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Abstract:With the development of sustainable and energy-
efficient buildings and cities, scavenging indoor light energy
to power Internet of Things has become an increasingly
attractive solution. However, the energy that can be
harvested from an indoor light environment is limited com-
pared to natural, outdoor sunlight, emphasizing the impor-
tance of efficiency of the entire energy harvesting system
rather than that of individual harvesters. Power manage-
ment circuitry plays a crucial role here but there has not
been a system-level study for different power management
schemes when connected to both harvesters and batteries
whilst working under real lighting conditions. This study
evaluates four integrated indoor light energy harvesting
systems containing two distinctive types of photovoltaic cells
connected to a switched capacitor (SC) and an inductor-
based (IN) boost converter, respectively, as well as a Li-ion
battery. Charging efficiencies of the entire systems, in addi-
tion to those of individual components, are assessed. Results
suggest that for an indoor light energy harvesting system,
although the IN converter tends to be cumbersome, it pro-
vides unbeatably high and stable battery charging efficiency

across a broad range of light intensities compared to the SC
converter even though the latter is specifically designed for
low-power applications competing with the IN counterpart.

Keywords: energy harvesting, sensing, indoor light, Li-ion
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1 Introduction

1.1 Internet of Things (IoT) and energy
harvesting

The IoT is reshaping our lives by making things more
autonomous, accessible, secure, and productive. With the
advent of ubiquitous wireless sensing and communication
networks, billions of IoT devices are expected to be distrib-
uted in our living environment to gather and share data
through the internet, especially thanks to the rapid devel-
opment of 4G and 5G telecommunication technologies
(Zanella et al. 2014, Masek et al. 2018). For instance, the
long-term evolution machine type communication (LTE-M)
and narrowband IoT standards defined in the 4G era have
induced the massive deployment of IoT devices nowadays.
Perpetual and autonomous operation withminimal need for
on-site maintenance is a crucial factor to ensure a successful
application of any IoT device (Lin et al. 2017, Zeadally et al.
2020). However, the limited capacity of the finite power
source is considered one of the bottlenecks here. In the
current IoT architectures, batteries are the most likely
power sources. Yet, the power requirements for IoT devices
are increasing drastically due to boosted functionalities,
resulting in a battery lifespan of a few years maximum
without recharging or replacement (Akan et al. 2018, Bai
et al. 2018), while an IoT device is expected to be able to
operate for 10–20 years without service interruption. A
viable option to meet such a power demand is to improve
the battery lifespan via smart energy management schemes
while introducing energy harvesting technology.
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Energy harvesters scavenge ambient energy sources
that would be wasted if not harvested, from the devices’
working environments (Bai et al. 2018). Ambient light, for
instance, can be a good candidate to be harvested and then
used to power wireless sensing systems integrated into
smart buildings (Al-Obaidi et al. 2022). Using indoor artifi-
cial light to charge the batteries and thus to greatly extend
the lifespan of the power source is becoming popular in IoT
nodes used in smart buildings (Yue et al. 2017).

1.2 Challenge for indoor light energy
harvesting systems

Compared to outdoor solar energy harvesting, indoor light
harvesting faces a significant challenge that is the much
smaller and highly intermittent input energy flow. The solar
energy received by outdoor solar panels can be as high as
105 lux. Meanwhile, although being affected by weather con-
ditions, variation in solar energy to be harvested by outdoor
solar panels is gentle and predictable within each hour, or
even over the course of a day. In comparison, indoor artifi-
cial light sources can only provide up to 103 lux and indoor
light can also be interrupted minute by minute in practical
scenarios (Kozalakis et al. 2021). This is because indoor light
energy harvesters are usually fitted with the IoT devices to be
powered and thus the power is produced on-site. Users and
other moving objects may cause intermittent shadows, for
instance, when the IoT device is a wearable or is installed
in a public space with a constant flow of people. Some
modern office buildings have smart switches fitted to lamps
so that lights will be turned off automatically when not in use.
In addition, because of the on-site power generation, the size
of the photovoltaic (PV) cells used for indoor light energy
harvesting is limited to only a few square centimeters for
each device, leading to a low input power level of less than
100 µW (Kozalakis et al. 2021, Yu and Yue 2012). While for
outdoor energy production, the area of the solar panel is not
strictly constrained, and the power does not need to be gen-
erated on-site where it is to be used. The electricity can be
generated at an energy-abundant location and then trans-
ported to the users at another location. Therefore, indoor light
exhibits a more dynamic feature than that of solar energy.

Making use of such a low-level of power demands intel-
ligent ultralow powermanagement integrated circuits (PMICs)
to complete the necessary DC–DC boost conversion, so that the
harvested power can effectively charge an energy storage
element. There are several high-efficiency energy harvesting
converter designs proposed in the literature. For instance, Yu
et al. (2015) reported an inductor-based (IN) DC–DC buck boost
converter PMIC which can convert harvested indoor light

energy with an efficiency of 83% with low quiescent current
requirements. Qiu et al. (2011) also proposed an IN boost con-
verter PMIC which can regulate the optimum power point of a
photovoltaic (PV) cell over a broad input power range of
5 μW–10mW to charge a battery with an efficiency of 87%.
Lee et al. (2016) designed a fully integrated PMIC with a
switched capacitor (SC)-based boost conversion mechanism,
instead of the IN, to harvest light intensities from 102 to
105 luxwhile charging a 1.5–2.5 V batterywith a 78% efficiency.
Jung et al. (2014) published a fully integrated SC DC–DC con-
verter PMIC specifically for indoor light harvesting under very
low illumination levels, tailored for form-factor constrained
applications.

