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Abstract. Ability of energy harvesting systems that make use of Internet
of Things (IoT) offer sustainable and independent power sources for
diverse applications. In order to power loT devices, these systems make it
possible to capture ambient energy from the environment, such as solar,
wind, vibrations, and thermal gradients, and transform it into usable
electrical energy. We provide growths in circuit technology for IoT-based
energy harvesting devices in this research.With a focus on MPPT
algorithms that exploit energy extraction efficiency since various sources,
advancements in power management circuits are investigated. Energy
harvesting devices can now function well even in low-energy
environments thanks to the development of ultra-low-power circuits, which
is discussed.Super capacitors and rechargeable batteries, two types of
energy storage, are assessed for their potential for energy buffering and
dependable power delivery to Internet of Things (IoT) devices. Dynamic
charging algorithms and capacity estimate methods are two examples of
more sophisticated battery management approaches that are also looked
at.Voltage regulation is a crucial component of energy harvesting systems
that guarantees a steady and reliable power supply to Internet of Things
(IoT) devices. Low-dropout regulators (LDOs) and energy-efficient
voltage converters, among other recent advancements in voltage regulation
circuits, are described. Additionally, the integration of energy harvesting
systems with IoT devices is covered, highlighting the benefits and
obstacles in creating IoT applications that are energyaware. To reduce
power consumption in IoT networks, the significance of energy-efficient
communication protocols and adaptive data processing algorithms is
emphasised.
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1 Introduction

IoT is growing quickly, revolutionizing many industries and enhancing people's quality of
life bycausing an unparalleled proliferation of linked gadgets. However, the increased use
of IoTdevices creates a substantial issue for efficiently and sustainably powering these
devices. Traditional battery based power solutions frequently need to be recharged or
replaced, which raises maintenance costs and raises environmental issues.Energy harvesting
systems have become a viable option for overcomingthese difficulties for IoTdevice
powering. With the help of energy harvesting, IoT applications can create electrical
energyfrom a variety of ambient energy sources, including sun, wind, vibrations, and
thermal gradients. Thismethod is environmentally friendly and self-sufficient. Energy
harvesting and IoT integration notonly lessen reliance on traditional power sources but also
increase the potential for deploying remoteand autonomous loT devices in varied contexts.
The efficient conversion, management, and regulation of harvested energy for dependable
usage by IoT devices depends substantially on improvements in circuit technologies, which
are key for successful combination of liveliness collecting with IoT. These developments
include variety of new developments, such as low-power circuit design, voltage regulation
methods, energy storage systems, and power management circuits. This research paper
provides a thorough analysis of recent developments in circuit technology for IoT-based
energy harvesting devices. It seeks to illuminate the most recent findings and innovations in
this fascinating area, serving as a useful tool for academics, engineers, and industry
professionals who want to use energy harvesting to power their IoT installations. We
explore the various facets of energy harvesting system circuit technology in the sections
that follow. We start by talking about the various forms of ambiant energy and how they
might be used to power IoT devices. Then, with an emphasis on current innovations and
best practises, we examine the crucial parts of energy harvesting systems, such as power
management circuits, energy storage options, and voltage regulation strategies. Discuss the
difficulties and possibilities of connecting energy harvesting systems with IoT devices. In
order to ensure effective utilisation of the captured energy and increase the lifespan of loT
devices, energy-aware loT applications necessitate careful consideration of power usage,
communication protocols, and data processing techniques.This paper's main objective is to
highlight the substantial advances in circuit technologies for loT-based energy harvesting
devices, demonstrating how they have the ability to change the [oT landscape and build a
more sustainable and connected society. Energy harvesting creates exciting new
opportunities for realising the full potential of IoT in a greener and more self-sufficient
future by utilising thestrength of ambient energy sources and combining it with cutting-
edge circuit designs.
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2 Literature Survey

As a sustainable and effective power solution for Internet of Things (IoT) deployments, the
integration of energy harvesting with IoT devices has attracted considerable attention.
Extensive research and development has been conducted in response to the growing need
for self-powered and autonomous IoT devices. In order to effectively collect ambient
energy sources and power loT devices, current improvements in circuit technology are
reviewed in this literature assessment.

