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Abstract—Driven by the increasing demand for data, con-
nectivity and automation, the amount of Internet of Things
(IoT) devices continues to expand across consumer electronics
and industrial applications. Integrating energy harvesting (EH)
technologies as a battery-free alternative requires a controlled
setting to emulate realistic energy harvesting systems. Yet, current
tools are often not sufficiently accurate to model all hardware
and software components of an EH system. Moreover, it is hard
to mimic realistic energy availability scenarios, which are crucial
for the design and optimization of EH systems. Therefore, a novel
emulation platform is introduced that facilitates the development,
testing, and optimization of complete and realistic EH systems.
This emulator device replicates the behavior of the entire EH
system. It consists of a Raspberry Pi 5 with a custom developed
add-on hardware hat and dedicated software. This add-on hard-
ware hat provides a stable output voltage between 1.2 V and 3.6 V
to the IoT device under test and contains a current measurement
circuit with an accuracy of 0.6 µA. The software includes novel
and accurate digital-twin models of the energy harvester, the
storage element, and the power management unit, enabling the
emulation of various EH scenarios. Two application scenarios are
demonstrated, a wireless Bluetooth Low Energy (BLE) heart rate
sensor optimized for ambient light EH and a compact wireless
BLE temperature sensor optimized for radio-frequency EH. The
proposed emulation platform enables rapid EH design evaluation
under varying energy conditions, streamlining development and
validating system reliability. This could be an important step
toward establishing EH as a sustainable and widely adopted
alternative to conventional battery-powered systems.

Index Terms—Energy Harvesting, IoT, Emulation Platform,
Solar Cell, Power Management Unit, Supercapacitor

I. INTRODUCTION

EVERY day, electronic devices become smarter and more
interconnected, altering the way we interact with them.

These devices are part of the broader ecosystem known as
the Internet of Everything (IoE), which extends beyond the
traditional Internet of Things (IoT) by integrating not only
physical objects and sensors but also people, processes, and
data into a unified network. This network covers everything
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from smart home appliances and energy-efficient systems to
tracking wildlife and even locating misplaced items. However,
most IoT devices today still rely on wired connections or bat-
teries. In response to sustainability concerns, energy harvesting
(EH) technologies are gaining more attention as an alternative
power source for these devices. EH captures ambient energy
for storage in small batteries or supercapacitors, offering an
eco-friendlier alternative to the extraction of lithium and rare-
earth materials.

Despite its potential, the market for EH remains a limited
fraction of the overall IoT market. Sectors such as “Building
and home automation” and “Consumer electronics” show the
greatest growth potential for EH technology [1]. However,
challenges such as fluctuations in energy availability have led
to perceptions of unreliability, preventing the broader adoption
of EH technology. This is reflected in the slower growth rate of
EH systems within the IoT market, being a Compound Annual
Growth Rate (CAGR) of only 8%, compared to the overall IoT
market’s CAGR of 20% [1], [2].

Making EH a viable alternative in different environments re-
quires a controlled setup to emulate realistic system behavior.
Such an emulation platform should integrate diverse energy
sources, energy conversion processes and storage elements.
Thereby, it will enable companies to adopt EH technologies
without spending large amounts of resources. Existing tools
often fail to accurately model all components of a complete
EH system. Moreover, they cannot fully mimic realistic energy
availability scenarios, which is crucial for the design and
optimization of EH systems. A fast and accurate emulation
platform would enable designers to optimize hardware and
software early in the design cycle, significantly accelerating
the time to market. For example, for battery replacement, a
designer might initially size the supercapacitor and energy
harvester based on worst-case scenarios [3]. By exploiting the
emulation platform, the designer has access to a controlled,
experiment-driven environment with the capability to produce
repeatable data. In turn, this facilitates hardware and software
optimization to better cope with the limited power availability.
This approach enables rapid evaluation of the viability of a
product, ensuring that choices are well-informed and efficient.

Therefore, this paper describes and validates a novel open-
source emulation platform, called PLEASE: Portable Labo-
ratory for Energy Acquisition and Storage Emulation. This
emulation platform is designed to deliver fast and accurate
results without requiring specific EH hardware or pre-captured
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data. It employs a digital-twin model of the harvester, the
storage element and the power management unit (PMU),
requiring only the device under test (DUT) and a Raspberry Pi
(RPI) single-board computer with a custom add-on hardware
hat. This add-on hardware hat provides a programmable and
stable output voltage between 1.2 V and 3.6 V, making it
suitable for powering a wide range of wireless sensor net-
work (WSN) applications. Additionally, it includes a current
measurement circuit capable of handling currents from 1 µA
to 0.6 A, corresponding to the current requirements of WSN
applications, transitioning from deep-sleep mode to active data
transmission. The entire system is integrated with an RPI 5
with 8 GB RAM, providing also the graphical user interface
(GUI).

Specifically, the key contributions of this paper are the
following:

1) Digital-Twin Integration: An accurate and realistic
digital-twin model of each part of a typical EH system.

• Convenient emulations models for indoor and out-
door photovoltaic (PV) cells based on basic proper-
ties.

• Possibility to emulate rectifiers and rectenna sys-
tems based on measured or simulated current-
voltage (I-V) curves.

• Complete and realistic model of the PMU with
integrated buck-boost converter and low-dropout
regulator (LDO) converter, and maximum power
point (MPP) functionality.

• Novel and advanced supercapacitor model integrat-
ing the Law of Coulomb, leakage current and dif-
fusion current characteristics.

2) Add-on Hardware Hat: A novel add-on hardware hat
that provides a programmable and stable output voltage
and a very accurate current measuring circuit to support

accurate emulation of the complete EH system.
• Programmable and stable output voltage between

1.2 V and 3.6 V.
• Current measurement circuit capable of handling

currents from 1 µA to 0.6A.
This work is organized as follows. Section II compares

the proposed emulation platform with the state-of-the-art. In
Section III, the concept of EH is discussed, with insights
into the key components of the generic EH system. The
hardware and software design of the emulation platform are
outlined in Section IV. Section V evaluates the hardware
system and validates the software models. The full potential of
the proposed emulation platform is showcased in Section VI,
whereas conclusions are presented in Section VII.

II. RELATED WORK

In recent research on EH frameworks and emulation plat-
forms, several useful tools have been developed to simulate
and test EH scenarios, particularly in the context of WSNs and
other low-power applications. These platforms aim to replicate
real-world scenarios to evaluate and optimize EH systems. An
overview of these platforms is given in Table I.

