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Abstract
Remote sensor nodes often operate in environments where conventional power
supplies such as batteries are either impractical or unsustainable. This paper
explores the design and optimization of energy harvesting circuits as a solution
for powering such remote sensors. The discussion focuses on different energy
sources like solar, thermal, piezoelectric, and radio frequency (RF), with
emphasis on the circuit-level design challenges including impedance matching,
power management, and storage integration. We examine low-power circuit
design techniques, maximum power point tracking (MPPT), and storage
solutions using supercapacitors and rechargeable microbatteries. The goal is
to provide a comprehensive overview of how efficient circuit design can extend
the operational lifetime of remote sensors, reduce maintenance costs, and
enable self-powered systems in applications such as environmental monitoring,

structural health diagnostics, and smart agriculture.

Keywords: Energy Harvesting, Remote Sensors, Power Management, MPPT,
Piezoelectric, RF Harvesting, Supercapacitors, Low-Power Circuits

1] Page 1-12 © MANTECH PUBLICATIONS 2025. All Rights Reserved



M ANI ECH Journal of Research in Electrical Circuits and Systems
Publications Volume 10, Issue 1, January-April, 2025

INTRODUCTION

In recent years, the demand for low-power, autonomous sensing systems have grown
exponentially, especially with the rise of the Internet of Things (IoT), smart agriculture,
environmental monitoring, and industrial automation. These systems often consist of
distributed wireless sensor nodes that must operate in remote, inaccessible, or hazardous
locations where regular maintenance is not feasible and battery replacement is either
expensive or impossible. Traditional batteries, although widely used, have significant

drawbacks such as limited lifespan, leakage issues, and the environmental impact of disposal.

Energy harvesting, also known as energy scavenging, addresses this challenge by capturing
ambient energy from the environment and converting it into usable electrical energy. This
technique offers a promising solution to power wireless sensor nodes continuously without
relying on batteries or external power supplies. By enabling self-powered operation, energy
harvesting increases system autonomy, reduces maintenance efforts, and enhances the

sustainability of sensor networks.

The success of energy harvesting in remote sensing applications depends heavily on the
design of efficient and compact circuits capable of collecting, converting, and managing
energy from various sources. Such circuits must be able to operate at ultra-low power levels,
adapt to fluctuating environmental conditions, and integrate seamlessly with sensor modules
and communication units. Moreover, the choice of energy source significantly influences the

circuit topology, energy conversion efficiency, and storage strategy.

This paper delves into the fundamental principles of energy harvesting for remote sensors,
explores different energy sources and their characteristics, and analyzes critical circuit design

considerations for building practical and efficient energy harvesting systems.

ENERGY SOURCES FOR REMOTE SENSORS
Remote sensors can harness energy from a variety of ambient sources depending on their
deployment environment. Each energy source presents unique characteristics such as power

density, intermittency, and circuit complexity, which affect the overall system design.
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Solar Energy

Solar energy is one of the most prevalent and well-understood sources for energy harvesting.
Photovoltaic (PV) cells convert sunlight into electricity and are widely used in outdoor sensor
deployments such as agricultural fields, weather stations, and environmental monitoring
systems. The advantages of solar energy include high power density during daylight,

scalability, and availability in most outdoor environments.

However, solar energy harvesting systems require careful consideration of factors such as
orientation, shading, weather variability, and day-night cycles. To cope with these variations,
energy harvesting circuits for PV sources typically include Maximum Power Point Tracking
(MPPT) algorithms, efficient DC-DC converters, and energy storage elements like

supercapacitors or batteries.

Thermal Energy

Thermal energy harvesting utilizes temperature gradients between two surfaces to generate
electricity through thermoelectric generators (TEGS). These systems are especially effective in
industrial environments where consistent heat sources are present, such as near engines,
exhausts, or machinery. The Seebeck effect is the underlying principle where a voltage is

produced across two different materials when exposed to a temperature difference.

TEG-based harvesters have the benefit of silent, solid-state operation and long lifespans.
However, the voltage output is typically low and requires boost converters and efficient power
management to be useful in sensor systems. They are suitable for applications in structural

health monitoring and industrial process control.