There are also several commercial products integrated
with PMICs available for solar or indoor light energy har-
vesting, including the electronic shelf label system (Nexperia
2023), the energy autonomous Nordic Thingy 91 module
(Nordic Semiconductor 2021), the SODAQ asset tracker
(SODAQ 2023), and the Telink TV remote control (Telink 2023).

1.3 Two major working mechanisms of PMIC

PMICs are designed to efficiently regulate and manage
power, including the tasks of voltage regulation, current
control, power conversion, and battery management. For
indoor light energy harvesting systems, the PMIC should
enable real-time control of varying voltage levels and thus
minimization of energy loss. It should also prevent energy
storage from being overcharged by providing feedback on
system status. Two main types of PMIC architectures are
used for indoor light energy harvesting systems, as shown
in Figure 1.

Figure 1(a) explains a single-stage voltage doubler
where two pairs of switches operate alternatively while
each pair opens and closes synchronously. When both
S1-a are closed and both S2-a are open, C1-a is charged to
the input voltage (Vin-a), then both S2-a are closed and
both S1-a are opened, putting C1-a in series connection
with Vin-a, which doubles the output voltage (Vout-a) (Forou-
zesh et al. 2017). In this architecture, the peak voltage con-
version efficiency is achieved when the actual voltage ratio
of Vout-a to Vin-a is approximately 2:1. When this ratio devi-
ates, C1-a undergoes charge and discharge cycles, leading to
an increase in loss caused by charge redistribution and hence
unnecessary energy loss which ultimately reduces the energy
conversion efficiency. In practice, multiple single-stage vol-
tage doublers are cascaded, and the voltage ratios are dyna-
mically adjusted. An optimum voltage ratio that always
matches the real-time ratio is a crucial factor for efficient
boost conversion (Yoon et al. 2022).
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Figure 1(b) demonstrates boost conversion through an
inductive element (L), where two switches operate alter-
natively. When S1-b is closed and S2-b is open, current flows
through L and generates a magnetic field which stores
energy in L. When S1-b is open and S2-b is closed, the mag-
netic field releases through a voltage which is additive to
Vin-b, resulting in an increased Vout-b. Since L is continu-
ously transferring energy between the input and output
ends, Vout-b, i.e., the accumulated voltage across C0, keeps
increasing. This mechanism allows Vout-b to eventually
become higher than Vin-b. By adjusting the duty cycle of
the switches, the converter may regulate Vout-b to be at the
desired level. The value of the inductance significantly
influences energy storage and release rates. A larger induc-
tance induces a larger energy storage capacity but can lead
to slower voltage adjustment while a smaller inductance
enables faster voltage adjustment but compromises on
energy storage capacity. In addition, the switching fre-
quency is also vital, with a higher frequency facilitating
faster energy transfer but leading to increased loss. Balan-
cing the inductance and switching frequency is critical for
the optimization of IN boost converter.

1.4 Rationale of this work

In general, the IN boost converter tends to be bulky due to the
inevitably large physical size of the inductor. Historically, IN
boost converters have been mainly used for high-power
(>100mW) applications while SC boost converters have been
limited to low-power (<100mW) applications (Seeman et al.
2010). Previous study has also reported that SC boost conver-
ters can also become promising for high-power applications
with advantages in terms of switch utilization, reactive utiliza-
tion, and integration (Seeman et al. 2010). Nowadays, when the
power management task also needs to be applied to ultralow-
power (<1mW) applications as is the case for indoor light

energy harvesting, default options have still been SC and IN
boost converters.

Nevertheless, due to the limited number of options for
commercially available PV, power management and energy
storage components that can be used to build the systems,
one cannot assume the SC option to be more advantageous
than the IN counterpart, and the knowledge gap here is that
no study has focused on comparing SC and IN boost converters
for indoor light energy harvesting applications on a system
level. A standalone high-performance PMIC may not be blindly
matched with any individual high-performance indoor light
harvester. This is because there are many key features in
PMICs which determine the overall efficiency of the entire
energy harvesting system, including high boost conversion effi-
ciency, maximum power point tracking (MPPT), overcharge
and over-discharge protection, low voltage start-up, and lowest
footprint with fewest passive components (Chong et al. 2019).
An inappropriate matching due to varying input-output condi-
tions between an individual high-performance PMIC and a
high-performance harvester may surprisingly lead to a low
overall energy harvesting capability for the entire system. A
key challenge in successfully pairing PMICs and harvesters is
accounting for the fluctuating input light source and real-time
battery voltage during charging.

Hence, this study evaluates the charging efficiency of
batteries connected to distinct types of commercially avail-
able PMICs and harvesters tested under various lighting
conditions. Results suggest that combination of the better-
performing individual harvesting, power management, and
storage component options does not necessarily give a
better system-level performance. However, in practice, it
is the system-level performance matters rather than that
of discrete components. The work provides insights into
the selection criteria of PMICs in consideration of the energy
harvesters to be connected in practical use cases. It also
suggests a solution for making self-sufficient IoT systems
under indoor light. In particular, despite the fact that the

Figure 1: Schematics of (a) SC and (b) IN boost converter circuits.
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IN PMIC tends to be bulky, its performance seems to be
unbeatable by the SC PMIC in terms of battery charging
efficiency. Efficiency is a brutal criterion of judgement for
practical applications of ultralow-power indoor light energy
harvesting.

1.5 Structure of this study

Section 2 elaborates the reason and method of selecting the
commercial PMIC and PV cell components in this work. It
should be noted that the comparisons made for the PMIC
and PV cells are not to judge their individual performances
but rather to provide key specifications that are carefully
considered in order to build a compatible energy har-
vesting system using these components. Other available
options may perform better but are not necessarily com-
patible with the low intensity of indoor light as the input
energy to the system. The testing method is also described
in Section 2.