In [4], a generic energy-harvesting framework is designed
to assess the reliability of a carrier-sense multiple access
with collision avoidance (CSMA/CA) scheme in emerging
large-scale energy harvesting electronic-shelf label (EHESL)
systems. Therefore, a real-life testbed with an environment
emulator based on the TMote Sky, is proposed. The system
emulates a PV cell and a capacitor, which is simulated based
on the law of Coulomb, but it does not consider leakage
currents and diffusion currents. Leakage current refers to the
slow, continuous discharge of stored energy, while diffusion
current results from the redistribution of charge within the

TABLE I
OVERVIEW OF EXISTING EMULATION PLATFORMS.

Emulation
Platform

Energy Source Power Management
System Supercapacitor

Captured
I-V curves

Simulated Buck-Boost
Converter MPPT1 LDO2 Physical Simulated

Solar RF Law of
Coulomb

Leakage
Current

Diffusion
Current

EE3 [4] - ✓ - - - - - ✓ - -

SunaPlayer [5] ✓ - - - - - - - - -

Ekho [6]–[8] ✓ - - - - - ✓ - - -

Ripeto [9] ✓ - - - - - ✓ - - -

Shepherd [10] ✓ - - Physical4 ✓ - ✓ - - -

DIPS [11] ✓ - - ✓ - - - ✓ ✓ -

BPMx [12] - - - Physical4 - Physical4 ✓ - - -

PLEASE ✓ ✓ ✓ ✓ ✓ ✓ - ✓ ✓ ✓

1 MPPT = maximum power point tracking,
2 LDO = low-dropout regulator,
3 EE = environment emulator,
4 Physical = soldered on the platform.
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electrolyte, both leading to gradual loss of energy. The emula-
tor has a nominal current resolution of 17 µA and a maximum
current load of 70 mA, limiting its applicability to modern
low-power sensor applications. Additionally, the conversion
stage between the energy harvester and the storage element is
not discussed.

Another emulation platform that focuses on solar energy
harvesting is the SunaPlayer, presented in [5]. This solar
emulation platform supports a wide operating current range
from 430 µA to 1.89 A and a voltage range from 0.02 V to
9.8 V, making it versatile for various applications. However,
detailed information on the accuracy of the platform and
emulation of the power management system or supercapacitor
are not provided.

The emulation platform Ekho consists of a field-
programmable gate array (FPGA)-based tool capable of
recording energy harvesting conditions and accurately recre-
ating those conditions in a lab environment [6]–[8]. Ekho
has an accuracy of 77.4 µA for solar and 15 µA for kinetic
environments, and can emulate radio-frequency (RF) energy
harvesting conditions. One of Ekho’s drawbacks is that the
supercapacitor is not emulated and a physical storage element
is therefore required. In addition, Ekho requires previously
generated I-V curves, which can be time-consuming to import
when iterating through different energy harvesters and capac-
itors. The PMU is not emulated either, and the platform does
not support a simulation model for a supercapacitor, in contrast
to the proposed emulation platform in this paper.

Ripeto [9], another FPGA-based emulation platform, im-
proves upon Ekho by offering more memory storage for I-V
curves and an embedded digital logic analyzer. Where Ekho is
able to record and save I-V curves with a 64-points resolution,
Ripeto can save up to 2048 high resolution I-V curves with
4096 data points each. Ripeto focuses only on solar EH
scenarios and achieves a mean error of just 0.56%, indicating
its high precision. However, it does not provide a PMU model
and requires a physical storage element.

Shepherd, proposed in [10], provides synchronized record-
ing and emulation of multiple energy harvesters, offering
insights into the spatio-temporal energy environment. It relies
on a converter-based architecture with a physical DC/DC
converter between the energy harvester and the supercapacitor,
enabling operation at the MPP. Shepherd records energy traces
with a resolution of 3 µA and 50 µV at a rate of 100 kHz,
replaying them with a mean error below 0.1%. The platform
can emulate multiple energy harvesters, but requires pre-
captured I-V curves, which can be time-consuming to import
when iterating through different harvesters.

In [11], a hardware debugger capable of emulating any
power scenario to the DUT is proposed. This system, called
Debugger for Intermittently-Powered Systems (DIPS), utilizes
prerecorded I-V curves and emulates the boost converter and
the supercapacitor, including leakage current in its model
but not diffusion current. In addition, it does not include an
advanced PMU model with a maximum power point tracking
(MPPT) algorithm. Built around the GNU debugger (GDB),
DIPS allows for pausing the emulation and program execution,
making it a powerful tool for debugging and testing EH

systems.
In [12], an extension board is proposed with a fully-

configurable PMU with user-defined voltage thresholds, supply
voltage in the range [1.8-3.3] V, and the ability to fully
disconnect certain subsystems. Moreover, the extension board
integrates a real LDO, the TPS62643, and the possibility
to solder two supercapacitors, one SMD and one through-
hole. However, the platform only supports the use of real
components, which limits its flexibility and adaptability for
different EH applications.

While existing emulation platforms offer useful features,
none achieves the full integration of critical capabilities re-
quired for modern EH system design. Specifically, they lack
realistic digital-twin models for harvesters and power man-
agement units, they do not support advanced supercapacitor
modeling with diffusion characteristics, and they often omit
high-resolution current measurement. In contrast, the proposed
emulation platform uniquely combines accurate digital-twin-
based emulation—including indoor/outdoor PV and RF EH,
and detailed supercapacitor behavior—with a custom hardware
hat for precise voltage control and microamp-level current
sensing, all validated through real-world IoT applications.

III. ENERGY HARVESTING

This section provides an overview of EH technologies,
including its significance for IoT and other applications, the
fundamental architecture of an EH system, common energy
sources, the energy conversion stage, and various storage
elements used to retain harvested energy.

Replacing batteries with EH technologies offers notable
benefits across the environmental, climatic, and economic
dimensions. From a climate perspective, we have made a
comparison between the input-output global warming potential
(GWP) of an IoT device powered by an EH system consisting
of a 0.5 Wp (Watt peak) solar cell combined with a 1 mF
electrolytic capacitor, versus a device powered by a 2000 mAh
lithium battery. During production, the EH-enabled device has
a GWP of 254 g CO2 equivalent (CO2-eq), versus a GWP
of 488 g CO2-eq for the battery powered device, based on
data obtained by the same methodological framework [13]–
[15]. This highlights that the device using a capacitor and
a solar cell has the most favorable impact on GWP during
manufacturing. Furthermore, in locations such as Belgium, at
a moderate longitude of about 50° N, the 0.5 Wp solar panel
could annually save 220 g of CO2 compared to a system using
electricity generated from natural gas (490 g CO2-eq/kWh).

