
come easier with the advancement of photovoltaic technol-
ogy. Most of the solar powered energy autonomous systems
deployed in the outdoor environment use bigger size solar
cells with output power in few watts and surface area
of more than 100 cm? to maintain the required Quality
of Service (QoS) [8], [9]. However, the cost and size of
the device can be notable issues in that case. The afore-
mentioned problem can be resolved using industry-grade
monocrystalline solar cells with a modest surface area and
relatively lower cost. On the other hand, energy harvesting
during the night is extremely critical and a trending subject
of research. Harvesting energy from sunlight during day
and other renewable energy sources at night can be one
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of the preferred solutions. However, adding multiple types
of harvesters increases the complexity of the design. Few
supercapacitor based PV powered energy autonomous IoT
devices have been reported in recent past which can harvest
energy during night at low light conditions. However, these
devices are designed and tested for indoor uses during
unavailability of sunlight. Design of a batteryless energy
autonomous system for outdoor application which harvests
energy during both day and night is crucial and challenging.
In this work, a thinfilm based solar cell with cross section of
64 mm x 37 mm has been incorporated to harvest energy
both from sunlight as well as artificial light during day and
night continuously.

1.2.3 Power consumption of the device

The existing works are primarily concerned with expand-
ing the features of the system, such as measuring differ-
ent air quality factors, detecting gunshots, and integrating
cameras with street light management system. However,
the increased number of features implies increased power
consumption. The power consumption of Wireless Sensor
Network (WSN) and IoT devices has become one major
issue that has not been addressed in most of the street light
management systems. Therefore, the power consumption
has been optimized using duty-cycle optimization tech-
nique. This technique has been implemented in some en-
ergy autonomous devices in the recent past; however, the
percentage of duty cycle has been kept less in them to avoid
power failure, implying lower QoS. The proposed device
executes its primary objective continuously, i.e., controlling
the illuminance of the street light in order to ensure high
QoS. On the other hand, the remaining tasks are performed
in duty cycle to minimize the overall power consumption of
the device.

1.3 Novelty of the proposed work

The proposed work possesses the following novelty over
the existing works.

o To the best of our knowledge, the proposed device
is the first batteryless energy autonomous street light
management system. It works in real-time and features
self-sustainability complying green IoT paradigm.

o To the best of our knowledge, this is the first super-
capacitor based street light management system. The
device can harvest energy irrespective of time. The
proposed system manages the operation of street light
and harvests from the same during night when the
availability of energy is critical. It signifies the ability
of the device to manage energy effectively.

e The power consumption of the device has been op-
timized using the duty cycle optimization technique.
As a result, it is found minimum compared to existing
street light management devices.

o The percentage of duty cycle of operation is 50% which
is more than triple compared to the state-of-the-art solar
energy powered LoRaWAN based energy autonomous
devices. Although the proposed device operates with
such higher percentage of duty cycle, it is powered with
relatively smaller size solar cell with cross sectional area
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TABLE 1
Comparison of State-of-the-art Smart Street Light Management Systems

Power
Radio Wireless Power Energy Energy Optimization
References Technology Sensing Parameters Technology | Consumption Storage Autonomy Technique
Kaleem et al., 2016 [3] ZigBee Power, Light intensity, Motion Short 384 mW* N/A No No
Shahzad et al., 2016 [10] ZigBee Light intensity, Temperature, Power Short 414 mW* N/A No No
Bellido-Outeirino et al., 2016 [19] ZigBee Motion Short — N/A No No
Daely et al., 2017 [11] ZigBee Humidity, Power, Particle Concentration Short 413 W* N/A No No
Temperature, Humidity, Light intensity,
Chen et al., 2018 [18] NB-IoT and Power Long 218 mW* Battery No No
Abdullah et al., 2018 [13] N/A Motion and Light intensity N/A 387 mW* Battery No No
Temperature, Humidity, Rain
Saha et al., 2021 [12] WiFi Motion and Light intensity Long 692.4 mW* N/A No No
Sorif et al., 2021 [14] WiFi Motion and Light intensity Long 525 mW* N/A No No
Sanchez-Sutil ef al., 2021 [15] LoRaWAN Motion, Current, Voltage Long — N/A No No
Mohanty et al., 2022 [49] LoRaWAN Motion, Light intensity Long 2.012 mW Battery Yes Duty cycle
Current Paper (bSlight) LoRaWAN Motion, Light intensity Long 2.022 mW Supercapacitor Yes Duty cycle

*The power consumption of the work is not reported in the original manuscript. The value is calculated from

e publicly available datasheets of the components for comparison purpose

only. N/A represents the component is unavailable in this work. ‘—’ represents that neither the direct data or its relevant data from which it can be calculated is available in the

original manuscript.

of 2355.2 mm?. This is achieved due to the implemen-
tation of high efficient thinfilm type solar cell, ultralow
power management circuit and energy-efficient low
power off-the-shelf sensors and microcontroller.

e The proposed system is portable and can be fitted to
any street light, such as solar-powered street lights,
grid-powered street lights, and hybrid-powered street
lights.

Furthermore, this paper is organized as follows: The related
research work is discussed in Section 2. Section 3 discusses
the proposed system architecture. Section 4 presents the
design principles and considerations. The prototype and
field testing details are explained in Section 5. Section
6 describes experimental validation, including operational
characteristics and performance evaluation. The manuscript
is concluded in Section 7.

2 RELATED RESEARCH WORK

There are many works reported regarding the design and
development of smart street light management systems
in the past. The comparision of the stete-of-the-art street
light management system has been shown in Table 1. In
[10], intelligent street light system has been proposed to
minimize the energy budget of a city by controlling the
illuminance level of street light according to diurnal traffic
volume. In [11] and [12], weather adaptive smart LED street
light systems are designed to prevent road accidents. In
[13] and [14], energy-saving methods have been proposed
to conserve electricity in the smart city. In [15], a system
has been designed to dynamically control the illumination
levels by implementing Artificial Bee Colony (ABC) algo-
rithm. In [17], the signature of received signal strength from
the behaviors of vehicles as well as pedestrians moving
on the roads is used to extract traffic parameters and the
illuminance is controlled accordingly.