Section 3 comprehensively shows the testing results
and thus indicates the fact of how and why combination
of better-performing individual components may not neces-
sarily induce a better system-level performance. It also
suggests what kind of integration can achieve a fully self-
sufficient IoT sensing system under ambient indoor light.

Section 4 provides energy harvesting designers with
crucial criteria when considering building a commercially
viable indoor light energy harvesting system. Section 5
concludes this work and gives perspective for possible
further developments.

2 Methodology

2.1 Selection of the PMICs

Indoor light sources provide an intermittent and irregular
supply of energy in practice. For this reason, the PMIC used
to manage the harvested energy to charge the energy sto-
rage should be intelligently adaptive to dynamic ambient
conditions and have a low power consumption. Although
there are several energy harvesting chips in the market,
selection of the right chip can be a challenging task since it
is mostly application specific. A number of key specifica-
tions need to be considered carefully.

In this study, two commercially available PMICs for
energy harvesting purposes were selected for evaluation.

They operate on the SC and IN topologies, respectively, as
has been introduced in Section 1. The SC integrated circuit
(IC-1) was designed to extract power from indoor light (DC
signals) and vibrations (AC signals) for charging batteries
or supercapacitors. It is known for its very low assembly
footprint, which is beneficial for applications with space
constraints. The IN integrated circuit (IC-2) was designed to
receive only DC power from PV cells efficiently for char-
ging batteries and supercapacitors. It has an integrated
ultralow-power boost converter as well as an efficient
low drop-out voltage regulator to drive low-power wireless
applications. The key parameters of IC-1 and IC-2 are listed
in Table 1.

It should be particularly noted that the comparison in
Table 1 was not made to judge the performance of the two
products. It rather presents the absolute limits of each
PMIC as defined by their datasheets. These specifications
were fixed and inherent to each PMIC, serving as funda-
mental parameters guiding the analysis of their perfor-
mance under various conditions.

For instance, the input power range for IC-1 was spe-
cified as 10 μW–2 mW, while for IC-2, it was 3 μW–550 mW.
The input voltage range for IC-1 spanned from 300mV to
5 V, while for IC-2, it ranged from 50mV to 5 V. These values
highlight the absolute operational limits of each PMIC
rather than the conditions under which they were tested.
In this work, common ranges for the input operating con-
ditions were chosen to match the voltage and power ranges
of other integrated components in the systems to be tested,
including (1) Li-ion battery as the energy storage compo-
nent which could operate within the typical range of
3–4.2 V, aligning well with the output voltage range of the
PMICs and (2) PV cells that were specifically designed for
indoor lighting conditions as the energy harvesting compo-
nent, selected based on their open-circuit voltage ranging
from 2 to 3.8 V and maximum power levels ranging from 23

Table 1: Comparison of key specifications of the chosen PMICs in
this work

IC-1 IC-2

Supplier Nowi E-peas semiconductors
Model NH2D0245 AEM10941
Input power 10 μW–2 mW 3 μW–550 mW
Input voltage 300 mV–5 V 50 mV–5 V
Output voltage 2.5–5 V 1.2–4.5 V
MPPT algorithm Hill climbing Open-circuit voltage based
Quiescent current 625 nA 450 nA
Efficiency 60–80% 70–95%
Topology SC IN
Area 12 mm2 25 mm2
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to 609 μW, as is given in Table 2. These values overlap the
input range of the chosen PMICs, ensuring a fair evaluation
in this work.

It is admitted that finding these two particular com-
mercial PMICs which were suitable for ultralow-power
indoor light energy harvesting was not easy. They were
selected from all available commercial options for this
work by rating and screening the claimed performances
on the manufacturers’ datasheets while also considering
the energy harvesting capabilities of the selected PV cells
introduced in Section 2.2.

2.2 Selection of PV cells for indoor light
harvesting

Two light harvesters specially made to operate under low-
level lighting conditions were selected after a trade-off
between the output capabilities of the harvesters and the
input capacities of the ICs listed in Table 1. Table 2 sum-
marizes the key parameters of the selected PV cells. Both the
cells, i.e., the LAYER OPV (organic PV) cell (Dracula Technol-
ogies 2023) (referred as Harvester-1 hereafter) and the Power-
Film LL200-2.4-37 amorphous silicon (a-Si) cell (PowerFilm
Solar 2023) (referred as Harvester-2 hereafter), respectively,
were purchased. Both of them were designed to be light-
weight, flexible indoor modules which can be easily inte-
grated to IoT devices (Mathews et al. 2019).

2.3 Test configuration

Figure 2 illustrates the test configurations used in this
work. To analyze the performance of IC-1 and IC-2, corre-
sponding evaluation kits provided by the manufacturers
were used. For the individual evaluations of IC-1 and IC-

2, the controlled input was provided by a source meter
(Model 2450, Keithley, USA) which was directly connected
to the input pins of the PMIC (Figure 2(a)). For integrated
evaluations of the energy harvesting systems (i.e., PV cell +
PMIC), the PV cell under illumination replaced the source
meter and was connected to the input pins of the PMIC to
provide the input power (Figure 2(b)). A 10 W smart LED
bulb (KLL760P-10, UNILUX, France) with adjustable light
intensity and color temperature was used as the light
source. The preset light intensities were measured and
validated with a color spectrometer (RGBW200, ELV, Ger-
many). The color temperature of the input light was fixed
at 3,800 K. This color temperature was determined based
on the Kruithof curve in which light intensities involved in
this work’s measurement mostly sit in the ‘‘pleasing’’
region. The output pins of the PMIC were connected to a
battery simulator (2281S, Keithley, USA) which mimicked
the behavior of a Li-ion battery. The input and output
currents and voltages were measured in real time using a
DC power analyzer (N6705B, Keysight, USA) where the data
were read and processed by a computer. A general outlook
of the measurement setup can be seen in Figure 2(c).