Environmentally, battery-powered IoT devices that exploit
disposable batteries generate more waste compared to those
using EH systems. For example, Samsung has introduced a
remote control powered by energy harvested from indoor and
outdoor light, as well as Wi-Fi signals. They claim that this
technology could prevent 200 million batteries from ending
up in landfills over the next seven years [16]. These landfills
significantly impact the environment, particularly due to fires
frequently caused by discarded batteries [17]. Studies indicate
that there may also be short-term increases in the concentration
of heavy metals [18] in water bodies near burning sites. Solar
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cells and lithium batteries have a low recycling rate, but efforts
are being made to improve recycling technologies. Conversely,
aluminum, used in capacitors, has one of the highest recycling
rates compared to other materials [19].

Economically, although EH eliminates the cost of battery
replacements, the initial investment of incorporating EH tech-
nologies may be higher, particularly when using a superca-
pacitor as a storage device. To tackle this trade-off, product
designers need to evaluate the long-term benefits against the
upfront costs, which are both very application-specific.

A. Energy Harvesting Architecture

Fig. 1 shows the building blocks of a typical EH system
interacting with each other. An energy harvester generates
electrical power from its environment. This power is trans-
ferred by the PMU to the storage element and the IoT device.
When the device consumes more power than the harvester
can deliver, the PMU will draw extra power from the storage
element. In the following subsections, an overview of different
energy harvesting sources is given, followed by a discussion
of the energy conversion stage and lastly the storage element.

Energy

Harvester

Power

Management

Unit

(PMU)

IoT device

Energy

Storage

Element

Fig. 1. Typical composition of an IoT device relying on energy harvesting.

B. Overview of Energy Harvesting Sources

Ambient energy sources in the environment are highly vari-
able, posing challenges in designing a functional and reliable
device solely depending on these sources [20]. When devel-
oping an EH system, the primary consideration is whether
the energy source is controllable. If controllable, it becomes
feasible to supply the device with energy when needed.
Mechanical energy, typically generated by human activity
or human-operated machinery, is controllable, similar to RF
energy and indoor lighting. In contrast, solar and wind energy
are naturally occurring phenomena that are non-controllable
in general. For non-controllable energy sources, predictability
becomes a key consideration. When predictable, a device’s
energy consumption can be aligned with the anticipated energy
availability. Table II provides an overview of various energy
sources, including an estimate of power production to provide
insight into their respective power densities.

TABLE II
CHARACTERISTICS OF DIFFERENT ENERGY SOURCES.

Energy Controllable Predictable Approximate
Source Power Production
Solar × ✓ 100 mW/cm2 [21]
Wind × ✓ 0.59 mW/cm3 [22]

Kinetic ✓ - 100 mW - 250 mW
(80 km/h) [3]

Vibration ✓ - 0.08 mW - 0.15 mW
(50 Hz) [3]

RF ✓ - 1 µW/cm2

(900 MHz) [21]
Ambient

✓ - 0.1 mW/cm2

Light [21]

C. Energy Conversion

Energy conversion from the harvester to the supercapacitor
is achieved using a charging circuit, whereof two different
types exists [10]. The first, a converterless approach relies on a
diode that permits current flow only when the harvester voltage
exceeds the capacitor voltage (Vstorage) plus the threshold
voltage of the diode (Vdiode). Combining the harvester’s I-V
curve with the operating voltage (Vstorage + Vdiode) yields
the output current. However, since Vstorage is variable, this
operating point will vary during the process and fluctuate
around the MPP.

The second type of circuit is a converter-based circuit. A
boost converter is placed between the energy harvester and
the storage element. This boost converter aims to operate
the harvester at its MPP, typically by selecting an operating
point at a predefined fraction of the open-circuit voltage
(Voc), e.g. 0.8Voc. The boost converter increases the input
voltage (0.8Voc) to the voltage of the storage element. The
supercapacitor is then charged with a current equal to

Icharge =
µVharvesterIharvester

Vstorage
, (1)

with µ the DC-DC converter losses, typically ranging from
50% to 95%, depending on the input voltage (Vharvester) and
the input current (Iharvester).

D. Storage Element

The choice of storage elements in EH systems depends on
several factors such as energy density, life cycle, form factor,
and application requirements. Supercapacitors are commonly
used in energy harvesting applications, typically ranging from
millifarads (mF) to farads (F) and they are mostly electric
double-layer capacitors (EDLC). Supercapacitors are charac-
terized by a high power density but a low energy density.
They can discharge their energy very quickly, causing a rapid
decrease in terminal voltage. The voltage across the capacitor
must not exceed a specified limit, otherwise there will be
breakdown of the separating structure inside the capacitor.
Generally, supercapacitors are relatively expensive, which lim-
its their use to niche applications. However, a supercapacitor
is more eco-friendly than a battery. It is more resistant to
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environmental changes, exhibits a longer lifetime and the price
per farad is decreasing (Table III). This makes supercapacitors
a promising technology for future applications.

TABLE III
COMPARISON BETWEEN BATTERY AND SUPERCAPACITOR.

Property Battery Supercapacitor
Power Density (W/L) 103 − 3 · 103 < 500

Energy Density (Wh/L) 50 - 300 0.5 - 5
Lifetime (cycles) 200 - 1000 106 − 108

(Dis-)charge Rate 30 - 600 min ms - min
Temperature (°C) 0 - 45 -45 - 45

While this study focuses on the design of battery-less
sensor systems, the choice of the storage element or en-
ergy buffer depends on the specific application requirements.
Supercapacitors are well suited for devices in hard-to-reach
places or massive-scale sensor networks, where maintenance
is impractical. However, applications that require more stable
voltages and lower leakage currents might still benefit from
batteries or a hybrid configuration, offering both performance
and long-term autonomy.

IV. PLEASE
This section introduces PLEASE, our novel open-source

emulation platform for the development of sustainable battery-
less sensor systems. An overview of the key requirements is
provided, followed by a high-level description of the system
architecture. Next, the custom-designed analog front-end is
discussed, focusing both on the power supply and the power
consumption measurement. Lastly, the custom-developed soft-
ware, running on the RPI, is explained.

A. Key Requirements
For the energy harvesters, the software should include

models for both indoor and outdoor PV cells. It should be

possible to emulate the harvester based on basic properties
found in the datasheet, eliminating the need to purchase and
test the harvester itself. Consequently, it should be feasible to
iterate through various setups by adjusting the fundamental
parameters. In addition, it should be possible to emulate
rectifiers and rectenna systems based on measured or simulated
I-V curves, which can be imported into the emulation platform.
The PMU simulation model should account for conversion
losses, which significantly impact the overall efficiency of
the system. The supercapacitor model includes both leakage
currents and absorption currents, as these affect the voltage
across the capacitor even when the load is disconnected. To
accommodate additional testing, a trace of the light intensity
is used to define a dynamic environment, which should be
coupled to the solar model. This allows the estimation of
the performance and energy margins under varying dynamic
conditions.