Street light management systems embedded with var-
ious communication technology have recently been pro-
posed. In this direction, efforts have been made to feature
long range and secure communication in street light system
by implementing Narrow Band Internet of Things (NB-
IoT) technology in [18]. In [19], a smart system based on
wireless communication and Digital Addressable Lighting
Interface (DALI) protocol has been designed to manage

public lighting. In [20] and [21], remote control-based intel-
ligent LED street light systems are proposed incorporating
ZigBee communication network. In [22], an energy-efficient
lighting system incorporating ZigBee and General Packet
Radio Service (GPRS) communication technology has been
designed. In [24], a street light management system is de-
signed implementing Artificial Intelligent (Al) technique.
In [25], a Wireless Fidelity (WiFi) based smart system is
proposed to control the illuminance level of the street light.
In [26], a solar-powered street light management system is
designed with commercially available off-the-shelf compo-
nents. In [27], a secured street lighting management system
comprises of web-based cloud management platform, edge
devices, and real-time lighting control function. LoRaWAN
based health monitoring solution has been proposed for
soldiers deployed in hazardous environmental conditions
in [28]. In [29], an energy-efficient smart metering system
is proposed implementing Edge computing in Long Range
(LoRa). Further, LoORaWAN has been implemented for dif-
ferent solar energy powered IoT devices in [30], [31], [32].
In these works, LoRaWAN based systems are tested in real-
time. Energy-efficient algorithms have been proposed for
minimizing the power consumption of LoRa in water qual-
ity systems in [34] and [35]. In [36], solar energy powered
LoRa based air quality monitoring device has been designed
for environmental parameter measurement. However, opti-
mization in size of the solar cell size, energy storage unit,
and energy requirement of the application is essential for
solar energy powered systems which is addressed in [37].

Design of batteryless systems is a major topic of interest
in current scenareo. In [38], a solar powered batteryless en-
vironment parameter monitoring device is proposed which
features long range communication through LoRaWAN. In
[40], a batteryless indoor air quality monitoring device is de-
signed which can harvest energy in indoor light condition.
In [41], a batteryless bluetooth beacon has been designed
and tested for pushing advertisements on screen. Superca-
pacitors have been used as energy storage component in
these batteryless systems.

3 PROPOSED SYSTEM ARCHITECTURE

The proposed system is an energy autonomous street light
management system. Fig. 2 illustrates the block diagram of
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Fig. 2. Block diagram of the proposed system

proposed system. The design of the system is broken down
as follows:

3.1

This unit is responsible for harnessing, optimizing, storing
and regulating the energy as per the requirement of the
sensor node. It includes solar cells that can harvest energy
from sunlight and artificial light. A Power Management
Integrated Circuit (PMIC) manages the harvested power.
It consists of two cascaded DC-DC switching converters,
namely the boost converter and the buck converter with
high-power conversion efficiency. It steps up or steps down
the output voltage of the solar cell to a maximum of 3 V
and output current of 110 mA. It also features Maximum
Power Point Tracker (MPPT), which optimizes the harvested
power and provides it to the supercapacitor. It wakes up
every 5 seconds to perform the MPPT calculation to en-
sure that the supercapacitor is provided with optimized
amount of power from solar energy. The internal logic of
the PMIC guarantees tight monitoring of both the over-
charge (Vovcr) and minimum acceptable voltage by the
supercapacitor (Vovprs). A single-cell supercapacitor has
been used for storing energy. The sensor node should be
necessarily operated at a recommended voltage in order to
perform effectively. A high efficient with ultralow quiescent
current (I,) buck-boost regulator has been used to convert
the output of the supercapacitor to 3.3 V.

Power Management Unit

3.2 Sensor Node

It performs sensing, processing, and communication of
the data. It contains a microcontroller, sensors, and a
LoRa module. All the components in the sensor node are
low-power variants. It measures two parameters: move-
ment/occupancy using a Passive Infrared (PIR) sensor and
light intensity with the help of a light sensor. The micro-
controller supports ARM cortex M0 based architecure. It
processes the PIR sensor signal and generates a Pulse Width
Modulation (PWM) control signal, which is later sent to
the AC dimmer module. The dimmer module controls the
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7
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Microcontroller Gateway
N
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= Wide Area ‘ .-
Network
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current to the street light in order to make it illuminate at
100% or 50% illuminance. LoRaWAN technology has been
incorporated for data communication. The microcontroller
sends the working status of the street light to the LoRaWAN
gateway. It possesses high sensitivity of -148 dBm and
features long range communication.

3.3 LoRAWAN Gateway

It serves as a conduit between the cloud server and the
sensor node. It exchanges information with the cloud server
after receiving data from the sensor node through MQTT
broker. Symmetric encryption is used to encrypt the data
sent through LoRa. MQTT protocol has become increas-
ingly popular in IoT due to characteristics like low power
consumption, quick data transfer, lightweight design, and
simplicity of implementation.

3.4 Cloud Server and End User

Cloud storage is used to store the data received from the
LoRaWAN gateway. It consists of two subunits such as
cloud storage and analytics. The cloud storage unit stores
the data received from the sensor node, whereas the cloud
analytics unit provides valuable insights to the end user.
The end user can monitor the data coming from the sensor
node in real-time. It provides a visually appealing Graphical
User Interface (GUI) for use in remote monitoring. A mobile
application and web portal are available to the end user for
data access.