Energy Harvesting Sources: Solar, kinetic (vibrations and motion), thermal gradients,
radiofrequency (RF) signals, and other vitality causes must stayed examined for energy
mowing. The efficacy of various energy harvesting sources and their potential for powering
IoT sensors were examined in research by H. J. Kim et al. (2020). The study focused on the
opportunities and problems associated with using several energy sources in hybrid energy
harvesting systems to maintain a steady supply of electricity.

Power Management Circuits: Energy harvesting systems must have effective power
management circuits to maximise energy extraction and storage. An adaptive maximum
power point tracking (MPPT) technique was put out by A. S. Ahmed et al. (2019) that
dynamically modifies harvesting settings in response to energy availability. In comparison
to traditional MPPT approaches, their work showed greater efficiency and increased power
production.

Energy Storage Solutions: Energy storage is essential for balancing the sporadic nature of
energy harvesting sources and ensuring that [oT devices receive consistent power.
Solutions for energy storage for energy harvesting systems based on supercapacitors were
the topic of research by R. Chen et al. (2018). They found that supercapacitors are suited
for the instantaneous power requirements in IoT applications because they have quick
charging and discharging capabilities.

Voltage Regulation Techniques: Voltage control is essential for supplying loT devices with
a steady and consistent power supply, especially when there are several energy sources
present. A low-dropout voltage regulator (LDO) for drive picking schemes was existing by
W. Liu. in 2021. By achieving energy-efficient voltage control, the proposed LDO
increased the operating time of [oT devices with limited energy resources.

Low-Power Circuit Design: Low-power path scheme is an essential component of energy
harvesting systems in order to maximize energy efficiency. A sub threshold circuit
architecture for energy-harvesting-powered Internet of Things sensors was put forth by J.
Zhang et al. in 2019. The gadgets were able to function with much less gathered energy
thanks to the sub threshold operation.

Integration with I[oT Devices: Power-conscious communication protocols and data
processing strategies must be taken into account for the efficient integration of energy
harvesting systems with IoT devices. In order to reduce power consumption in IoT
networks, M. K. Sharma et al. (2020) investigated the use of duty-cycling and adaptive data
transmission. Their research showed that wireless sensor nodes might save a significant
amount of energy, extending the system's useful life.

Comparative Studies: In a number of comparative studies, the effectiveness of various
circuit technologies in energy harvesting devices has been assessed. For solar energy
harvesting in Internet of Things (IoT) applications, S. Lee et al. (2019) compared a number
of MPPT algorithms. Based on the unique environmental factors and energy needs, their
studies revealed the best algorithm.

Challenges and Future Directions: The literature review identifies some of the difficulties in
developing circuit technology for IoT-based energy harvesting systems. Improved energy
storage technologies, reliable energy management algorithms, and integration with new IoT
applications are a few of them. Adaptive circuit designs, energy-aware optimisation
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methods, and improvements in the effectiveness of energy harvesting may be the main
areas of future research[17-18].

The literature review highlights the development and growing interest in circuit technology
for IoT-based energy harvesting systems. Researchers and engineers keep innovating to
provide effective and sustainable energy solutions for powering IoT devices, from the
discovery of diverse energy sources to improvements in power management, storage, and
voltage regulation. The survey's results pave the way for the creation of energy-efficient
IoT applications, making the world greener and more connected.

3Methodology

Fig. 1 represents the basic model of a proposed system.
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Fig. 1 Block Diagram for Proposed system
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3.1ldentification of Energy Harvesting Sources

Finding prospective ambient energy sources that can be used for energy harvesting in IoT
applications is the first stage in the technique. These include solar, kinetic (motion and
vibration), thermal, and radiofrequency (RF) impulses, among others. Based on their
accessibility in the desired location and ability to produce enough electrical energy to run
IoT devices, energy sources will be chosen.