Emulating the state of the storage element requires know-
ledge of the power consumption of the DUT. Thus, the hard-
ware must include a circuit capable of measuring the power
consumption of the DUT. The accuracy should preferably be
in the same order as the resolution to accurately measure the
power consumption in low-power modes. Such as the deep-
sleep mode, where a DUT spends most of its time. The output
of the simulated EH system should provide a stable output
voltage between 1.2 V and 3.6 V. This voltage should be made
available to the DUT through a programmable power supply.

B. System Architecture

Fig. 2 provides a graphical representation of the system
under study, detailing its building blocks. The system starts
by emulating the harvested energy, incorporating solar, indoor
light and RF. It employs a custom-developed algorithm, which
is further discussed in section IV-D, to convert datasheet
parameters into parameters for the one-diode model. Once this

Power supply

Power consumption

measurement

PLEASE

Add-on hardware hatSoftware on

Raspberry Pi (RPI)

IoT deviceEnergy

Harvester

Power

Management

Unit

(PMU)

Energy

Storage

Element

SPI Voltage

Current
SPI

Fig. 2. System architecture of PLEASE, with the software deployed on a Raspberry Pi (RPI) and an add-on hardware hat with a power supply and a power
consumption measurement circuit.



6

model is established, it can be interpolated for varying light
intensities, which is crucial for coupling the light trace to the
solar model. The output of the Energy Harvester block is an
appropriate I-V curve that serves as input to the PMU. This
PMU selects an operating point on this I-V curve and directs
this power to the Energy Storage Element block, accounting
for corresponding conversion losses. When the storage element
accumulates sufficient charge, the PMU communicates with
the add-on hardware hat to activate the Power Supply block
via the Serial Peripheral Interface (SPI), enabling the start-
up of the DUT. The Power Consumption Measurement block
measures the current consumption of the IoT device and
transmits these data via the SPI to the RPI. Finally, the voltage
drop over the supercapacitor is calculated using the current
measurement value, along with the emulated leakage currents
and absorption currents.

C. Add-on Hardware Hat

The first subsystem of the add-on hardware hat, depicted
in the block diagram in Fig. 3 and in the schematic layout
in Fig. 4, is the Power Supply circuit. This circuit includes
a digital-to-analog converter (DAC), used to transform the
digital simulated LDO output to the correct voltage. The output
voltage of the DAC is buffered by an operational amplifier
(OpAmp), labeled Buffer in Fig. 3, followed by a bipolar
junction transistor (BJT) in a common collector configuration.
The supplied voltage is made available at the header pins for
DUT connection.

Power consumption measurement

DUT
Power supply

ADC Amplifier

Switching circuit

IoT

device

Vdd

GND

DAC Buffer Vdd

Vsense

Rsense

Add-on hardware hat

Fig. 3. High-level architecture of the add-on hardware hat, with the power
supply circuit and the power consumption measurement circuit.

The second subsystem of the add-on hardware hat is the
Power Consumption Measurement circuit. The current con-
sumed by the DUT is measured via the corresponding voltage
drop across a series resistor Rsense. Due to the wide range of
current values (1 µA - 600 mA), applying a fixed amplification
would result in either large voltages or limited resolution.
Therefore, a variable resistor is implemented by switching
between these resistors in parallel, thereby decreasing the
equivalent series resistance when the voltage drop becomes
too high. This approach acts as a variable amplification factor
to prevent saturation.

This concept requires an analog switching circuit based on
Schmitt-triggers to switch between resistors. There are four
stages in total, each with a different equivalent resistance
Rsense, as shown in Table IV. Additionally, a fixed amplifica-
tion factor of 42 is applied to amplify the small voltage drop
across the equivalent series resistor, resulting in the amplified
voltage Vampl without offset, as indicated in Table IV. To
prevent the OpAmp from saturating at a voltage of 5 V, an
offset of -3 V is introduced, increasing the dynamic range of
the amplifier. Finally, the amplified voltage is converted using
a 12-bit analog-to-digital converter (ADC) and sent to the RPI.

TABLE IV
VARIABLE RSENSE , VSENSE AND RANGE OF VAMPL WITH AND WITHOUT

OFFSET FOR EVERY CURRENT STAGE.

Current [mA] 0 - 0.35 0.35 - 3.5 3.5 - 46 46 - 600
Mode Deep Sleep Low Power Active Tx

Rsense [Ω] 470 43 3.6 0.25
Vsense[mV ] 0 - 165 15 - 165 12 - 165 11 - 150
Vampl[V ],
no offset 0 - 6.9 0.6 - 6.9 0.5 - 6.9 0.5 - 6.3

Vampl[V ],
offset -3 V -3 - 3.9 -2.4 - 3.9 -2.5 - 3.9 -2.5 - 3.3

Both subsystems, along with their peripherals connected to
the RPI, are carefully placed on a printed circuit board (PCB),
as depicted in Fig. 4. The power electronics, which emit the
highest EM-radiation due to internal switching, are isolated by
vias and placed sufficiently far from the sensitive electronics.
The DAC and ADC communicate with the RPI through the
SPI. To optimize this high-frequency communication, the
traces are kept as short as possible. The PCB is designed as
a two-layered structure, with the backside plane maximally
utilized as a reference plane. The traces carrying the supply
voltage are widened to minimize the resistive power losses.

power
electronics

variable
amplification

fixed amplification

switching
circuit

GPIO level
shifters

ADC

DAC

power
supply

connection to DUT

Fig. 4. Schematic layout of the add-on hardware hat, with all the components
annotated.

D. Software

1) Solar and Indoor Light EH Emulation: The one-diode
model is the most widely utilized and fundamental electrical
equivalent circuit for representing the behavior of a solar cell,
using only basic electronic components, as illustrated in Fig. 5.
This model not only offers simplicity but also provides an
accurate representation of real solar cell performance, making
it highly effective for this application.
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Iph I0 Rsh

Rs I

V

Fig. 5. One diode model of a solar cell, with the photo current (Iph), diode
current (Io), shunt resistance (Rsh), and series resistance (Rs).

The following custom algorithm has been developed to
estimate the parameters of the one-diode model using only
three known points from the I-V curve: the open-circuit
voltage, the short-circuit current, and the MPP. The algorithm
performs a sweep over two non-linear parameters, being the
ideality factor a and the series resistance Rs. Based on these
three known points, the remaining parameters of the one-diode
model are calculated. The algorithm selects the combination
(a,Rs) that generates the flattest power curve at the MPP. Once
these parameters are determined, the model can predict the
behavior of the solar cell under different lighting conditions
through interpolation, allowing for a flexible and efficient
modeling approach using only datasheet information.