Further, the flowchart of the power-aware software al-
gorithm of bSlight has been shown in Fig. 3. It has been
programmed to perform efficiently and consumes less en-
ergy. The duty cycle optimization technique is implemented
for its operation. It harvests energy during day with aver-
age current (Icparge) of 7.91 mA and the voltage level of
supercapacitor (Vsypercap) increases gradually. The voltage
regulator results 3.3 V to the system once Vyypercap Crosses
1.8 V. Thus, the system starts its function by measuring light
intensity to decide whether it is day or night. It turns off the
street light during day. The device extracts energy from the
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supercapacitor with an average current consumption (Z¢on.s)
of 112.26 A from the supercapacitor during day. It starts
its full phase operation once the light intensity drops below
16000 lux. It turns on the street light in the first step. In
this phase, the device harvests energy from the street light
and the supercapacitor gets charged with an average current
of 3.29 mA. Further, it continuously detects pedestrian or
vehicular motion around the road. It sets the illuminance
of the street light at 100% if any motion is detected. The
illuminance is reduced to 50% otherwise. Hereafter, it can
monitor the working status of the street light by sensing its
light intensity. It is generally observed that street lights do
not glow with their specified light intensity often, which can
catalyze road accidents. Hence, bSlight measures the light
intensity at 100% illuminance level and verifies whether
the street light is faulty. Subsequently, it sends the working
status to the LoRa gateway. Then it puts LoRa and the
light sensor into a deep sleep mode for approximately 15
minutes. The supercapacitor gets discharged with I.,,s of
600.98 A during night. It can be noted that I,y is rela-
tively higher than that of during day as the system performs
its major functions during night. The admin can easily
visualize the working status of each street light around the
city through a local GUI and find the faulty one. It turns
off the street light once it detects sunlight and repeats the
process.

4 DESIGN PRINCIPLES AND CONSIDERATIONS

Energy harvesting enabled IoT nodes should meet self-
sustainability criteria in order to operate perpetually. Ap-

plication requirements and hardwares should be critically
considered in order to satisfy the above criteria. The system
is typically intended for outdoor uses.

4.1 Energy Harvesting

Solar energy possesses higher power density and output
voltage compared to other energy sources [7]. It is a pre-
ferred energy source in outdoor applications due to its
ubiquity. The output power of a solar cell (Psoqr) can be
expressed using (1).

Psolar = Vsolar X Isolar (1)

where Vioqr and Igpq, are output voltage and output
current of the solar cell. There have been several develop-
ments in solar energy harvesting technology in recent days.
Various types of solar cells are commercially available such
as polycrystalline, monocrystalline, thinfilm, perovskite, etc.
Monocrystalline type solar cell provides improved efficiency
for harvesting solar energy during the presence of sunlight,
and thinfilm type solar cells are promising technology for
harvesting energy from intermediate and artificial light.
The application demands energy harvesting during both
the day and night. Therefore, monocrystalline and thinfilm
type solar cells can work as suitable options for energy
harvesting due to their specific features, efficiency, and cost-
effectiveness. In this work, attempts have been made to
harvest energy using three different schemes. The schemes
are as follows.

e Scheme 1: Energy harvesting using a monocrystalline
solar cell denoted as PV;, which performs best under
direct sunlight.

e Scheme 2: Energy harvesting using series connection of
a PV; and a thinfilm solar cell denoted as PV5, which
is specifically designed for indoor as well as low light
conditions i.e. 200 lux.

e Scheme 3: Energy harvesting using a thinfilm solar
cell named as PV3, designed for harvesting energy in
intermediate light conditions.

4.2 Energy Storage

There are mainly two options for storing harvested energy
in IoT nodes which are battery and supercapacitor. Batteries
possess more energy density and less power density which
makes them suitable option to be used in IoT devices. How-
ever, batteries are not eco-friendly options. Supercapacitors
are adopted widely as an alternative energy storage element
in IoT devices due to their long life and fast charging
feature compared to batteries. The energy stored in the
supercapacitor can be expressed using (2).

Esupercap =05xC x Veupercap2 = 6DVV (2)

where Egypercap is the amount of energy stored in the
supercapacitor. €p and W are the energy storage density
and weight of the supercapacitor. In this work, the value
of €p is 1.32 Wh/kg defined by the manufacturer. The ideal
and conventional way of solar energy harvesting is to enable
energy harvesting during day and storing it in a energy
storage unit for use in night. However, this is not applicable
to aforementioned application due to less value of €p of
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the supercapacitor. Supercapacitor can be incorporated in
case the energy harvesting is always greater than or equal
to energy consumption irrespective of time. This can be
represented mathematically using (3).

T2 T2
/Psolardt 2 /Pconsdt
T1 Tl

where P, s is the average power consumption of the sensor
node along with voltage regulator. Further, the size of super-
capacitor should be carefully selected so that power failure
of the device will not be encountered at any point of time.
An existing mathematical model in [39] is simulated in order
to find the optimized size of the supercapacitor needed to
drive the system. The model results charging time (T¢narge)
and discharging time (Tscn) of supercapacitor consider-
ing practical parameters such as leakage current (Jjcakage)
and equivalent series resistance ([2cs.). Let’s presume that
the supercapacitor is in a zero-charge condition before the
charging process begins, which implies that the voltage
across the capacitor is zero. When ¢ > 0, the charging
voltage of the supercapacitor can be expressed by (4).

dVse  Vie
dt Ry

where C., and V. are the capacitance and voltage across
the supercapacitor, respectively. g, and Icparge represent
the leakage resistance and charging current of the superca-
pacitor, respectively. The average I.pqrge has been calculated
from the measured values. Icpqrge is calculated as 14.69
mA and 1.16 mA for scheme 1 during day and night,
respectively. The same is computed in the case of scheme 2

®)

CSC

+

(4)

- Icharge =0

Time (Sec)
AN

Fig. 5. Simulated charging curve of 1 F supercapacitor when the system
is disconnected under (a) natural sunlight (b) artificial light
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as 16.5 mA and 4.79 mA during day and night, respectively.
It is calculated as 7.91 mA and 3.29 mA for day and night,
respectively, in case of scheme 3. Further, the final output
voltage of the supercapacitor (V,,:) can be derived using

).
Vout = IchargeResr +Iout Racr | 1 — exp —M (5)
’ Rdclcsc

R.,, is obtained from manufacturer datasheet as 1.5 Q. R4
has been measured as 259147.451 (). The charging curve of
the supercapacitor during day and night is shown in Fig.
4. The discharge process with constant current I.,,s due to
the operation of the device can be started once Vj,,; reaches
its maximum value, which is denoted as V.. In this work,
VO can be considered as 3 V. This condition is expressed
mathematically in (6).