Piezoelectric Energy

Piezoelectric materials generate electrical charge in response to mechanical stress or
vibrations. This property can be leveraged in environments where mechanical motion is
abundant—such as bridges, railways, roadways, or even human motion. The output is usually
in the form of alternating current (AC), which needs to be rectified and conditioned before

storage or use.
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Piezoelectric energy harvesting systems are compact and highly durable but tend to produce
intermittent and variable energy depending on motion frequency and amplitude. Designing

efficient rectifier and impedance matching circuits is crucial to maximize the energy captured.

Radio Frequency (RF) Energy

RF energy harvesting captures energy from ambient electromagnetic waves emitted by radio,
television, Wi-Fi, and cellular transmissions. Specialized antennas and rectifier circuits known
as “rectennas” are used to convert RF energy into DC voltage. This form of energy harvesting

is particularly useful in urban environments or near wireless transmission hubs.

Although RF energy is omnipresent in many settings, its power density is extremely low, and
energy drops significantly with distance from the source. Therefore, it is best suited for ultra-
low-power applications such as wake-up radios or backup power sources. Efficient RF energy
harvesting requires precise impedance matching, low-loss rectification, and the use of energy

storage elements due to the intermittent nature of RF availability.

Hybrid Energy Sources

In many cases, relying on a single energy source is not sufficient to ensure uninterrupted
sensor operation. Hybrid energy harvesting combines two or more sources (e.g., solar and RF,
thermal and vibration) to provide a more stable and continuous energy supply. However,
hybrid systems introduce greater complexity in circuit design and power management,
requiring intelligent controllers to prioritize sources, regulate voltage, and manage storage

dynamically.

DESIGN CONSIDERATIONS FOR ENERGY HARVESTING CIRCUITS

The effectiveness of energy harvesting systems for remote sensors largely depends on how
well the energy harvesting circuit is designed. Since the energy available from environmental
sources is often minimal and inconsistent, several design factors must be taken into account to
ensure optimal performance, reliability, and long-term sustainability of the system. The key
considerations in designing energy harvesting circuits include energy conversion efficiency,
ultra-low power operation, circuit topology, energy storage, and power management

strategies.
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Ultra-Low Power Requirements
Remote sensors usually operate with strict power constraints. They are often deployed in
locations where replacing batteries or providing external power is impractical. Therefore, the
circuits used must consume as little energy as possible, particularly during idle periods. Key
techniques to achieve ultra-low power operation include:
e Duty cycling: The sensor is kept in sleep mode and only activated periodically for
data collection and transmission.
e Sub-threshold operation: Utilizing MOSFETS in the sub-threshold region to reduce
current consumption.
e Energy-aware microcontrollers: Employing MCUs with deep sleep modes and

wake-up timers.

Every nanoampere counts in these applications, making power gating, dynamic voltage

scaling, and component-level optimization essential.

Maximum Power Point Tracking (MPPT)
The efficiency of energy harvesting from sources like solar and thermoelectric generators can
vary depending on environmental conditions. MPPT techniques are used to dynamically
adjust the operating point of the harvesting circuit to extract the maximum possible power.
e Perturb and Observe (P&O): A commonly used algorithm that perturbs the input
voltage and observes the resulting change in power.
e Fractional Open Circuit Voltage: An approximation technique that uses a fixed

fraction of the open-circuit voltage to estimate the maximum power point.

MPPT circuits must be lightweight in terms of computation and power consumption to ensure

they do not consume more energy than they save.

Rectification and Voltage Conversion
Most energy harvesting sources generate AC signals (e.g., piezoelectric and RF sources),
which must be rectified into DC. In addition, the voltage levels from these sources are often
either too low or too variable for direct use, necessitating voltage conversion.

e Rectifiers: Precision rectifiers or diode-based full-wave rectifiers are commonly used.

Schottky diodes are preferred due to their low forward voltage drop.
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e« DC-DC Converters: Boost or buck converters are needed to stabilize and regulate the
voltage to meet the requirements of the load.
e Charge Pumps: For very low input voltages, such as those from RF or TEG sources,
charge pump circuits provide an efficient method of stepping up the voltage.
Designers must balance the conversion efficiency and quiescent current of these components,

especially during periods of low ambient energy.