This method is based on (2), which describes the relation-
ship between the output current (I) and voltage (V ) of the
solar cell:

I = Iph − Io

[
e

V +IRs
a − 1

]
− V + IRs

Rsh
, (2)

with Iph the photo current, Io the diode current, a the
ideality factor, Rs the series resistance and Rsh the shunt
resistance. This relationship gives rise to the typical I-V curve
of a solar cell. Although this method is less accurate than
approaches that rely on more data points, it offers a simple
and practical solution for modeling solar cells in various
environments based on limited information [23]. In addition,
the emulation platform offers the possibility to import more
detailed I-V curves when increased accuracy is required.

2) Radio-Frequency (RF) EH Emulation: To replicate RF
EH, we must emulate the behavior of a rectifier or even a
complete rectenna system. Therefore, the platform allows the
designer to import a set of I-V curves. These curves can
be derived either from direct measurements with a source
measure unit (SMU) or through simulation frameworks such as
Keysight PathWave Advanced Design System (ADS). Since a
typical rectenna system generates a distinct I-V curve for each
input power level, it is necessary to import a complete set of
relevant I-V curves corresponding to input power levels ob-
served in an application. This enables designers to accurately
emulate the behavior of a rectenna system in environments
where the RF power at the input of the rectenna can be
estimated.

3) Power Management Unit (PMU) Emulation: The effi-
ciency of the LDO is primarily determined by resistive losses,
meaning that the power extracted from the supercapacitor is
the product of the voltage across the supercapacitor and the
current drawn by the DUT.

The efficiency of the boost converter is more dynamic,
depending on the input voltage (Vin), input current (Iin)
and output voltage (Vout). To determine its boost conversion
efficiency (µ) at a specific operating point (µ(Vin, Iin, Vout)),
a 3D interpolation between the known efficiency curves is
required. In practice, this interpolation process is computa-
tionally intensive. To reduce CPU time, the boost conversion
efficiency computation must be simplified. Analysis of previ-
ously published boost conversion efficiency curves [24] shows
that variations in output voltage have less impact on efficiency
than variations in input voltage or current, particularly when
the input voltage is below the output voltage. Furthermore,
these data indicate that when the input voltage exceeds the
output voltage, the boost conversion efficiency reduces to
approximately 80% [24]. To model these simplifications, the
following formula is used to calculate the power entering the
storage element (Pstorage,in):

Pstorage,in =

{
µ(Vin, Iin)VinIin, if Vin < Vout

0.8 · VinIin, if Vin > Vout.
(3)

This approach reduces the interpolation to a 2D space,
thereby saving CPU time. If the operating point of the har-
vester is known in advance, a designer can opt to specify a
fixed efficiency.

4) Supercapacitor Emulation: To accurately emulate a su-
percapacitor, it is crucial to account for the effects of leakage
current, absorption current, and internal resistance. This is
achieved by relying on the equivalent schematic shown in
Fig. 6. The equivalent series resistance (ESR) represents the
power losses due to internal resistance. The shunt resistor
(Rleak) models the leakage current of the primary capacitance
(referred to as the effective capacitance Ceff). The RC circuit
in parallel with this effective capacitance models the time-
varying diffusion current. It is important to note that this model
approximates the diffusion current by a first-order model with
an exponential behavior (τ = RdiffCdiff ), which provides a
good approximation of the actual diffusion current dynamics.
In reality, this behavior is a superposition of multiple RC
circuits with different time constants [25].

ESR

Rleak Ceff

Rdiff

Cdiff

Fig. 6. Supercapacitor equivalent schematic.

In addition, the modular design of the environment emulator
software makes it possible to add more advanced models of
batteries, such as the battery dynamic model proposed in [26].
This widely adopted model integrates accurate charge and
discharge models for different types of battery technologies.

V. EVALUATION

We now validate the proposed open-source emulation plat-
form. First, the accuracy of the power measurement circuit on
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the add-on hardware hat is discussed. Second, the simulation
models for the solar and RF energy harvesters are verified
through measurements. Next, the PMU functionality is vali-
dated with different measurements. Lastly, the accuracy of the
supercapacitor model is measured and compared with a real
supercapacitor.

A. Power Consumption Measurement
The power consumption measurement subsystem, located on

the add-on hardware hat, was validated first. Fig. 7 shows the
mapping of the input current to the output voltage, which is
shown in blue. The discontinuities in the output voltage are the
result of switching in order to include additional resistors in
parallel. This switching and variable amplification ensure that
the output voltage remains within the [-5 V; 5 V] range for
all currents. The current values activating the p-channel metal-
oxide semiconductor (PMOS) transistors, are visible through
the discontinuities of the green, red and purple curves. These
values match closely those listed in Table IV. The emulation
platform will reversely map the output voltage to the input
current, utilizing the VSWi signals to eliminate the ambiguity
of the variable amplification and determine the correct current.
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4
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Vout (interpolation)
Vout (measurement)
VSW1
VSW2
VSW3

Fig. 7. Current sensing outputs with Voffset = −2.8 V .

When the reverse mapping to the input current is performed
using the nominal resistance values (see Table IV) and the
theoretical static amplification, the measured value deviates
by 0.31% from the actual current value in the lowest current
range. This deviation corresponds to a guaranteed accuracy
of 1.1 µA. When a calibration procedure is executed before
measurements, this accuracy can be improved to 0.17%, corre-
sponding to an absolute error of 0.6 µA for an input current up
to 350 µA. This means that the deep-sleep power consumption
can be measured with an accuracy below 1 µA, meeting the
requirements. The calibration measures the effective offset and
effective amplification factors. For each stage, the accuracy
range and error are provided in Table V.

B. Solar EH
The outdoor solar cell is measured in a setup with a variable

artificial light source, characterized by a broad spectrum

TABLE V
ACCURACY OF THE CURRENT MEASUREMENT SYSTEM.

Accuracy
Before Calibration After Calibration

Stage Error (%) Range (µA) Error (%) Range (µA)
0 µA - 350 µA 0.31 0 - 1.1 0.17 0 - 0.6
350 µA - 4 mA 3.14 11 - 250 0.07 0.25 - 3
4 mA - 48 mA 1.67 67 - 630 0.11 4.4 - 50
48 mA - 0.71 A 6.23 3000 - 45000 2.52 1200 - 18000

similar to that of the sun. The indoor solar cell was measured
under two realistic indoor lighting setups. A lux meter was
used to quantitatively compare the two lighting conditions.
These lux values were used in the model, since a pyranometer,
an instrument to measure solar irradiance, was not available.
This does not affect the results because the relative change in
irradiance is equal to the relative change in illuminance given
that the light spectrum remains unchanged.