1 t=Tdisch

Csc t=0

Iscdt + IscRdcl - (Vgoc + Iconstcl) =0 (6)

where I, represents the current accorss supercapacitor. Fi-
nally, Vit can be expressed after the system is operated for
T4isch seconds using (7). Vo, is supposed to be 1.79 V due to
the operation of the system after which the supercapacitor
will not be able to run the system.

Vout = _IoutReST + Vsoc (7)
T .
o 0 Iou . 1— B disch
((V;C M th l) P Rdchsc

In order to calculate Ty; 4., from this model, the current
consumption data of the device is required. The current
consumption measurement and and calcualtions has been
shown in experimental validation section. The average I.on s
has been calculated from measurement data. The major
functions of the device is done during night and the average
Icons is calculated as 600.98 pA during this period. The
same during daytime is calculated as 112.26 pA. Fig. 4
shows T cparge and Tg;scn, of supercapacitors of four different
values. As a design consideration, it is considered that the
device should be able to run a minimum of one cycle, i.e.
900 seconds when the supercapacitor is fully charged. As
a result, the device can get sufficient time to charge the
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supercapacitor in harsh weather conditions. This can ensure
that the device can safely overcome the slow charging phase
under poor lighting conditions such as heavy rain and foggy
weather. Since the device can only perform when the output
voltage of the supercapacitor lies in the range of 3V to 1.8V,
this criteria can be written mathematically using (8) where
T5 > 900.

T>
Esupercap > 1.5625 x /PconsTdischdt (8)
Ty

Thus, a supercapacitor of size 0.47 F and above satisfy this
criteria. However, Tcpqrge also increases with the size of
the supercapacitor, which should be necessarily as low as
possible to ensure fast charging. Thereby, based upon the
simulation results, 0.47 F supercapacitor can be considered
as the optimized supercapacitor size for the device. Nev-
ertheless, Ty;s.n can also be calculated from mathematical
expression as presented in (9).

Tiieen = 0.64 x superea ©)
P.,ns has been measured as 1.98 mW. Thus, Ty;scn iS
calculated as 683.63 seconds, 989.09 seconds and 1454.54
seconds for 0.47 F, 0.68 F and 1 F supercapacitor, respec-
tively. Experiments are conducted to verify Tg;s.p of these
supercapacitors. Ty;scr, is measured as 654 seconds, 791
seconds, and 1103 seconds for 047 F, 0.68 F, and 1 F
supercapacitor, respectively. Therefore, the optimized size
of the supercapacitor is considered as 1 F in this work. The
charging curve and discharging curve of supercapacitor of
1 F according to the mathematical model is shown in Fig. 5
and Fig. 6, respectively. The peak current that can be drawn
from the supercapacitor is 0.81 A as per the manufacturer
datasheet which is much greater than the requirement of this
work. The power density of the same is 1322 W/kg which
satisfies the requirement of the proposed device easily.

5 PROTOTYPE AND FIELD TEST

As the initial step of the prototyping, a high efficient off-the-
shelf PMIC with power consumption below 1 mW should be
incroporated in order to satisfy ultra-low power consump-
tion range [23]. The PMIC used in this work, is configured
according to the supercapacitor input requirements and
demand of the application. Although an off-the-shelf PMIC
has been incorporated for energy harvesting, some external
resistor values must be calculated and used following the
design rules and equations by the manufacturer of the PMIC

TABLE 2
Component details of the bSlight

Component | Part

Solar cell SP3-37, LL200-3-37, SM141K06L
PMIC AEM10941

Supercapacitor SCCR12E105PRB

PIR sensor EKMB1103111

MCU STM32L010C6

Light sensor VEML7700

Wireless module RFM95

Buck-Boost Regulator | MAX77827
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Fig. 7. Power management circuit of bSlight

in order to ensure effective power management [42]. The
solar cell produces voltage ranging from 0 V - 4.6 V, and the
supercapacitor can be charged with a maximum voltage of 3
V. Thus, the PMIC has been configured in buck-boost mode
in this work. The storage unit is a single cell supercapacitor;
thus, CFG [2:0] has been configured, as shown in Fig 7.
The maximum acceptable voltage of the supercapacitor is
3 V which can be set through the Voycm of the PMIC.
When the voltage of the supercapacitor reaches Vovcm,
the charge is completed, and the internal logic keeps the
output voltage of the PMIC (Vgarr) at or near Voycon
with a hysteresis of a few millivolts to protect the storage
element and the electronics. Voy prs is set at 2.2 V as this
voltage can range from 2.2 V — 4.4 V. The PMIC features
two LDO; however, they are not used in this work which
is the reason for grounding the pins ENHV and ENLV.
Although any of the LDO of the PMIC has not been used
in this work, ‘SET_CHRDY’ can not be left floating. Thus, it
is set at 2.325 V as it can be set between any value ranging
from 2.25 V — 4.45 V. The responsible external resistors are

Solar Cell
LoRa Antenna
Light Sensor
Pins for Sensors Top Casing
Pins for ST-Link PIR Sensor
PMIC
Microcontroller
Pins for Solar cell -~ -
Supercapacitor LoRa
Buck-Boost
Regulator
Bottom Casing

Boot Setting Pins

Fig. 8. The designed prototype of bSlight



(b)