In this work, the performance of the PMICs and the
energy harvesting systems was quantified by the overall
efficiency in the energy harvesting process where the elec-
tricity flowed from the harvester to the PMIC and was then
transferred to the energy storage element. Such an effi-
ciency (η) is defined by equation (1).

( · ) ( · )= =η P P I V I V/ / ,o i o o i i (1)

where Pi represents the input power to the PMIC, which is
delivered by either the source meter or the PV cell. Pi can
be calculated using the input current (Ii) and input voltage
(Vi) as measured by the DC power analyzer. Po denotes
the output power of the PMIC, which charges the energy
storage. Po can be determined using the output current
(Io) and output voltage (Vo) measured by the DC power
analyzer.

Table 2: Summary of key parameters of the selected PV cells in this work

Harvester-1 Harvester-2

Model name LAYER OPV (Dracula Technologies 2023) LL200-2.4-37 (PowerFilm Solar 2023)
Manufacturer Dracula Technologies, France PowerFilm, USA
Technology Organic PV Amorphous silicon
Size 64 mm × 69mm 54mm × 36.5 mm
Output power 0.52–13.79 μW/cm2 3.45–22.78 μW/cm2

Short-circuit current 13–255 μA 43–214 μA
Open-circuit voltage 3–3.8 V 2.4–2.7 V
Input light intensity 50–1,000 lux 200–1,000 lux
Output power range 23–609 μW 68–449 μW
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2.4 Test methods

This study evaluates η in three ways where two of them
used the source meter as the controlled input under simu-
lated ideal conditions. The third method used the PV cells
under real indoor lighting conditions as the actual input.
Table 3 summarizes the three test methods.

2.4.1 Test method 1 (TM-1)

The battery voltage was controlled by the battery simulator
while varying the PMIC’s input by means of the source

meter. The aim of TM-1 was to examine the performance
of the PMICs across the full range of the input specification
limits stated in the datasheets at different battery voltages.
Here the input current and voltage were adjusted by the
source meter and did not violate the maximum ratings of
the PMICs as listed in Table 1. Three different battery vol-
tages, 3, 3.7, and 4 V, respectively, were fixed throughout
each measurement round. These battery voltages were
selected because they are within the vicinity of typical
low cut-off, middle plateau, and high cut-off voltages of
typical Li-ion batteries. The rationale is that in practice,
different IoT devices need to work with different battery

Figure 2: Schematics and pictures of the test configuration. (a) For test methods where the source meter provides the controlled input power; (b) For
test methods where the PV cell provides real input power by harvesting indoor light; (c) An overview of the test setup in practice.

Table 3: Summary of the test methods used for the analyses

Method Description

TM-1 Analyze η by varying the input power for different battery voltage settings
TM-2 Analyze η across the entire battery voltage range for fixed input power settings
TM-3 Analyze η across a series of indoor light intensities using two different PV cells

6  Tharaka Kaushalya et al.



voltages and the charging efficiency of the energy har-
vesting system may be influenced by the battery voltage.
Since IC-1 offers two power range settings, namely, high
power (HP) and low power (LP) modes, the evaluation was
done for both the modes.

2.4.2 Test method 2 (TM-2)

The input was controlled by the sourcemeter while allowing
the battery voltage to evolve when subject to charging. The
purpose of TM-2 was to investigate the change in ηwhen the
battery was being charged from 3 to 4.1 V. Such a voltage
range is often used in practice for Li-ion batteries and the
relative level of battery voltage can be used to indicate the
state of charge (SOC). For instance, in this study, the SOCwas
considered to increase from 0 to 90% when a typical Li-ion
battery is charged from 3 to 4.1 V. The input voltage to the
PMICs was fixed at 2.5 V and the input current limit was set
to be 1mA. This setting was determined to ensure that the
absolute input power limits of the PMICs would not be vio-
lated and the PMIC under test would always boost the vol-
tage from 2.5 V (an approximate medium output voltage
value for indoor PV cells). During each measurement round,
the battery simulator's model was charged via the PMIC
under examination. The corresponding input/output voltage
and current were recorded until the battery voltage reached
4.1 V (SOC = 90%).

2.4.3 Test method 3 (TM-3)

The PV cells were used to charge the battery without any
active control in the circuitry. The purpose of TM-3 was to
evaluate the PMICs’ performances in real scenarios. The

incident light varied from 75 to 3,500 lux, a range chosen
to reflect the recommended indoor lighting conditions for
public and private spaces (Brown et al. 2022). Here the
PMIC output was connected to the battery simulator and
the PMIC input was connected to the PV cell. The average
current and voltage were recorded in a 1-min-period for
each lux level of the incident light. It should be noted that
the above tests were carried out in an air-conditioned
laboratory and temperature of the PV cells was verified
by a thermocouple to be stable at approximately 21°C
throughout the tests.