The I-V curves of the measurements and the one-diode
model, with parameters listed in Table VI, align very well,
as seen in Fig. 8. The algorithm that estimates the reference
I-V curve (blue) is highly accurate. The root mean square
error (RMSE) between the simulation and measurement equals
0.6 µA (0.5 of %Isc) for the indoor cell and 4.6 µA (0.6 of
%Isc) for the outdoor cell. Another advantage of this algorithm
is that the MPPs of both the measurement and simulation
coincide. The interpolation for different lighting conditions
generates an I-V curve (orange) that falls within the measured
curve region. Although the open-circuit voltage of the indoor
panel is slightly different, the maximum power value deviates
by less than 7%. For the outdoor solar cell in low light
conditions, the maximum power deviates by less than 4%.

TABLE VI
ONE-DIODE MODEL PARAMETER RESULTING FROM THE

CUSTOM-DEVELOPED ALGORITHM, DISCUSSED IN SECTION IV-D.

Parameter Indoor cell [27] Outdoor cell [28]
Rs 0.1 Ω 3 Ω

Rsh 340 kΩ 150 kΩ
I0 20 nA 0.62 µA
Iph 0.11 mA 0.82 mA
a 0.55 0.68

C. RF EH

The rectifier of the rectenna was measured using an
SMU for various input powers, provided by a Keysight
N5247A PNA-X Microwave Network Analyzer configured
in continuous-wave (CW) mode. The I-V and power-voltage
(P-V) curves resulting from the measurements, as well as those
generated by the ADS simulation model, are shown in Fig. 9.
While the measurement results are slightly lower, they remain
reasonably accurate, as the MPPs of both the measured and
simulated curves are nearly identical.

D. Power Management Unit

Next, the AEM10941 PMU by e-peas [24] is emulated: its
characteristics will be simulated in software, and the output
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Fig. 8. Validation of the solar EH model: I-V curve of the TDK BCS4430B6
indoor cell (top) and Seeed studio 0.5W outdoor cell (bottom), with red dots
marking the short-circuit current (Isc) on the left, the maximum power point
(MPP) in the middle, and the open-circuit voltage (Voc) on the right.
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Fig. 9. Measured and simulated IV- and PV-curves of the rectifier.

of the PMU, a stable voltage for the load, will be physically
available on the add-on hardware hat. The emulation of a PMU
consists of three components, the boost converter, the control
system, and the LDO. For simulating the boost converter,
conversion efficiency curves from a datasheet are imported
using a plot digitizer. The control system uses three parameters
set by the designer: Vovdis as the voltage limit when the
LDO is disabled, Vchrdy as the minimum voltage to enable
the LDO and Vovch as the maximum voltage on the storage
element before disabling the boost converter. The LDO also
relies on a conversion efficiency curve based on the desired
output voltage. This curve can be imported from the datasheet.

To test the emulation of a PMU, a simple setup is analyzed
using actual hardware and then reproduced by the emulation
platform. Fig. 10 shows the temporal behavior of the voltage

across the supercapacitor in a simple EH setup. The blue
curves are the result of a setup based on a 0.5 V fixed input
voltage, while the green curves depend on a 3 V fixed input
voltage, both setups using a 10 mA input current. The PMU’s
control parameters are indicated in red, with Vovdis = 3.60 V,
Vchrdy = 3.92 V and Vovch = 4.50 V. The dotted lines represent
the results obtained by the PLEASE emulator with an identical
setup in software. A notable difference between emulation and
measurement is the sawtooth-wave-like behavior at the end
of the green curve. This non-ideality is not described in the
datasheet but is likely due to built-in hysteresis to prevent the
source from switching on and off at a high rate.

In addition to validating the control parameters, the results
in Fig. 10 demonstrate that the emulation platform accurately
models the conversion efficiency. When the input conditions
of the PMU are changed, the emulation platform accurately
includes the conversion efficiency losses in the emulation.
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Fig. 10. Measurement and emulation of the PMU ”AEM10941” with the
”BestCap BZ015A503Z B” supercapacitor of 50 mF, fixed load of 1.2 kΩ,
fixed input current 10 mA, and variable input voltage resulting in different
efficiencies.

E. Supercapacitor

The parameters of the supercapacitor model are established
by fitting the effective capacitance to a constant current charg-
ing curve and fitting the other parameters to a self-discharge
curve of 10 minutes with a holding voltage of 5.5 V and a
holding time of 10 seconds. These parameters are listed in
Table VII for the BestCap BZ015A503Z B [29].

TABLE VII
PARAMETERS FOR ”BESTCAP BZ015A503Z B” FITTED TO THE SELF

DISCHARGE CURVE OF VCHARGE = 5.5 V AND tHOLD = 10 S.

Parameter Value Parameter Value
Cnom 50 mF Ceff 36 mF
ESR 0.15 Ω Rleak 1491 kΩ
Cdiff 4.8 mF Rdiff 45 kΩ

The model provides highly accurate results for this reference
self-discharge condition, as shown by the blue curves in
Fig. 11. Other self-discharge curves exhibit minor deviations
between simulations and measurements. The orange curves
reflect the same behavior but with slightly different time
constants, while the green curves display the same quasi-linear
behavior but with slightly different leakage currents. These



10

0 500 1000 1500 2000 2500 3000 3500
Time (s)

2.5

3.0

3.5

4.0

4.5

5.0

5.5
Vo

lta
ge

 (V
)

Measured, Charge time = 10 min
Measured, Charge time = 10 s
Measured, Charge time = 10 s

Simulated, Charge time = 10 min
Simulated, Charge time = 10 s
Simulated, Charge time = 10 s

Fig. 11. Validation of the supercapacitor model for the BestCap
BZ015A503Z B, parameters fitted to blue curve (Vcharge = 5.5 V and
thold = 10 s).

discrepancies can be attributed to the first-order approximation
used in the model.

Extending the model to a continuous distribution of RC con-
stants would be overly complex and not user-friendly. Hence,
the first-order approximation will continue to be employed,
with the discharge curve being fitted accordingly. Additionally,
the diffusion characteristic may be neglected, and a simpler
supercapacitor model based on datasheet parameters may be
utilized.

VI. VALIDATION

The operation of the proposed emulation platform is val-
idated using two relevant example applications: a heart-rate
monitor powered by indoor light EH and a temperature sensor
powered by RF EH.

A. Heart-Rate Monitor based on Indoor Light EH

The first application is a Bluetooth enabled heart-rate mon-
itor, powered by indoor light EH. The heart-rate monitor uses
a Pulse Sensor [30] in combination with an STM32WB55
ultra-low-power wireless microcontroller unit (MCU) [31].
The Pulse Sensor is a low-cost optical heart-rate sensor, which
is connected to one of the ADC pins of the MCU. In EH
applications, it is important that the software is optimized for
power efficiency. Therefore, this application encapsulates the
sensor data into the Bluetooth Low Energy (BLE) advertising
packets to minimize the power consumption by the data
packets transmission [32]. A BLE receiver is configured in
continuous listening mode. It can capture the transmitted
advertising packets in real-time by using an infinite scanning
loop. The power consumption profile of this heart rate monitor
application is depicted in Fig. 12, where every task is anno-
tated on the graph. It was measured with a Power Profiler II
Kit by Nordic Semiconductors [33]. The total measured energy
of single duty cycle, averaged over 10 measurements, equals
46.83 mJ for a supply voltage of 3.3 V and 39.18 mJ for a
supply voltage of 3 V, which is the minimal supply voltage
for the Pulse Sensor [30].