Fig. 9. Implementation of the bSlight with a street light in garden area (a)
illuminance is set at 100% upon detection of movement (b) illuminance
is 50% on empty road condition

calculated as 16.5 MS2, 5 M, 1.22 MS?, and 27.27 Mf). The
PMIC also features a cold start unit. The minimum required
input voltage is 380 mV, and the minimum input power
is 3 uW for it to begin functioning with empty storage
components. In this work, the cold start voltage is set as
0.76 V as the solar cell is intended to get enough light to
produce sufficient voltage irrespective of time. The resistors
responsible for setting the cold start voltage are calculated
as 0.5 MQ) both. The PMIC can extract the power from the
source as long as the input voltage lies between 50 mV
and 5 V after the cold start. The PMIC features MPPT for
optimizing the harvested power. The MPP ratio of the solar
cell is calculated as the ratio of maximum power point
voltage (Varpp) and open circuit voltage (Vo) which is
around 65% to 73%. Thus, the Maximum Power Point (MPP)
of the PMIC is set as 70% by grounding the SELMPP [1] and
SELMPP [0] pins as described in the design rule [42]. The
capacitor values are taken as per the datasheet of the PMIC.
The component details of bSlight have been presented in
Table 2. It has been designed with a satisfactory form factor,
ie, 125mm x 85 mm x 25mm, so that it can fit with any

Street Light Management System

15089

Fig. 10. Light intensity and working status of the street light is shown
through the GUI
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street light poles. The circuit is printed on FR4 based Printed
Circuit Board (PCB). The details of the designed prototype
are shown in Fig. 8. The proposed bSlight is installed with
a street light in the garden area of a hostel to examine its
feasibility. Fig. 9 shows the implementation of bSlight with
a street light. The data from bSlight gets uploaded to the
ThingSpeak cloud storage through the LoRa gateway. The
cloud service features GUI through which the authority can
monitor the operational status of individual street lights.
Fig. 10 represents the light intensity and working status of
the street light reflecting on ThingSpeak GUI. Further, the
experimental results in various conditions have been shown
in experimental validation section.

6 EXPERIMENTAL VALIDATION
6.1 Characteristics of Solar Cell

The PV and IV characteristics are observed for all three solar
cells and are shown in Fig. 11. The characteristics have been
observed under two diffrent conditions such as under direct
sunlight and under artificial light. The intensity of the arti-
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Fig. 11. VI characteristics of solar cells (a) PV; under artificial light (b)
PV under direct sunlight (c) PV> under artificial light (d) PV under
direct sunlight (e) PV3 under artificial light (f) PV3 under direct sunlight

ficial light is kept at 15000 lux, which is the intensity under
the street light where bSlight is installed. The intensity of
light has been measured using HTC LX-101A. The MPP ratio
of PV} under direct sunlight and artificial light is observed
approximately 76% and 66%, respectively. The same for PV,
is 70% and 69% in the presence of sunlight and artificial
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light, respectively. The MPP ratio of PV3 is 72% and 75% in
the presence of sunlight and artificial light, respectively.

6.2 Performance of PMIC

PMIC optimizes the output power of the solar cell. There
are two major roles of PMIC in this work. Firstly, it delivers
a maximum of 3 V to the supercapacitor so that it can be
charged. Secondly, it tracks MPP to ensure that the system
can harvest maximum power every time. These two features
of PMIC can be observed in Fig. 12, taken during its oper-
ation under experimental conditions. The output voltage of
solar cell is fluctuating and varies in the range of 2.83 V —
4.04 V due to factors like cloud movement, wind, humidity,
temperature, etc. MPPT status is asserted as shown in Fig.
12, evidencing that MPP operation is performed. MPPT
feature in the PMIC enables it to wake up every 5 seconds to
perform MPP operation. The supercapacitor is charged up
to 3 V under this circumstance. The output voltage of the
supercapacitor reaches 3 V approximately in 397 seconds,
after which MPP operation gets slower, and the duration of
MPP calculation increases.

Solar Cell Outpu (V)

MPPT Status (V)

Supercapacitor Output (V)

T T T T T T T T
0 S0 100 1500 2000 250 3000 350 400 450

Time (Seconds)

Fig. 12. Operation of PMIC in the presence of sunlight

6.3 Powering the Sensor Node

The supply voltage requirement of components in the sen-
sor node varies from 2.3 V - 3.6 V. Thus a constant input
voltage must be supplied to the sensor node. Fig. 13 shows
the output voltage of the supercapacitor and that of the
buck-boost regulator, which is used to provide a constant
voltage of 3.3 V to the sensor node. The supercapacitor
is discharged with a constant current, and simultaneous
output voltage from the regulator is recorded. This ensures
that the supercapacitor can drive the device until its output
voltage level lies below 1.8 V. The device can not be powered
if the output voltage of the supercapacitor further lies below
1.8 V. Further fall in the output voltage of the supercapacitor

1.5 = Supercapacitor Output

Regulator Catput

Supercapacitor Output (V)
T
Regulator Output (V)

1.0 4

0.5 4

0.0 ;
[} 500 1000 1500 2000 2500

Time (Sec)

Fig. 13. Output voltage of buck-boost regulator and output voltage of the
supercapacitor

leads to a sharp fall in the output voltage of the regulator,
which is much below the voltage requirement of the sensor
node.

6.4 Current Consumption of the Device

The current consumption of the device is shown in Fig. 14.
It varies during day and night. The major functions of bS-
light are performed during night when all the components
of the sensor node come into active mode. The average
measured current consumption of the components in the
sensor node and PMU has been reported in Table 3. PIR
sensor and microcontroller never go into deep sleep mode
during night due to continuous operation, while LoRaWAN
and light sensor wake up periodically to perform necessary
operations. The total average current consumption of the
device (I,ys) during night has been calculated using (10).

