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A B S T R A C T

Internet of Things (IoT) provides more and more adequate infrastructures for many applications and advanced
services. This context promotes the ability to satisfy the growing demand for innovative measuring systems,
increasingly popular with intelligent nodes, totally wireless, easy to install that require the least possible
maintenance. This paper aims to contribute to the state-of-the-art with an energy-autonomous and battery-
free measurement platform designed to measure the ambient light power when its level exceeds the Limit
of Detection (LoD) threshold. The proposed system consists of a single photovoltaic transducer to harvest
energy and simultaneously detect ambient light. The result is a wireless measurement platform, which requires
neither a battery nor a specific ambient light sensor, with the immediate advantage of achieving greater energy
efficiency and using fewer components. The device implements off-the-shelf components on a printed circuit
board (PCB) with a tag size of 2 × 2 cm2. Data communication is via Bluetooth Low Energy (BLE) and, the
device can acquire energy and detect ambient light from 250 lux.
. Introduction

The rapid development of modern IoT technologies, continual im-
rovements in sensor performance, and Wireless Sensor Networks have
ed to significant progress in the research of measurement systems and
mart devices [1–4]. The research of various measurement methods
ith different advantages has been ongoing for years to determine
ovel solutions in the context of autonomous and quasi-autonomous
easurement systems [5,6]. Autonomous energy systems represent an

merging paradigm and continuous inspiration for leading innovation
n scientific societies, research centers, and industrial sectors. The
rowing demand for wireless energy-autonomous measuring devices
otivates the scientific community to seek innovative solutions with

ncreasingly higher performance of reduced power consumption and
nergy harvesting capability. The energy can be harvested from dif-
erent sources, including light, electromagnetic waves, thermal, and
echanical vibration. These energy sources exploit various physical

ffects such as photoelectric, piezoelectric, electromagnetic, pyroelec-
ric, triboelectric effects, etc. [7–9]. Research in energy harvesting
echnologies is quite multidisciplinary as it concerns different scientific
ields ranging from functional materials and structures to system-level
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integration. A typical wireless energy-autonomous measurement system
is a complex system that involves the energy harvester, the power
management system, the connectivity, and the sensing element, used to
estimate the measurand, to be designed not only to reach the individual
optimal performance but above all the overall system performance.
Indeed system designers are continuously chasing solutions for the
optimal trade-off of cost and size decrease while attempting to reach
a higher range and battery life with ever lower power consumption
performance. One of the decisive choices is wireless connectivity to
use, where the prevailing tendency is selecting energy-efficient com-
munication technologies that adopt license-free industrial scientific
and medical (ISM) frequency bands [10]. Indeed, technology such as
Bluetooth Low Energy (BLE) and ZigBee have already been proved to
be the optimal solution to cover large areas with low-cost infrastruc-
tures in [11] for ZigBee and [12] for Bluetooth. The state-of-the-art
quasi-autonomous devices use a battery and the energy harvester,
often named sustainer, to recharge the battery. For this latter case,
in [13] authors have proposed an autonomous electronic system for
sunshine duration monitoring based on the contrast method and de-
veloped it to operate on a horizontal surface. The proposed solution is
vailable online 20 September 2021
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low-cost and has an autonomy of up to 20 h by recharging the batteries
through photovoltaic panels. In [5] is presented a wireless sensors
platform with an energetically autonomous node that is supplied by a
credit card size (8.6×5.4 cm2) photovoltaic transducer in combination
with a rechargeable battery that starts harvesting light energy from
100 lux. In [14] authors have introduced a battery-free platform that
uses an efficient body heat harvester. The device is capable of moni-
toring electrocardiogram, respiration, motion, body temperature, and
photoplethysmography. Another novel solution to decrease the power
budget, but using a battery as an energy source, is represented by
zero-standby method which, can drastically reduce the total power
budget of the measurement system [15–17]. This solution has been
used in a quasi-autonomous measurement system for energy vibration
estimation in the range of a few mJ. Other solutions are present in
literature, mainly focused on the possibility to realize autonomous
systems collecting energy from the environment such as RF energy [18]
and light energy [19,20]. Various measurement approaches are also
present in the context of wearable devices, such as in the article
proposed in [21], where authors propose an autonomous wearable
system for vital signs estimation that uses an energy harvesting module.
The solution is a smart T-shirt powered by the flexible solar panel
applied directly on it. The instrumented T-shirt measures respiration
rate, heart rate, and body movements. In [22], authors focus on a
fully energy-autonomous approach and propose a temperature-to-time
converter (TTC) for biomedical application solely powered by a tribo-
electric energy harvester (TEG). Recently, the idea of using a single
transducer that simultaneously plays the dual-role of the energy har-
vester and the sensor has been proposed in the literature with the
intent to reduce the number of transducers in measurement devices.
In [23], it is shown an energy-autonomous and battery-free beacon
solely powered by a photovoltaic transducer for indoor ambient light.
The article shows clearly how the variability of the light intensity leads
to a temporal variation in beacon broadcasting which is at the base
of the smart harvesting idea where a system harvests energy and uses
the same transducer to measure the power from which it is supplied
indirectly from the time it takes to charge an energy storage device
during the harvesting phase. Recent contributions related to this idea
are also provided in [24] where the system harvests the kinetic energy
and, at the same time, uses it to power the system and measure the
intensity of the vibrations and transmits data through an optical system
without the adoption of active conditioning architectures. Furthermore,
in [25] the authors have presented a fully energy-autonomous and
battery-free device to harvest the energy from RF signals and, at the
same time, measure their intensity. Therefore, the previous researches
have already demonstrated the feasibility of energy-autonomous and
battery-free measuring devices with a reduced number of transduc-
ers and lower energy requirement, which motivates, even more, to
proceed in this direction, assuming that such devices are of interest
to the scientific community. In this context, this paper addresses this
intriguing feature of an energy-autonomous and battery-free measure-
ment platform specifically designed to measure the same ambient light
power from which it is supplied. The measurement device is a wireless
measurement platform, which works without using a power supply
or batteries, and implements Bluetooth Low Energy (BLE) technology
for connectivity. Further, the time-domain readout of the sensing de-
vice implements an intrinsically digital architecture for the reading
interface, which compared to analog interfaces, is less complicated
and provides stronger robustness to noise and above all has a lower
power consumption, which is the most required feature for energy-
autonomous and battery-free devices [26]. The paper is organized as
follows: Section 2 illustrates the system in terms of architecture and
building blocks. Section 3 describes the system in terms of circuitry,
performances, and behavior. Section 4 deals with the working principle
and describes the light measurement methodology. Section 5 presents
the measurement setup, the experimental results, and the correla-
tion with theoretical targets obtained through mathematical equations.
2