3 Results

3.1 TM-1

Figures 3 and 4 show the results of TM-1 for IC-1. The η
values started to decrease significantly when the input
power went up towards 2 mW in the HP mode (Figure
3(a)) and towards 1 mW in the LP mode (Figure 4(a)).
Such efficiency drops were expected according to the spe-
cifications of the IC-1 listed in Table 1. Here the power
modes for the IC-1 are labelled as LP for input power of
up to 1 mW and HP for input power of up to 2 mW. In
general, the largest η values (>70%) were delivered in the
input power range of 40–500 μW for the HP mode and
20–200 μW for the LP mode, respectively. This was also
reflected by the input current where the peak input cur-
rent at maximum efficiency for the HP mode lay at 50 μA
(Figure 3(b)) and that for the LP mode was at about 20 μA
(Figure 4(b)). It is obvious that the claimed range of η
values (60–80%) could be achieved in the input range of

Figure 3: Dependence of η on (a) input power and (b) input current for the IC-1 in HP mode with different battery voltages.
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20 μW–2 mW regardless of the power mode, which closely
corresponds with the peak efficiency values from manu-
facturer’s data (Table 1).

Figure 5 shows the results of TM-1 for IC-2 where distinc-
tive η values were obtained at different battery voltages. At
the battery voltage of 3 V, the charging efficiency was con-
stantly maintained between 70 and 75% throughout the
entire input power range (Figure 5(a)), and the same
appeared also for the entire input current range (Figure
5(b)). Impressively, the input current range was as wide as
several orders of magnitude, spanning from 10 μA to 4mA. In
contrast to IC-2, the efficiencies could become as low as
30–50% for IC-1 when the input power was approaching
10 μW (Figures 3(a) and 4(a)). This implies that IC-2 might
be more suitable for charging low-voltage batteries under
highly variable lighting conditions, compared to IC-1. For bat-
tery voltages of 3.7 and 4 V, IC-2 could still deliver relatively

stable η values of around 90% if the input power was above
100 μW. Even though the η values varied significantly at input
powers of <100 μW, IC-2 clearly preferred to charge batteries
at higher voltage levels with a higher charging efficiency at
any input power level (Figure 5(a)). However, this was not the
case for IC-1 in the LP mode where the η values at the battery
voltage of 3 V (75–80%) were much higher than those at 3.7 or
4 V (55–75%) around the input power of 10 μW (Figure 4(a)). A
similar difference could also be seen in the HP mode near
10 μW despite the much smaller η values in general (only
20–30%, Figure 3(a)). For both the HP and LP modes of IC-1,
the difference of charging efficiencies caused by battery vol-
tages was not obvious anymore in the input power range of
100 μW–1mW. The performance of IC-2 in Figure 5 was also
consistent with the data in Table 1 (70–95% efficiency).

In summary, the results of TM-1 suggest that, given the
same input power settings and the same battery voltages,

Figure 4: Dependence of η on (a) input power and (b) input current for the IC-1 in LP mode with different battery voltages.

Figure 5: Dependence of η on (a) input power and (b) input current for the IC-2 with different battery voltages.
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the efficiency of IC-2 was much higher and more consistent
compared to that of the IC-1.

3.2 TM-2

Figure 6 shows the results of TM-2, i.e., the dynamic
responses of the charging efficiency with the real-time bat-
tery voltage for the IC-1 HP mode, IC-1 LP mode, and the IC-
2 were revealed. The raw data directly calculated from
equation (1) included unreal spikes caused by instanta-
neous zero input current during the MPPT actions, as
shown in Figure 6(a)–(c). To exclude these artefacts, fil-
tered data are shown in Figure 6(d)–(f).

A linear relationship between the filtered η and the
battery voltage was found in both the HP and LP modes
for IC-1 (Figure 6(d) and (e)). The boosting conversion was
more effective in the HP mode compared to the LP mode
where the average η values evolved from 55% to approxi-
mately 70% in the HP mode (Figure 6(d)) while the increase
was from 50% to only 60% for the LP mode (Figure 6(e))
across the entire battery voltage range (SOC = 0–90%).

Since, according to Figures 3 and 4, the battery voltage
affected the η values to a less extent compared to that
shown in Figure 5, the charging efficiency behaviors for
IC-2 were less dynamic and more consistent in real time
despite the increased level of efficiency at above 3.5 V bat-
tery voltage.

In comparison, IC-2 performed more dynamically com-
pared to IC-1 with the evidence of a jump in the average η
values when the battery voltage went beyond 3.6 V (Figure
6(c)). Under 3.6 V, the average charging efficiency was
about 70% and at above 3.6 V, the average efficiency was
boosted to roughly 90%. This was consistent with that
shown in Figure 5. The noticeable jump in efficiency of
the IC-2 around 3.6 V can be attributed to the PMIC's
internal power mode change as suggested in the datasheet.
However, the real-time variation of η values for IC-2 at the
battery voltage of >3.6 V (SOC > 57%) was substantial,
implying more effort made by the boost converter to
achieve a high efficiency at the cost of operational stability.

In summary, the results of TM-2 suggest that, at a given
input power setting, the efficiency of IC-2 remained much
higher than that of IC-1 across the entire operation voltage
range of the battery.