1

TTotal
X Tamcv + Ipvcv X Tovcv +Ians X Tars

Tyys = (Iapir X Tapir+ Ippir X Topir + Lamcu

+1Iprs X Tprs +1arora X TaLoRa + IDLoRa
X Tprora + Ireg X Theg + IPnirc X Trmic)

(10)

Iaprr, Iamcu, Iars, and Iarora represent the average
current consumption of the PIR sensor, microcontroller, light

TABLE 3
Summery of Measured Current Consumption

Duration (Sec)
Component Current Day | Night Mode
124 pA 0 900 Active
PIR Sensor | 397" A | 900 | 0 | Deep Sleep
Microcontroller 431 nA ! 900 Active
81 pA 899 0 Deep Sleep
. 62 A 0.1 Active
Light Sensor 15 pA 899.9 Deep Sleep
LoRa 71.67 mA 0 0.23 Active
8.5 uA 900 | 899.77 | Deep Sleep
Regulator 17.66 pA 900 Active
PMIC 18.16 A 900 Active
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Fig. 14. Current consumption of the bSlight during night

sensor, and LoRa module in the active mode, respectively.
Ipprr, Ipmcu, Iprs and Ipror, are the average current
consumption of the PIR sensor, microcontroller, light sensor,
and LoRa module in deep sleep mode, respectively. T'4prr,
Tamcvu, Tars, and T'arorq represent the working duration
of the PIR sensor, microcontroller, light sensor, and LoRa
module in the active mode, respectively. Tpyrcv, Torrr,
Tprs, and Tprore are considered as the time duration of
microcontroller, PIR sensor, light sensor and LoRa module
in deep sleep mode, respectively. Irey, Ipprc and Treg,
Tpymic represent the current consumption and time du-
ration of the operation of the buck-boost regulator and
PMIC, respectively. The duration of one cycle is denoted
by Trotar which is considered 900 seconds since the device
is programmed to repeat the operation every 15 minutes.
I,ys has been calculated as 619.14 pA during night which
is the maximum average current consumption at anytime.
As per the system architecture of bSlight, supercapacitor
is used to power the sensor node along with the buck-
boost voltage regulator. However, PMIC works consuming
power from solar cell. The average current consumption
of the sensor node along with voltage regulator during
night can be calculated as 600.98 pA which is termed as
Icons- The same can be calculated during day as 112.26 pA.
The maximum power consumption of the bSlight (Psy) is
measured as 2.022 mW.

6.5 Supercapacitor charging and operational charac-
teristics

In order to observe the charging characteristics of the su-
percapacitor, it is charged under the sunlight during day
and artificial light i.e. 15000 lux during night when the load
is disconnected. The supercapacitor can drive the system
unless its output voltage lies below 1.8 V. This signifies that
although the supercapacitor has a capacitance of 1 F, the sys-
tem can only utilize 64% of its energy. The charging curves
of the supercapacitor using all three schemes are shown
in Fig. 15. The total charging time of the supercapacitor in
practical scenario is 222.33 seconds and 2863.32 seconds to
get charged from 0.2 V to 3 V and 0.28 V to 3 V, respec-
tively, using scheme 1 under sunlight and artificial light,
respectively. The same has been measured as 95.31 seconds
and 1671.54 seconds during day and night using the same
scheme to get charged from 1.8 V to 3 V, respectively. The
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Fig. 15. Charging of supercapacitors using diffrent schemes when the
load is disconnected (a) Scheme 1 during day (b) Scheme 1 during night
(c) Scheme 2 during day (d) Scheme 2 during night (e) Scheme 3 during
day (f) Scheme 3 during night

supercapacitor takes 199.5 seconds to get charged from 0.1
V to 3 V when exposed to sunlight using scheme 2, whereas
it takes 687.28 seconds to get charged from 0 V to 3 V when
exposed to artificial light using the same scheme. Thus, it
takes 71.75 seconds and 341.77 seconds using scheme 2 to
get charged from 1.8 V to 3 V under sunlight and artificial
light, respectively. The supercapacitor takes 426.13 seconds
to get charged from 0.1 V to 3 V under sunlight using
scheme 3. Subsequently, the same takes 816.18 seconds to
get charged from 0.32 V to 3 V under artificial light using
scheme 3. The charging time has been observed as 206.09
seconds and 385.06 seconds during day and night to get
charged from 1.8 V to 3 V, respectively, using scheme 3.
However, indoor solar cell which is specifically designed
for working under room light conditions, does not work
well when exposed to direct sunlight due to high chances
of material degradation. The performance of this solar cell
can be reduced to 50% if it is exposed to sunlight for 100
hours, according to the manufacturers of the solar cell. This
restricts the implementation of scheme 2 for powering the
device. The device stays in low power mode in the day and
performs its primary operations during night. The charging
time of the supercapacitor is very high during night in case
of scheme 1, unlike scheme 3, which is a major disadvantage
of scheme 1. The energy harvested using scheme 3 under
sunlight is very high compared to the consumed energy
during the day. This ensures that scheme 3 can be the
optimized method for charging the device.

It is indeed challenging to implement supercapacitors
for outdoor applications where energy expenditure during
night is excessive, and energy availability is critical. The
charging rate should always be greater compared to dis-
charging rate when the device is running in order to avoid
any futile circumstances. Further, the charging time of the
supercapacitor from 1.8 V to 3 V at various luminosity has
been plotted in Fig. 16. The illuminance level of street light
lies in the range from 7412 lux to 7543 lux when there is no
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Fig. 16. Charging time of 1 F supercapacitor at various luminosity

movement on the road. The corresponding charging time of
the supercapacitor ranges from 827 seconds to 843 seconds.
Charging time increases under low light condition. Thereby,
it is measured under raining condition considering it as a
worst-case scenario. The measured charging time goes up to
941 seconds under heavy rain and empty road conditions.
The discharge time of the supercapacitor is measured as
1103 seconds when bSlight is performing the tasks which
it executes during night and the solar cell is completely
disconnected. The device should necessarily comply (11) in
order to ensure the seamless operation.