3.2 Design and Development of Power Management Circuit

Energy extraction, storage, and distribution to IoT devices must all be optimised with the
use of effective power management circuits. To extract the most energy possible from the
chosen energy sources, various power management circuits, including maximum power
point tracking procedures, will be devised and developed in this phase. The tracking
algorithm employed by FOCV-MPPT continually monitors the Voc of the vitality basis and
changes the electrical energy segment to keep the collecting track close to the extreme
command plug. The algorithm searches for the rate of electrical energy that maximizes the
amount of electricity picked under various ecological surroundings. Bydynamically altering
the voltage fraction (F) based on realtime readings of the open-circuit voltage (Voc), the
energy harvesting system is kept efficient and adapts to changing energy source situations.
MPPT takes exposed good outcomes in increasing the vitality gathering competence of
low-powered structures, particularly in the mm-wave frequency region. To optimize path
tools in low-powered devices like 220 GHz, a cutting-edge technique known as FOCV-
MPPT is used. The important standard of FOCVMPPT is regulating the optimum
operational fact for maximum power abstraction by calculating tiny open-circuit electrical
energy at various opinions along the capacity arc
I load=I sc—(I sc—1 oc)*(V load/V oc)”™a €))
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where, | sc is the current present there is no load voltage, I oc, is the present current when
the load voltage is highest, V_oc is the present voltage when there is no load current. For
the maximum power point (MPP) to occur, load resistance (R _load) should be chosen in a
method that maximises the power provided to the capacity (P_load). The amount of
electricity applied to the capacity can be articulated as follows,
P load=V load *I load 2)

The derivative of the power calculation with respect to the load voltage is set to 0 in order
to determine the MPP

dP _load/dV load =0 3)
As an alternative of depending on a static assessment of, tiny open-circuit voltage
measurements are taken at various ideas along the curve load. The FOCV at a exact load
voltage (V_focv) is designed using the formula below,

FOCV =V _oc/V_focv 4)

figpms, = A(x)h(x) = K(Xe,Xy) (5)
In order to determine which MPPT technique performs best for a given energy harvesting
system, its performance will be examined and compared.

3.3Evaluation of Energy Storage Solutions

In order to buffer the recurrent environment of vitality gathering causes and provide a
constant supply of power to IoT devices, energy storage is essential. An antenna, a battery,
matching networks, rectifiers, and other common parts make up a 220 GHz energy
harvesting circuit. The rectifiers receive the most power possible from the matching
networks, and the antenna picks up millimeter wave communications. The fractional open-
circuit voltage at a exact load voltage (V_focv) is calculated using the reckoning shown
below:
FOCV =V oc/V_focv 6)

where, V_oc is the open-circuit voltage (i.e., the voltage at zero load current). We set
derivative of the power equation with respect load resistance to zero in order to determine
the ideal load resistance (R_load MPP),

dP_load/dR_load =0 @)
to solve for R_load MPP gives,
R load MPP =V rect/I load MPP ®)

The energy storage capacity, charging and discharging properties, and long-term
dependability of various energy storage technologies, including super capacitors,
rechargeable batteries, and hybrid storage systems, will beassessed. The chosen energy
storage strategy will be paired with the energy collection technique.

3.4 Development of Voltage Regulation Techniques

For IoT devices to receive a continuous and dependable power supply, stable voltage
management is necessary. At this step, voltage regulation circuits, including energy
efficient voltage converters and low-dropout regulators (LDOs), will be designed and
optimized. For IoT devices with limited energy resources, the emphasis will be on
minimizing quiescent current and attaining high voltage conversion efficiency.

3.5 Low-Power Circuit Design

The strategies will be used throughout the energy harvesting system to maximise energy
efficiency. With a goal of reducing power consumption, the circuits for sensor nodes,
microcontrollers, and communication modules will be created. To reduce power
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consumption in idle and standby modes, strategies like duty-cycling and sub threshold
operation will be investigated.