Energy Storage and Regulation
Due to the intermittent and unpredictable nature of most energy sources, it is essential to
incorporate an energy storage element that can buffer harvested energy and supply the load
during times of insufficient harvesting.
e Supercapacitors: Offer fast charge/discharge rates and long lifetimes, ideal for short
bursts of energy demand.
o Rechargeable Batteries: Provide higher energy density and can sustain sensor
operation for longer durations but have limited life cycles.
e Hybrid Storage Systems: Combining batteries and capacitors allows designers to

leverage the strengths of both.

A power regulation unit is also necessary to ensure that the voltage supplied to the sensor and
microcontroller remains within safe operating limits. Low-dropout regulators (LDOs) or

dynamic voltage scaling circuits can be used for this purpose.

Cold Start Capability

Cold start refers to the initial phase when the energy storage is completely depleted, and the
harvesting system must accumulate sufficient energy to boot up the electronics. This is
especially challenging when harvesting from ultra-low power sources such as RF or TEGs.

To address this:
o Ultra-low startup converters (capable of starting with input as low as 20 mV) must be
used.
e The circuit should be capable of storing small energy increments over time and

initiating system boot once a threshold is reached.
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o Specialized startup circuits may operate independently until the main system can take

over.

Cold start is a crucial factor in applications like disaster monitoring or deep-sea sensors where

prolonged inactivity can occur.

Load Matching and Impedance Optimization
Efficient energy transfer from the harvesting source to the storage or load requires proper
impedance matching. Mismatched impedances lead to significant energy losses, especially in
piezoelectric and RF energy harvesting.
e For RF harvesters, impedance matching networks (typically using LC components) are
used to match the antenna with the rectifier.
e For piezoelectric systems, mechanical-electrical matching ensures maximum transfer

of vibrational energy.

Simulation tools like SPICE or MATLAB/Simulink can aid in optimizing the circuit

parameters during the design phase.

Reliability and Environmental Resilience
Since remote sensors are often exposed to harsh environments—extreme temperatures,
humidity, or mechanical stress—the energy harvesting circuit must be designed with
robustness in mind:

o Use of conformal coating and sealed enclosures.

o Selection of temperature-stable passive components.

« Protection against over-voltage, short circuits, and reverse polarity.

Long-term operation under fluctuating environmental conditions requires careful component

selection and conservative derating in design.

Miniaturization and Integration
Space is often a premium in remote or embedded sensor nodes. Therefore, energy harvesting
circuits must be compact, lightweight, and easy to integrate with other electronic components.

This is driving the development of:
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e System-on-Chip (SoC) solutions: Combining energy harvesting, power management,
and sensor control on a single chip.
o Flexible and printed electronics: Enabling energy harvesters to be embedded into

wearables or surfaces.

The push for integration requires cross-disciplinary design knowledge encompassing analog

electronics, embedded systems, materials science, and mechanical design.

POWER MANAGEMENT STRATEGIES

Power management plays a critical role in ensuring that energy harvested from ambient
sources is efficiently stored, regulated, and delivered to remote sensor systems. Given the
often limited and variable nature of harvested energy, intelligent power management strategies
are essential for maximizing energy utilization, prolonging system life, and maintaining

consistent sensor functionality even under energy-scarce conditions.
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The key elements of effective power management in energy harvesting systems include
energy-aware control, load prioritization, energy storage coordination, and low-dropout

regulation. These strategies are explained below:
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A. Dynamic Power Allocation
In remote sensing environments, energy must be distributed dynamically among sensing,
processing, and communication tasks. Prioritization is based on available energy and task
urgency:
o Critical Task First: Essential sensor readings or emergency transmissions are
prioritized.
e Energy Budgeting: The system operates within the constraints of harvested energy

and avoids brownout or data loss scenarios.

Microcontrollers or power management ICs monitor energy levels in real-time and allocate

resources accordingly to prevent unnecessary power drain.