Tcharge < Tdisch (11)

Fig. 17 presents the output voltage of the supercapacitor in
four different phases. In the first phase, the supercapacitor
is fully charged when it is neither connected to the solar
cell nor the load. Thus, the output voltage is constant at
around 3 V, and the corresponding solar cell voltage is 0 V.
In the second phase, the supercapacitor voltage is reduced
to 1.8 V. The supercapacitor is connected and the device
executes all the tasks it should execute during the night.
In this phase, the solar cell is disconnected, which is why
the corresponding output voltage of the solar cell is at 0 V.
This phase signifies the discharge time of the supercapacitor,
which is measured as 1103 seconds. In the third phase, the

Supercapacitor (V)
Solar cell (V)

i -~ Supercapacitor
p Solar cell
T T T T T T T T —- 0.0
0 2000 400 600D 300 1000 1200 1400 1600 1800 2000
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Fig. 17. Output voltage of the supercapacitor and solar cell during
diffrent operational conditions

bSlight harvests and consumes energy simultaneously. It
performs all the operations that must be done during night.
In the last phase, the supercapacitor is fully charged while
both harvesting and consumption of energy are ongoing.
Further, self-discharge process of the supercapacitor is one
of the major issues which can cause power failure in any
supercapacitor based device. Although bSlight can harvest
energy during heavy rain, the illuminance level critically
goes as low as 6835 lux during this condition. Ijcqrage Of
the supercapacitor has been measured in practical scenario
during typical rainy weather in order to ensure that the
device can sustain power failure condition due to the self-
discharge issue of the supercapacitor. Fig. 18 presents the
self-discharge process of the supercapacitor. The superca-
pacitor is remained in open circuit for approximately 72
hours. The temperature during the experiment varies be-
tween 30 °C - 34.5 °C in day and 26 °C — 30 °C in night.
Subsequently, Relative Humidity (RH) varies in the range of
50 % — 70 % during day and 75 % — 95 % during night. The
leakage current can be calculated using the below equation.

C x AV
AT
where C represents the capacitance of the supercapacitor,
which is 1 F in this work. AV is the change in the voltage
level of the supercapacitor due to self-discharge, which is 3
V for this experiment. AT presents the total time taken in
seconds, which is 259147.451 seconds in this case. Ijcqkage
has been calculated approximately as 11.576 pA. Subse-

quently, Rq is calculated as 259147.451 2 using (13).

AV

Ileakage

Ileakage = (12)

R = (13)
The total average current that the sensor node with the
voltage regulator extracts from the supercapacitor is 612.556
pA, including Ijcqkage- Further, Py, is measured as 1.98
mW. In contrast, the average charging current of the su-
percapacitor during heavy rain and empty road condition
has been measured as 1.31 mA, and the average harvested
power is 3.4 mW during the particular condition. Thus, it
can be noted that the device harvests much more power
and current compared to the consumption at any point
of time, considering self-discharge process of the super-
capacitor. This can ensure the self-sustainability feature of
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Fig. 18. Self-discharge of the supercapacitor during rainy weather
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Fig. 19. Graphical representaion of comparision with the state-of-the-art
solar energy or artificial light energy powered LoRaWAN based devices

bSlight during heavy rain and empty road, avoiding power
failure condition. Fig. 19 shows a graphical representation
of comparison of the proposed work with various solar
energy or artificial light energy powered LoRaWAN based
energy autonomous devices with respect to four parameters
such as size of harvester i.e. cross sectional area in mm?2,
output power of harvester in watts, current consumption
in mA and duty cycle of operation. The values have been

normalized for a comprehensive understanding.

6.6 Range Testing of LoRaWAN
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Fig. 20. (a) Calculated ToA between bSlight and LoRaWAN gateway
node (b) Measured RSSI of recieved signal at LoRaWAN gateway node

The communication range of bSlight depends upon sev-
eral factors, such as signal bandwidth, Spreading Factor
(SF), coding rate, signal strength, packet loss, delay, etc. The
size of data to be transferred has been kept as minimum
as possible to lower power consumption a well as delay.
In this work, the maximum size of data that need to be
transmitted is 5 byte. Signal bandwidth and coding rate are
fixed at 125 kHz and 4/5, respectively. Upon transmission
of the data from bSlight, a certain amount of time it takes to
reach the gateway is called as Time on Air (ToA). Further,
the spreading factor has significant impact on ToA [32].
Thereby, SF has been calculated with respect to ToA using
an online calculator, and the result is shown in Fig. 20(a).
In order to ensure higher QoS, ToA must be lower, and it
is observed to be minimum, i.e. 30.98 ms for SF 7. Thus, SF
has been fixed at 7 for bSlight. The communication distance
is measured when the gateway node is placed above 25
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Fig. 21. Range testing of bSlight in outdoor environment

feet, and bSlight is 7 feet above ground level. Received
Signal Strength Indicator (RSSI) of the transmitted signal
from bSlight has been measured and shown in Fig. 20(b). It
can be observed that an increase in communication distance
leads to poor RSSI. The highest communication range has
been measured as 1034 meters; however, Packet Delivery
Rate (PDR) falls below 90% at this distance. Fig. 21 shows
that the communication distance of 761 meter. PDR ranges
from 90% to 100% at this distance. It falls below 90% when
the distance is more than 761 meter which leads to poor
QoS. Therefore, as a design consideration, the maximum
communication distance is reported as 761 meter in order
to ensure higher QoS of bSlight.