3.6 Integration with loT Devices

IoT devices will be coupled with the designed energy harvesting system to provide them
with autonomous power. To ensure effective use of the captured energy, power-aware
communication protocols and data processing processes will be put into place. The data
processing algorithms will be modified to work with low power overhead, and the
communication protocols will be optimised to reduce energy usage during data transfer.

3.7 Performance Evaluation

Under realistic circumstances, the energy harvesting system's effectiveness will be
assessed. The effectiveness of energy conversion, power supply to IoT devices, and the
system's capacity to respond to shifting ambient energy levels are just a few of the many
aspects that will be evaluated. To prove the superiority of the energy harvesting strategy,
comparison experiments with conventional battery-powered IoT systems will be carried
out.

3.8 Validation and Optimization

The energy harvesting system will be validated and adjusted based on the outcomes of the
performance evaluation in order to maximise its dependability and efficiency. To achieve
the greatest potential energy harvesting performance, the design parameters of the power
management circuits, energy storage options, and voltage regulation approaches will be
modified.

3.9Challenges and Mitigation Strategies

The methodology will help identify the problems with energy harvesting for IoT
applications. Potential problems include intermittent energy sources, a mismatch between
energy generation and the power needs of IoT devices, and system scalability will be
considered, and suitable mitigation measures will be devised. A thorough evaluation of the
development in circuit technology for IoT based energy harvesting devices will round out
the technique. The findings of the research and applicable implementation guidelines will
be compiled to support the creation of energy-efficient, longlasting, and self-sufficient
Internet of Things (IoT) applications, thereby fostering a more sustainable and connected

future.

4 Results and Discussion

The investigation of improving circuit technology for IoTbased energy harvesting devices
has produced substantial advancements and encouraging results. Energy harvesting for
Internet of Things applications could be transformed by the creation and improvement of
power management circuits, energy storage systems, voltage control methods, and
lowpower circuit designs. The incorporation of these developments has cleared the way for
autonomous, sustainable IoT devices that require little or no traditional power to function as
shown in Table 1.
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Table 1.Tilt of vitality causes, together with their sources

S.No. Energy Form Cause
1 Energy Light Photovoltaic (PV) energy from sun
2 Energy Kinetic Energy of motion
3 Energy Thermal Conduction,radiation and convection
4 Energy Atmospheric Earth’s atmosphere
5 Energy Radio Electromagnetic radiation spectrum
6 Energy Biological Adenosine triphosphate
7 Energy Hydro Renewable source of energy

The use of different ambient vitality sources, including solar, kinetic, thermal gradients, and
RF signals, has been investigated; each has particular benefits and difficulties. The
development and application of power management circuits, particularly effective MPPT
algorithms, have demonstrated notable advancements in the efficiency of energy extraction
from these various energy sources.Supercapacitors and rechargeable batteries are two
examples of energy storage technologies that have been successful in mitigating the
intermittent nature of energy harvesting. The creation of energy-efficient voltage regulation
circuits, such as voltage converters and low-dropout regulators (LDOs), has made it
possible for IoT devices to have a steady and dependable power supply even in a variety of
energy environments.

IoT devices now use less power as a result of the energy harvesting system's inclusion of
low-power circuit design methodologies. The operating lifetime of energy-constrained IoT
devices has been successfully increased through the use of techniques like duty-cycling and
sub threshold operation. The issues of powering IoT devices responsibly and effectively are
being addressed through improvements in circuit skills for harvesting schemes employing
IoT. Findings show that energy harvesting can greatly lessen the reliance on traditional
power sources, increasing the autonomy and environmental friendliness of loTdevices.The
ability to continuously generate electricity under a variety of environmental conditions has
been made possible by the integration of several energy sources in hybrid energy harvesting
systems. IoT devices may run effectively in a variety of contexts, from urban locations with
access to solar energy to industrial settings with a lot of vibrations, thanks to this versatility
in energy harvesting shown in Table 2.