Figure 6: Dependence of η on battery voltage during charging for IC-1: (a) and (d) HP mode, (b) and (e) LP mode, and (c) and (f) for IC-2. (a)–(c) show
calculated raw data and (d)–(f) show filtered data excluding artefact noise.
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3.3 TM-3

Figure 7 shows the results of TM-3 where the input power
to the PMICs was provided by actual PV cells under illumi-
nation. In the full range of the incident light intensity (up to
3,500 lux), Harvester-1 delivered higher input power to the
PMICs than Harvester-2 when connected to IC-1 HP mode
and IC-2 (Figure 7(c) and (d)). This could be expected to
some extent from the manufacturer’s data (Table 2). How-
ever, when connected to IC-1 LP mode, both the PV cells
exhibited almost the same energy harvesting capability. It
indicates that the PMICs influenced the entire energy har-
vesting capabilities already starting from the harvester’s
input side. Such an influence became even more obvious
and dominant on the output side when the electricity flowed
into batteries. For instance, at incident light intensities lower
than 200 lux, Harvester-1 (organic PV) connected to IC-1

always outperformed Harvester-2 (amorphous silicon) con-
nected to IC-1 for both the HP and LP modes in terms of η
values (Figure 7(a) and (b)). The advantage of using Har-
vester-1 over Harvester-2 could reach up to 200–300%,
much larger than that shown in the manufacturers’ data-
sheets (Table 2), given that the same IC-1 was connected.
When the incident light was stronger than 200 lux, the dif-
ference caused by the PV cells in the IC-1 energy harvesting
systems became almost negligible despite the fact that Har-
vester-2 started to outperform Harvester-1 in the systems
when the light intensities were over 2,000 lux.

Nevertheless, the advantage of Harvester-1 vanished, or
alternatively the performance of Harvester-2 was boosted to
the same level as that of Harvester-1, when IC-2 was used
instead of IC-1. In such cases, both the systems (Harvester-1 +
IC-2 and Harvester-2 + IC-2) were able to deliver stable char-
ging efficiencies of approximately 80% across the entire

Figure 7: Dependence of η (a) and (b) and input power (c) and (d) on incident light intensity for different combinations of PV cells and PMICs. The
insets of (c) and (d) show close-ups for dependence of input power on incident light intensity of <100 lux. The input power was provided to the PMIC
by the PV cell exposed to indoor light. The results were obtained at a simulated battery voltage of 3.5 V.
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range of the tested light intensities (Figure 7(a) and (b)). Such
η values were generally higher than those delivered by the
IC-1 systems regardless of which PV cell was used.

In summary, the results of TM-3 suggest that the effi-
ciency of IC-2 across the entire range of input light intensity
was generally higher and more consistent compared to
that delivered by the IC-1 systems, regardless of the type
of the PV cell used.

3.4 Charging a real battery under real office
lighting conditions

By analyzing all results from TM-1, TM-2, and TM-3, it can
be clearly seen that IC-2 performed better than IC-1 given
the same input settings. To demonstrate the importance of
properly selecting both the harvesters and PMICs as an
overall system, an actual 500 mAh Li-ion battery at 3.7 V
was finally connected to the systems to replace the battery
simulator used in TM-1, TM-2, and TM-3. The battery was
charged under an office lighting condition of 750–800 lux
with a color temperature of about 4,300 K and the data
were collected for a period of 1 min for each measurement
(the same as that in TM-3).

Figure 8 provides information of the pristine output
from the PV cells. Table 4 compares the performance of
different energy harvesting systems with the individual
performance of the components (PV cells and PMICs) stated
by the manufacturers. When the PV cells were not con-
nected to any PMIC or battery, the measured pristine
output power of Harvester-1 was almost 70% more than
the value provided by the manufacturer, while for Har-
vester-2, the measured pristine output power agreed well
with the manufacturer’s value. This may be because,

compared to other types of PV cells, Harvester-2, which
was made from amorphous silicon (Table 2), could be less
influenced by the light spectrum used in this work, which
was possibly different from that used to obtain the man-
ufacturer’s data (Li et al. 2015). The significant difference
between Harvester-1’s measured pristine output and its cor-
respondingmanufacturer’s value was then likely to be caused
by the different spectral conditions.

When PMICs and batteries were connected, the average
output powers from the PV cells generally agreed with those
shown in Figure 7(c) and (d). The η values were also con-
sistent with the claimed PMIC efficiencies to a large extent.
For the systems combining PMICs with the harvesters, sur-
prises were found in the actual delivered power to the
PMICs from the harvesters. Harvester-1 always delivered
>50% higher power than that claimed in the datasheet while
Harvester-2 always delivered 15–50% lower power than that
claimed in the datasheet, regardless of which PMIC was
connected. This fact, once again, highlights the importance
of selection and matching of different components for
the entire energy harvesting system where any single
performance of individual components may become
less determinate.

3.5 Estimation of battery life extension in
real applications

In order to validate how the indoor light energy harvesting
can be used to improve the battery life or to make an IoT
application energy autonomous, a real application sce-
nario of a building management system was considered.
Here the sensor measured and processed the air quality,
pressure, temperature, and humidity of a room. The data

Figure 8: Dependence of current and power on voltage (I–V curve and P–V curve) measured as a pristine output directly provided by (a) Harvester-1
and (b) Harvester-2, which were not connected to any PMIC or battery, under office light of 750–800 lux intensity with a color temperature of about
4,300 K.
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were transmitted to a cloud server using low-power LTE-M
connectivity. By using the sensor datasheets and the Nordic
Online Power Profiler for LTE web applications (Nordic
Semiconductor 2023a), the total energy budget of an IoT
application that uses LTE-M cellular connectivity to transmit
100 bytes of sensor data was calculated. Table 5 compares the
total average current consumption of the stated IoT smart
building application using the BME688 environmental sensor
(Nordic Semiconductor 2023b) and nRF9160 LTEmodem (Bosch
Sensortec 2023) across different transmission intervals.