6.7 Performance Evaluation

There are few factors that have significant role in QoS of an
energy autonomous device. Bandwidth of bSlight has been
kept minimum i.e. 125 kHz, in order to ensure low power
consumption. However, as per the size of data to be trans-
ferred and communication interval, the device performs
well at this bandwidth. Communication delay has to be low
for better QoS. ToA of the transmitted data is calculated as
30.98 ms for bSlight. The data has to be transmitted every
900 seconds in this work, implying that the calculated ToA
is negligible compared to the interval. Thus, delay is rea-
sonable in bSlight, ensuring high QoS. Power consumption
is optimized to 2.022 mW which is observed to be minimal
compared to state-of-the-art street light management sys-
tems. PDR varies due to communication distance; however,
it is ensured to be above 90% for the tested communication
range. The lifetime of bSlight depends on many factors but
majorly on its storage unit. Although the exact calculation
of the lifetime of a supercapacitor is challenging; however, it
has a charge cycle of more than half a million. The number of

Fig. 22. QoS summery of bSlight
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TABLE 4
Comparison with State-of-the-art LoRaWAN based Solar Energy or Artificial Light Energy Powered Energy Autonomous Devices

Size of Harvester Power Current Duty
References Energy Source | Harvester (mm) Output Storage Application Consumption Consumption | Cycle (%)
Sunlight & Environmental parameter 75.57 pA —
Wu et al., 2018 [38] Artificial light Radious = 30 90 mW Supercapacitor monitoring — 1.38 mA 15.16
Zhang et al., 2019 [43] Sunlight — 10W Battery Soil health monitoring — — —
Sadowski ef al., 2020 [48] Sunlight 170 x 170 3.65 W Battery Soil health monitoring 29.33 mW — —
Sunlight &
Bhusal et al., 2020 [44] Artificial light 210 x 113 35W Battery Air qualty monitoring 25.9 mW 7 mA 0.16
Ali et al., 2021 [33] Sunlight — 3W Battery Air pollution monitoring | ~ 14.306 mW - 14.97 mW — ~5-6
Ramson ef al., 2021 [31] Sunlight 70 x 65 350 mW Battery Soil health monitoring — 13 mA 1.65
Under groundwater
Kombo et al., 2021 [45] Sunlight — 6W Battery monitoring 104.081 mW — <1
Environmental parameter
Battery and monitoring and
Petrariu ef al., 2021 [46] Sunlight — 330 mW | Supercapacitor Geolocation tracking — 1.69 mA 2.66
Environmental parameter
Yuksel et al., 2021 [47] Sunlight — 1w Supercapacitor monitoring 380 mW — —
Ramson ef al., 2022 [32] Sunlight 70 x 65 350 mW Battery Smart trashbin — 1.5 mA 273
Mohanty et al., 2022 [49] Sunlight 45 x 30 307 mW Battery Street light managemenet 2.012 mW 602.19 A 50
Sunlight &
Current Paper (bSlight) Artiﬁci%l light 64 x 37 66 mW Supercapacitor | street light managemenet 2.022 mW 619.14 uA 50

‘—' represents that neither the direct data nor it relevant data from which it can be calculated is available in the original manuscript.

charge cycles utilized in a day is calculated as 60.65, consid-
ering that the average power consumption is 2.022 mW. The
supercapacitor has a total of 500000 full charge cycles as per
the manufacturer if charged in standard conditions. Thus,
the lifetime can be calculated as 29.81 years following simple
charge cycle calculation. However, it is almost impossible to
ensure that the supercapacitor is getting charged on the field
at standard conditions as per the manufacturer. Thereby,
the lifetime can be roughly taken as 50% of the calculated
value, which is more than 14.5 years. It can be noted that the
other components of the device may not have this much life
when deployed on the field. The life of off-the-shelf sensors
and microcontrollers generally ranges between 5 to 10 years.
Therefore, the overall lifetime of bSlight can be taken as 5 to
10 years. Further, bSlight follows the deadlines of the tasks
as per the design algorithm which can be observed through
Fig. 14. This ensures the real-time operation of bSlight. As a
result, the design of bSlight takes into account and satisfies
those criteria which contribute to its QoS. The summery of
QoS is comprehensively presented in Fig. 22.

In order to observe the improvement done compared
to existing energy autonomous devices, a comparison has
been shown in Table 4. All the presented works in the
table are powered from solar energy and incorporated with
LoRaWAN for communication of data. The improvements
compared to the existing energy autonomous devices have
been written below.

o The percentage of duty cycle of the operation is 50%
which is much higher compared to the existing works.
This has been achieved by optimizing the power con-
sumption of the device and critically choosing a pri-
mary task as well as secondary task according to their
priority as per the demand of the application.

e In order to maintain higher percentage of duty cycle,
higher size solar cells are generally preferred [8], [9].
However, in the proposed work, the device is powered
using a smaller size solar cell having cross sectional
area of 2355.2 mm? which is minimum compared to
the existing works.

e Energy harvesting from sunlight as well as artificial
light has been enabled in both [38] and bSlight to
incororate supercapacitor; however, solar cell of smaller
cross sectional area has been used in the proposed

work, which provides opportunity to restrict the form
factor of a device while packaging.

7 CONCLUSION

A supercapacitor based energy autonomous street light
management system has been presented in this manuscript.
It continuously detects motion around the road and adjusts
the illuminance of street lights according to vehicle and
pedestrian movement. It also communicates the operational
status of the street light to ThingSpeak cloud using Lo-
RaWAN gateway in every 15 minutes. This can assist the
responsible authority in keeping track of the operational
state of the street light so that immediate action can be urged
in the event of a problem. The system incorporates low
power management circuit and sensors to ensure low power
consumption. It works with 50% duty cycle consuming
an average current of 619.14 yA and average power of
2.022 mW. The system is designed to harvest energy both
from sunlight and artificial light using a tiny solar cell of
dimension 64 mm x 37 mm x 0.22 mm and maximum output
power of 66 mW to run the sensor node hence overcoming
the issue of energy unavailability. The communication range
has been measured as 761 m in real-word testbed. The
system has been deployed in field in order to validate its
feasibility.

A battery health monitoring technique for sustainable
IoT devices has been proposed in [16]. Similar mechanism
can be developed in future for IoT devices with superca-
pacitor and implemented in the proposed work in order to
ensure sustainability. Security concerns can also be solved
by implementing hardware mechanism in future [50].
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