In a typical operating cycle of the heart-rate monitor, the
MCU first boots from scratch, initializes all the required
peripherals and configures the system clock. Second, the ADC
is enabled and the MCU reads a sample from the Pulse Sensor
every 10 ms within a 4 s time period. Next, the heart rate is
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Fig. 12. Current consumption profile of the heart rate monitor application
when powered by a 3.3 V power supply.

calculated by comparing the ADC samples to a threshold value
and the result is encapsulated in an advertising packet. In a
final step, the BLE transceiver is initialized and two advertising
packets are transmitted at an output power level of 0 dBm.

The following sections detail the implementation, measure-
ment setup, and optimization strategies for maximizing per-
formance while operating within the constraints of harvested
energy.

1) Emulation and Measurement Setup: For this application
scenario, different hardware configurations are analyzed using
the proposed emulation platform and a realistic measurement
setup. The first setup is the actual application, consisting of
the Pulse Sensor, connected to the ADC of the MCU, which
is powered with the AEM10941 PMU by e-peas [24], in
combination with a supercapacitor and the TDK BCS4430B6
indoor light EH [27]. The voltage across the supercapacitor
was measured using a Keithley 2450 SourceMeter, which was
set to source current in the lowest available range of 10 nA
while measuring the voltage [34]. The second setup uses the
proposed emulation platform, which replaces the entire EH
system, and powers the application via two header pins. Both
setups are depicted in Fig. 13.

We first study the hardware in its MPP configuration.
The AEM10941 PMU is specifically designed for PV cell
harvesting and features different Voc ratios. Second, the su-
percapacitor configuration is optimized for the total amount
of energy required for a single duty cycle. Finally, the optimal
configuration for this specific application is discussed.

2) MPP configuration: The MPP is configured based on
the simulated I-V curves of the TDK BCS4430B6 indoor light
cell. In the process, for the AEM10941, we may set the Voc
ratio to 70%, 75%, 85% or 90% [24]. This application is tested
for an indoor office environment with a constant illuminance
of 500 lux. In Fig. 15, the simulated I-V and P-V curves for
this illuminance value is shown with its corresponding MPPs
and Voc ratios of 70%, 75%, 85% or 90%. Based on the results
in Fig. 15, the MPP of the TDK BCS4430B6 PV cell amounts
to 73.79%, which is between the Voc ratios of 70% and 75%.

The emulated and measured voltage across the supercapac-
itor for a MPP configuration of 70%, 75% and 85% is shown
in Fig. 14. The results show that the emulated voltage across
the supercapacitor closely matches the measured voltage,
indicating the accuracy of the proposed emulation platform.



11

e-peas AEM10941
Pulse Sensor

STM32WB55

TDK BCS4430B6

Kyocera AVX

BestCap

BZ015A503ZSB

Keithley 2450 SourceMeter

(a)

Emulation

Platform

Pulse

Sensor

STM32WB55

(b)

Fig. 13. Hardware setups for the heart rate monitor application based on RF
EH: (a) with the real EH system, (b) with the emulation platform.

3) Size and Configuration of the Supercapacitor: Based on
the measured power consumption of a single duty cycle, we
determine the minimal size of the supercapacitor via:

E =
C · (V 2

max − V 2
min)

2
, (4)

with E the energy (J), C the total capacitance (F) of the
supercapacitor, Vmax the maximum voltage (V) the superca-
pacitor is charged to and Vmin the minimum voltage (V) the
supercapacitor is discharged to. To calculate the minimal ca-
pacitance of the supercapacitor, the PMU’s control parameters,
Vovdis, Vchrdy and Vovch, need to be evaluated. The default stor-
age element threshold voltages for a dual-cell supercapacitor
are Vovdis = 3.60 V, Vchrdy = 3.92 V and Vovch = 4.50 V [24].
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Fig. 15. Simulated I-V curve and P-V curve of the TDK BCS4430B6 indoor
light cell for an illuminance value of 475 lux, annotated with its corresponding
MPPs.

The maximum settings for an LDO output voltage of 3 V are
Vovdis = 3.30 V, Vchrdy = 4.45 V and Vovch = 4.50 V, resulting
in a minimal total supercapacitor capacitance of 8.79 mF for a
total energy of 39.18 mJ, calculated via (4). To provide some
flexibility for the configuration, the Kyocera AVX BestCap
BZ015A503ZSB, with a nominal voltage of 5.5 V and a total
capacitance of 50 mF, was chosen as the primary and only
storage element for this application.

By lowering the LDO output voltage from 3.3 V to 3 V,
the required energy is reduced, the supercapacitor operates at
a lower voltage, and the application’s duty cycle increases.
Thus, Vchrdy can be adjusted to the lowest value that still
provides sufficient energy. Using (4), the minimal energy
requirement of 39.18 mJ at 3 V results in a theoretical Vchrdy
= 3.61 V, assuming no losses and Vovdis = 3.3 V, with an
effective capacitance of 36 mF (Table VII). The proposed
emulation platform enables rapid testing, verification, and
efficient emulation of different settings to optimize perfor-
mance. During this process, a BLE receiver connected to the
RPI via a universal asynchronous receiver-transmitter (UART),
analyzes the packet update rate of the heart-rate monitor
application. Fig. 16 presents two emulation results for different
supercapacitor configurations: the first, with Vchrdy = 3.77 V,
shows a similar packet update rate to the default setting, while
the optimized configuration, with Vchrdy = 3.67 V, achieves the
best update rate.
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Fig. 14. Emulated and measured voltage across the supercapacitor for a MPP configuration of 70% (left), 75% (middle) and 85% (right).



12

300 600 900 1200 1500 1800
Time (s)

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.0
Vo

lta
ge

 (V
)

199s 192s 189s 188s 188s

253s 246s 243s 243s 242s

Vchrdy = 3.67 V
Vchrdy = 3.77 V

Fig. 16. Emulated voltage across the supercapacitor, as a function of
time, for two different supercapacitor configurations with VLDO = 3 V and
Vovdis = 3.3 V.

4) Optimal Configuration: The PMU used in this appli-
cation, the AEM10941 by e-peas [24], is now configured as
closely as possible to the optimal configuration, Vovdis = 3.30 V
and Vchrdy = 3.67 V, via extra resistors. The ideal and E12
resistor values are shown in Table VIII.