The gain in battery life by days was calculated under
different energy harvesting configurations and data trans-
mission intervals for the same battery by combining the
outcomes of Tables 4 and 5, assuming that the light inten-
sity and efficiency of the ICs remain fixed. Having demon-
strated much higher efficiency in previous TM-1 and TM-2,
IC-2 continued to show better performance in comparison
to IC-1 with a much greater improvement in battery life
across all the data transmission intervals, as shown in
Table 6. The calculations also assumed the ambient light
to be constant for 24 h per day as well as the battery’s
capacity to be 500mAh, which neglected possible aging
effects of both the battery and PV cell. This outcome was
not unexpected and served to confirm the earlier findings in
this work. Harvester 1 with both IC-1 and IC-2 configurations
showed a significant improvement in battery life compared

to Harvester-2. This is analogous to the findings of TM-3.
These results imply that Harvester 1 is more effective in
converting indoor light energy into electrical energy, under-
scoring the significance of careful selection of harvesters to
ensure extended battery life. The results also indicate that
the choice of IC-1 operating mode (HP/LP) did not affect the
battery life for the selected light intensity. The finding of the
Harvester-1 with IC-2 configuration being energy autono-
mous for longer transmission intervals is intriguing (Table
6), as this could potentially eliminate the need for battery
replacements or recharging for such applications. It is worth
mentioning that IC-1 in combination with Harvester-1 had
the potential to achieve energy autonomy if the data trans-
mission interval were to be extended beyond 30min.

4 Discussion

In principle, when the battery is charged more efficiently,
less energy is wasted in the form of heat, which may
further improve the efficiency of the energy harvesting
system by minimizing the effect of temperature on the
properties of the materials and components. Increased
charging efficiency can induce improved performance and

Table 4: Comparison of the performance of different energy harvesting systems when charging a 500 mAh Li-ion battery at 3.7 V for 1 min under
indoor light

PV cell Pristine output
power from PV
cell (μW)

PMIC Output power from
PV cell when
connected to
PMIC (µW)

Approximate PV cell
output power from
datasheet (µW)

Input power
to
battery (µW)

η (%,
measured)

PMIC η in
datasheet (%)

Harvester-1 950 IC-1 HP 857 550 616 72 60–80
Harvester-1 950 IC-1 LP 821 550 616 75 60–80
Harvester-2 355 IC-1 HP 189 330 109 58 60–80
Harvester-2 355 IC-1 LP 181 330 112 62 60–80
Harvester-1 950 IC-2 914 550 850 93 70–95
Harvester-2 355 IC-2 283 330 241 85 70–95

Table 5: Comparison of the average current consumption across dif-
ferent transmission intervals and required battery life for a 500 mAh
Li-ion battery

Data transmission interval (minutes) 5 10 15 30
Average current for communication (µA) 322 162 109 90
Average current for sensing and
processing (µA)

90 90 90 90

Average total current (µA) 412 252 199 180
Battery life (days) 60 83 105 116

Table 6: Comparison of the battery life improvement (gain of extended
lifespan) by days for a 500 mAh Li-ion battery across different trans-
mission intervals with indoor light harvesting

Data transmission interval (min) 5 10 15 30

Harvester-1, IC-1 HP 34 160 527 1,372
Harvester-1, IC-1 LP 34 160 527 1,372
Harvester-2, IC-1 HP 4 11 19 23
Harvester-2, IC-1 LP 4 11 19 23
Harvester-1, IC-2 64 864 ∞ ∞

Harvester-2, IC-2 9 29 51 65
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longer battery life due to less variation in rated battery
voltage and capacity. For a given input power, when the
charging efficiency increases, the energy storage can be
charged faster. This provides the opportunity to scale down
the size of the battery, thereby reducing the overall size of the
IoT system. This is a major benefit the designers should take
advantage of at the IoT system’s level in space-constraint
applications, rather than working on improvements of sepa-
rate components.

In this work, IC-2 outperformed IC-1 in every test case.
The efficiency of IC-2 remained consistent across all power
levels (10 μW–3mW), whereas IC-1 efficiency dropped dras-
tically at higher input power levels. The most prominent
factor for this behavior could be the design architecture of
the conversion circuit. In IC-1, the multi-stage, ratio-reconfi-
gurable SC converters, as has been discussed in Section 1.3,
aim to improve the conversion efficiency by offering mul-
tiple optimum voltage conversion ratios via building cas-
cading stages. However, when the input source and the
output battery voltage dynamically vary during the energy
harvesting process, it could be challenging to maintain an
optimum voltage ratio. In addition, only a limited number of
optimum ratios could be practically implemented because
additional stages could lead to an increase in loss and then
further decrease the overall efficiency. Therefore, the actual
voltage ratio deviated from the real-time optimum values and
resulted in an increased charge redistribution energy loss
(PCRL) through the capacitor which is described by equation (2).

( )= ∆P C V
1

2
,CRL

2 (2)

where C is the equivalent capacitance and ΔV is the voltage
difference between the input and output ends.

In comparison, the IN boost converter in IC-2 con-
trolled the voltage ratios more effectively in a dynamic
working environment. Its inherent adaptability enabled
it to handle fluctuations of input and output voltages
during the energy harvesting process. This was achieved
by precisely adjusting the duty cycle of the energy flow
regulation in real time, which could probably only be
viable with an inductor. IC-2’s architecture stored energy
in magnetic fields, which resulted in lower losses and
higher efficiency compared to the charge transfer process
dominated by the parasitic resistance of the capacitors in
IC-1’s architecture. Compared to off-chip inductors, the
parasitic resistance of the on-chip capacitors could limit
the maximum power handling capability and reduce the
overall efficiency of the converter (de Souza et al. 2021).
The key factors that determine the overall efficiency of the
DC–DC conversion circuit are listed as follows (Forouzesh
et al. 2017, Sivakumar et al. 2016):

a) Switching frequency: Higher switching frequencies can
result in higher switching losses within the transistors
and hence the switching frequency should be optimized
for system requirements.