B. Energy-Aware Scheduling
Instead of keeping the sensor node always on, energy-aware scheduling optimizes the timing
of operations such as sensing, data logging, and transmission:
e Event-Driven Activation: Sensors are activated only upon detection of an
environmental event.
e Scheduled Wake-Up: Sleep intervals are adjusted dynamically based on energy levels
and anticipated energy availability (e.g., solar availability during the day).
« Energy Prediction Models: Algorithms predict incoming energy (e.g., from solar

patterns or vibration frequency) and adjust system behavior accordingly.

Such techniques ensure minimal energy wastage and prolonged operational life without

human intervention.

C. Load Regulation and Voltage Conditioning
Regulating voltage output is critical to ensure the safe and stable operation of downstream
electronics like microcontrollers and wireless modules:
e Low Dropout Regulators (LDOs): Used to maintain a stable voltage level with
minimal energy loss in low-power scenarios.
o Switched-Capacitor Converters: Offer high efficiency and compact size, suitable for

systems with variable load demands.
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e Buck/Boost Converters: Maintain constant output regardless of whether the input

voltage is higher or lower than the desired level.

Advanced PMICs (Power Management ICs) integrate these regulators and support multi-stage

conversion paths optimized for low power.

D. Dual-Path Energy Management
Dual-path architecture allows simultaneous charging of energy storage and powering of the
load. It separates the power delivery path from the energy storage path, allowing:
o Fast Load Response: The system doesn't have to wait for storage to be sufficiently
charged before operation.
o Storage Charging Efficiency: Energy is stored and utilized concurrently without
energy wastage or delays.
This strategy is particularly effective in systems that rely on highly dynamic sources like

kinetic or RF energy.

E. Energy Storage Monitoring
To ensure consistent energy availability, the charge/discharge state of storage devices
(capacitors or batteries) must be constantly monitored:
o Fuel Gauges: ICs that measure state of charge (SoC) and predict remaining runtime.
o Overcharge/Deep Discharge Protection: Protects energy storage components from
degradation and failure.
o Charge Controllers: Manage charging rates to maximize battery lifespan and prevent

overheating or overcurrent scenarios.

Intelligent monitoring systems provide feedback to the main controller for real-time decision-

making.

F. Adaptive MPPT Integration
Power management circuits often work in tandem with MPPT controllers to adapt energy
harvesting efficiency in real-time. Depending on load demand and input source variation, the

power path can be modified:
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Tracking Converter Parameters: The converter’s switching frequency, duty cycle,
or reference voltage is dynamically tuned for maximum power point alignment.
Harvest-Then-Use vs. Harvest-While-Use Modes: These modes decide whether

energy should be accumulated first or used immediately while harvesting continues.

This coordination significantly enhances the energy utilization rate, especially in sources with

variable characteristics like solar and wind.

G. Fail-Safe and Redundant Design

In mission-critical or harsh environments, systems must have fallback strategies for power

continuity:

Backup Energy Buffers: Secondary capacitors or auxiliary batteries that take over
during primary storage failure.

Watchdog Circuits: Monitor system power behavior and reset or disable non-critical
tasks in case of anomalies.

Graceful Degradation: When energy is insufficient, non-essential functions are

disabled while core functionalities continue.

This level of redundancy ensures reliability over years of unattended operation.

H. Energy Routing and Multiple Input Sources

Some advanced power management strategies allow multiple energy sources to feed into the

system, such as solar, RF, or kinetic energy. In such cases:

This

Source Prioritization: Preference is given to the most efficient or currently available
source.

Source Switching: Intelligent controllers switch between sources seamlessly, often
using power multiplexers or diode-ORing circuits.

Hybrid Harvesting Logic: Combining the output of different harvesters to meet

short-term or long-term demands.

strategy is key in unpredictable outdoor or mobile environments where energy

availability can vary drastically.
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CONCLUSION

Energy harvesting circuits play a pivotal role in enabling sustainable and autonomous remote
sensor systems. Careful selection of energy sources, efficient circuit design, and intelligent
power management strategies ensure that these sensors can operate continuously in diverse
environments. As the demand for self-sustaining loT devices grows, so does the importance of

research and innovation in this domain.
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