TABLE VIII
OPTIMAL RESISTOR CONFIGURATION FOR THE AEM10941

WITH VOVDIS = 3.30 V AND VCHRDY = 3.67 V [24].

Resistor Ideal E12
R1 1.333 MΩ 1.2 MΩ
R2 0.302 MΩ 0.33 MΩ
R3 0.183 MΩ 0.18 MΩ
R4 4.182 MΩ 3.9 MΩ

Due to the use of these E12 resistors and the tolerance
on them, the measured threshold voltages deviate from the
ideal configuration: Vovdis = 3.28 V and Vchrdy = 3.70 V, which
is seen in the measured voltage across the supercapacitor in
Fig. 17. Finally, the emulation was updated with these new
threshold voltages to show again the accuracy of the proposed
emulation platform.

B. Temperature Monitor based on RF EH

The second application is a BLE-enabled temperature sen-
sor, which can be deployed in hard-to-reach locations and
is therefore powered via RF EH. This specific representative
application uses the same STM32WB55 ultra-low-power wire-
less MCU as in the first example and its onboard temperature
sensor [31]. Similar to the first application, the sensor data
are encapsulated into BLE advertising packets to minimize
the power consumption of data packet transmission [32]. In
addition, unnecessary decoupling capacitors were removed
from the STM32WB55 board to reduce the initial current
spike. The power consumption profile of this application was
again measured with a Power Profiler II Kit. It is depicted
in Fig. 18, with every task annotated on the graph. The
measured total power of a single duty cycle, averaged over
10 measurements, equals 2 mJ of energy when powered at
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Fig. 17. Emulated and measured voltage across the supercapacitor, as a
function of time, for the optimal configuration, showing a very close match
between the emulated and experimental results

1.8 V. Further reduction of the energy consumption may be
achieved by modifying the startup cycle and optimizing the
embedded software.
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Fig. 18. Current consumption profile of the temperature-monitor application
when powered by a 1.8 V power supply.

The following sections detail again the measurement setup,
MPPT configuration tuning, and the final optimized system
parameters for maximizing performance under RF EH con-
straints.

1) Emulation and Measurement Setup: For this second
application scenario, a different measurement setup is required.
The RF EH setup, depicted in Fig. 19, depends on a wire-
less power transfer (WPT) platform, which is configured to
transmit a CW signal at a frequency of 2.45 GHz [35]. This
WPT platform is connected via a SubMiniature Version A
(SMA) connectorized cable to an air-filled substrate integrated
waveguide (AFSIW) cavity-backed slot antenna [36], provid-
ing a gain of 6.0 dBi at the center frequency of 2.45 GHz. An
identical antenna serves as the receive antenna. This antenna
is connected to a carefully optimized rectifier operating at
2.45 GHz [37]. The AEM30940 PMU by e-peas is used in
this application, designed to extract power from an ambient RF
signal [38]. Again, the Keithley 2450 SourceMeter, configured
to provide current in the lowest possible range of 10 nA, is
used to measure the voltage over the supercapacitor. Here,
the Kyocera AVX BestCap BZ094B153ZSBA1 supercapacitor,
with a nominal voltage of 4.5 V and a total capacitance of
15 mF, is used as the primary and only storage element [39].
The emulation setup is the same as in Fig. 13(b), but now with
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Fig. 19. Measurement setup in the anechoic chamber, for the temperature-
monitor application based on RF EH.

To emulate this application correctly, the received RF power
at the input of the rectifier was measured with an FSV40
Rohde & Schwarz spectrum analyzer. In this measurement
setup, a received power level of -7.4 dBm was obtained.

2) MPP configuration: Based on the simulated I-V curve of
the rectifier, the MPP can be configured for this application.
For the AEM30940 PMU, this can be set to a Voc ratio of
50%, 65% or 80% [38]. In Fig. 20, the simulated I-V and P-V
curves for an input power level of -7.4 dBm is shown, with
its corresponding MPPs and the Voc ratios of 50%, 65% or
80%. Based on this curve, the MPP of the rectifier amounts
to 45.81%, which is closest to a Voc ratios of 50%.
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Fig. 20. Simulated I-V and P-V curve of the rectenna for an input power
level of -7.4 dBm, annotated with its corresponding MPPs.

3) Optimal Configuration: As in the first example, the op-
timal configuration was reached with the help of the emulation
platform. A maximum packet update rate was obtained with an
output voltage of 1.8 V, Vovdis = 2.20 V and Vchrdy = 2.32 V. The
AEM30940 PMU is now configured as close as possible to this
configuration through extra resistors [38]. Again, due to the
use of E12 resistor and the tolerances on them, the measured
threshold voltages deviate a bit from the ideal configuration:
Vovdis = 3.205 V and Vchrdy = 3.325 V, which can be noticed in
the measured voltage across the supercapacitor in Fig. 21(a).

The emulation platform is updated with these new threshold
voltages to show the accuracy of the proposed emulation
platform again. In addition, in Fig. 21(b), the measured output
current by the emulation platform is shown for this optimal
configuration.
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Fig. 21. Optimal configuration: (a) Emulated and measured voltage across
the supercapacitor, as a function of time, (b) measured output current by
the emulation platform, as a function of time, demonstrating high degree of
accuracy in current measurement.

VII. CONCLUSION

This research demonstrates that the proposed emulation
platform effectively replicates the behavior of realistic EH
systems, providing a reliable and efficient tool for the de-
velopment and optimization of EH-powered IoT devices. The
results validate its ability to accelerate the design cycle by
enabling rapid evaluation of different hardware and software
configurations under various energy availability scenarios. Ad-
ditionally, the platform’s accuracy in modeling supercapacitor
behavior, including leakage and diffusion currents, ensures
precise energy management assessments.

An accurate and realistic digital twin model of each part of
a typical EH system is integrated in the emulation platform.
These include emulation models for various energy harvesters,
a complete and realistic model of the power management
system, and a novel and advanced supercapacitor model in-
tegrating leakage and diffusion current characteristics. The
modular design of the emulator allows for easy extension
to other energy sources, such as thermoelectric generators or
piezoelectric harvesters, by implementing additional digital-
twin models or importing their I-V curves. In addition,
a novel add-on hardware shield is developed, providing a
programmable and stable output voltage, and containing a
very accurate current measuring circuit to support accurate
emulation of the complete EH system.
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The successful application of the platform in both ambient
light and RF energy harvesting scenarios highlights its versa-
tility and practical relevance. By reducing the need for costly
and time-consuming hardware iterations, this approach signif-
icantly lowers the barriers to EH adoption, particularly for
small-scale enterprises. Moving forward, this work establishes
a foundation for further advancements in EH system design,
contributing to the broader goal of making energy harvesting
a viable and widely adopted alternative to traditional battery-
powered solutions.
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