b) Boost conversion ratio: Ratio of the output voltage to
the input voltage is the conversion ratio of a DC–DC
converter. When the difference between the input and
output voltages is high, power losses will also be high
due to the resistance of the switching components and
passive elements.

c) Power switch: Power switch is used to control and reg-
ulate the power delivered to the load. Its switching fre-
quency and resistance determine the efficiency and
output voltage of the DC–DC converter and hence it
should be optimized for the specific requirements of
the energy harvesting system.

d) Inductor and capacitor values: The values of the inductor
and capacitor in the boost converter circuit impact the
efficiency and performance of the converter. These values
should be chosen carefully to achieve the desired system
size, performance, and efficiency of the converter.

e) Impedancematching: Impedancematching can be achieved
in two ways. First, the input impedance of the DC–DC con-
verter should be matched to the output impedance of the
harvester. Second, the impedance of the load should be
matched to the impedance of the converter's output.
These matching requirements should be carefully con-
sidered using passive components and different algo-
rithms to maximize the efficiency by reducing the losses
of the converter.

Regardless of the selected IC, Harvester-1 (OPV) yielded
better output power under indoor lighting conditions com-
pared to Harvester-2 (a-Si). Hence, selection of the right
energy harvester is also a crucial factor which determines
the overall efficiency of the system. Indoor light harvesters
have a limited range of sensitivity to different wavelengths
of light. They are typically designed to work under artificial
light sources, such as LED, fluorescence, and incandescent
lamps, and thus exhibit a narrow spectral response similar
to that of the light sources (Muhammad et al. 2021). OPV
cells are known to have a better performance under low-
light conditions and can generate electricity from a much
wider spectrum of indoor light than a-Si type cells (Xie
et al. 2021). The operational voltage and current ratings
of the selected harvesters should match the input ratings
of the conversion circuit. If there is any mismatch, it can
negatively impact the rated efficiency, actual delivered
power level, and even safety of the conversion circuit.

Achieving high efficiency over a wide range of battery
voltages is vital for optimal performance. This is
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particularly important for Li-ion batteries, which exhibit a
relatively flat voltage area across the battery’s SOC range.
The flat area voltage level is dependent on the exact chem-
istry of the selected battery. Hence, a well-designed PMIC
should provide consistent, high efficiency across a wide
range of battery voltages, covering the characteristics of
the battery chemistry families.

Undoubtedly, in addition to the internal contributions
from the systems, the position of the energy harvesting sys-
tems also plays an essential role in practice. To receive neces-
sary energy, the harvesters and thus the systems should be
placed as close to the light source as possible. Shadowing by
surrounding objects should be eliminated. The orientation of
the harvesters should directly face toward the light source
and the angle of incident light should be optimized. The
system designers should carefully assess the harvester sizes
and ratings so that they fit within the space and weight con-
straints for certain use case.

Effective approaches for design and selection of future
PMICs for IoT applications powered by indoor light energy
harvesting need an essential, thorough analysis of the key
parameters associated with the PMICs. For this scenario,
the key parameters that IoT system-level designers should
pay attention to are listed as follows.
i. Measured efficiency. This parameter refers to the
measured boost efficiency over required input and
output voltage range of the PMIC.

ii. Cold startup condition. This rating refers to the minimum
input voltage or power that should be supplied to the PMIC
to wake it up from the idle state to the activated state of
the DC–DC boost conversion.

iii. Power ratings and input range. These ratings refer to
the maximum and minimum limits of voltage, current,
and power inputs that a PMIC is capable of handling.

iv. Overcharge and over-discharge protection. This rating
refers to the presence of an internal protection circuitry to
protect the battery frombeing overly charged or discharged.

v. MPPT. This feature tracks the varying input power
conditions and finds the optimum point to harness
and thus maximizes the power from the harvester.

vi. Ease of integration and cost. Important factors regarding
the integration of the PMIC into the entire system include
physical size, additional passive components, shape, and
cost of the PMIC.

5 Conclusion and perspectives

This work has evaluated the system-level performance of
indoor light energy harvesting systems integrating different

types of PV cells, boost converters working on two distinct
mechanisms, and a Li-ion battery. The systems were built
using all-commercial components. Despite superior indivi-
dual performance, results suggest that the IN boost converter
unambiguously outperforms the SC counterpart in terms
of battery charging efficiency when integrated into such
ultralow-power indoor light harvesting systems. Detailed
reasons for the IN boost converter’s superior performance
have been discussed. Despite the fact that an SC boost con-
verter offers more space saving for the entire IoT system, its
inferior battery charging performance in the context of con-
nection to harvesters and batteries diminishes this good
reason for choosing it to build the PMIC for practical indoor
light energy harvesting systems.

By carefully choosing the energy harvesting compo-
nent (e.g., using OPV cells) and then pairing it with the
IN-type boost converter, IoT sensing systems powered by
ambient indoor light energy sources may reach an infinite
self-sufficiency under properly considered data acquisition
and transmission intervals. Mismatching the harvesting
and power management components, on the contrary,
would put the superior performance of individual compo-
nents in vain when working in a system, despite all the
apparently compatible characteristic on paper.

IoT system designers should consider compromising
the compactness of the PMIC by choosing the IN boost
conversion in order to reach superior energy harvesting and
better charging performance. The negative effect caused by
the relatively bulky IN PMIC may be compensated by a much
smaller battery size due to better charging efficiencies and
thus shorter charging times which promote the efficient use
of the limited energy budget for IoT systems.
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