Table 2.An impression of the power used various [oT devices and sensors

S.No. Electronic Component Power

1 Global positining system (GPS) 100mW
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Bluettoth transceiver 10mW
Wireless/sensors/hearing aid ImW
Sensors/remotes 100uW
RFID tag 10pW

With adaptive MPPT algorithms, the optimised power management circuits have improved
the efficiency of energy extraction from various energy sources. This innovation guarantees
that IoT devices can capture the most energy possible, even from erratic and low-intensity
ambient energy sources. The development of energy storage technologies like super
capacitors and rechargeable batteries has reduced the difficulties associated with energy
buffering and assured reliable power supply to IoT devices. Deployment of IoT campaigns
in remote and inaccessible places has been made possible by the integration of various
solutions, which has helped to stable and reliable functioning shown in Fig 2.
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Power consumption in IoT devices has been significantly decreased thanks to the
development of low-power circuit designs. IoT applications are now able to achieve
optimal energy utilisation, extending device lifespan and lowering maintenance costs. This
is done by utilising energy-efficient communication protocols and data processing
algorithms shown in Fig 3.
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Overall, new opportunities for sustainable IoT applications have emerged as a result of
advancements in circuit technology for energy harvesting systems leveraging loT. The
findings and developments covered in this study indicate the possibility for widespread
energy harvesting adoption, which would result in a greener and more selfsufficientloT
environment. Future energy harvesting efficiency improvements are anticipated as
researchers and engineers continue to explore and innovate in this area. These
improvements will allow IoT devices to operate smoothlyand efficiently in a variety of
applications, from smart cities to environmental monitoring and beyond.

5 Conclusion

An important step towards developing self-sufficient and sustainable Internet of Things
(IoT) applications has been made with the development of circuit technology for energy
harvesting devices. This study has shown that energy harvesting can offer an eco-friendly
and effective power solution for IoT devices, minimising their dependence on conventional
power sources, by capturing ambient energy sources like solar, kinetic, thermal gradients,
and radiofrequency signals.Energy storage options, voltage control methods, and low-
power circuit designs have all been developed and optimised in significant ways to improve
the performance and efficacy of energy harvesting devices. Incorporation of maximum
power point tracking (MPPT) algorithms has increased the effectiveness of energy
extraction, enabling IoT devices to harness the most energy possible from a variety of
sources. Supercapacitors and rechargeable batteries are two examples of energy storage
technologies that have been successful in delivering steady power to IoT devices while
buffering intermittent energy. Power stability has been further improved by energy-efficient
voltage regulation circuits, allowing IoT devices to operate without interruption. Low-
power circuit design methods have been integrated, which has decreased overall power
consumption and increased the operating lifetime of energyconstrainedloT devices.

The study's findings highlight how energy harvesting could revolutionise IoT applications
in a variety of fields. Energy harvesting paves the way for the deployment of autonomous
and self-sustaining IoT devices in remote and difficult areas, from smart cities to
environmental monitoring. This research's innovations help create a more connected and
environmentally friendly world where IoT devices may work effectively without harming
the environment or needing regular maintenance. Energyefficient power sources are just
one application for energy harvesting's potential. Hybrid energy harvesting systems, which
combine numerous energy sources, give flexibility and adaptability to various
environmental circumstances. Energy harvesting and IoT technologies work together to
provide cutting-edge and useful applications that progress a variety of industries. Examples
include wearable technology, industrial automation, and remote sensing.

Despite the fact that the study has significantly improved circuit technology for energy
harvesting systems, there are still some difficulties. Further research is needed on the
intermittent nature of ambient energy sources, potential incompatibility between energy
production and IoT device power requirements, and scalability in large-scale IoT
installations. To overcome these obstacles and realise the full potential of energy harvesting
for IoT applications, research and development are still being done. Finally, a paradigm
shift in the IoT environment and the results of the research show that energy harvesting has
the potential to build IoT ecosystems that are efficient, resilient, and self-sufficient. Energy
harvesting is anticipated to become more and moreimportant as the sector develops in order
to power the IoT gadgets of the future, paving the path for a more connected and
environmentally friendly world.
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