Section 6 reports the final conclusions.
2. System description

The measuring system, illustrated in Fig. 1 is carried out through a
contiguous communication of the following two distinct units:

1 The Energy-Autonomous and Battery-Free Wireless Sensor
(EABFWS). This device is an ambient light sensor with wireless
communication. Its most requested feature is to be freely instal-
lable and distributed without costly and periodic maintenance
interventions. Furthermore, it must be low cost, size, and weight
but above all energy-autonomous and battery-free.

2 The Base Station (BS) is powered by a stable power source,
e.g., mains or large battery, and is equipped with a computing
unit and a BLE radio programmed to be continuously receiving.

3. System implementation

Referring to Fig. 2, the most relevant aspect to care in the implemen-
tation of the EABFWSN is the efficient management of the weak energy
scavenged by the environment. Therefore, the EABFWSN is designed
by adopting an ultra-low-power architecture where special attention
is also paid to the appropriate choice, in terms of power consump-
tion, of the commercial off-the-shelf (COTS) devices. Based on these
premises, for the power management subsystem, the ultra-low-power
microcontroller STM32L0 (by STMicroelectronics) has been identified
as the best choice [27]. The same considerations also apply to the
communication unit, which is the part of the system that consumes
most of the energy. It is worth pointing out that the system is agnostic
concerning the communication adopted between the EABFWSN and the
BS. In this regard, Low-Power Wide Area Network (LPWAN) systems
are relevant elements in IoT networks. Indeed these systems allow a
small amount of data to be efficiently transferred over long distances
and implement long-range communication such as LoRa, NBIoT, and
the like. However, long-range communication often implies that frames
require more time and therefore more energy to be sent or received
when compared to Wireless Personal Area Network (WPAN) systems
such as Bluetooth Low Energy, ZigBee, and other 802.15.4-based pro-
tocols [28]. In energy-autonomous systems powered through energy
harvesting, this increase in energy infers a larger size of the energy
storage device and consequently a longer time to harvest energy that
eventually implies a longer transmission duty cycle and an increase in
the size of the overall system. The present work implements BLE com-
munication which requires low energy consumption with an adequate
link budget while providing easy connection and human interaction
via smartphone. Bluetooth Low Energy operates in the 2.4 GHz ISM
band, where several other radios are active (WLAN, 802.15.4, ZigBee
. . . etc.). At 1 Mbit/s, the raw data rate of Bluetooth Low Energy is
high compared to that of other WPAN protocols. While this helps
to reduce the frames transmission time that translates into reduced
energy needs, on the other hand, it harms the transmission range.
Therefore, the Bluetooth Low Energy module BLUENRG-M2SP provided
by STMicroelectronics has been used [29].

Fig. 3 shows that, from the point of view of energy management, the
operation of the system, after the cold start phase, which is the phase
in which the voltage 𝑉𝑠𝑡𝑜𝑟 goes from 0 V to the maximum voltage 𝑉ℎ,
perpetually alternates the energy harvesting phase and the transmission
phase.

During the energy harvesting phase, the EABFWSN scavenges en-
ergy through the photovoltaic transducer and stores it in the capacitor
𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒, with a transmission phase in which the energy stored supplies
the BLE radio. The light energy is converted into electrical energy
by the photovoltaic transducer that provides a current that charges
the capacitor 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 and causes the increase of the voltage 𝑉𝑠𝑡𝑜𝑟. This
voltage variation is measured using the programmable power voltage
detector (PVD) unit of the STM32L0 microcontroller unit (MCU) that,

in this phase, is programmed to work in stop mode. When the voltage
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Fig. 1. System Description:- EABFWS: Energy-Autonomous Battery-Free Wireless Sensor- BS: Base Station.
Fig. 2. EAD block diagram.
𝑉𝑠𝑡𝑜𝑟 reaches the maximum value 𝑉ℎ, the system enters the data trans-
mission phase, the MCU enters again in stop mode to reduce its current
consumption and enables the voltage 𝑉𝑏𝑙𝑢𝑒 to rise through one of its
general-purpose input/output (GPIO) pins, to supply the BLE radio. As
the BLE radio turns on and the radio transmits, the power consumption
of the system is greater, and this causes the voltage 𝑉𝑠𝑡𝑜𝑟 across the to
drop due to the imbalance between the harvested and required energy.
During this phase, the 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 capacitor discharges as it supplies a
current to the system of the order of milli-amperes, which is higher than
the harvested current expected of the order of tens micro-amperes. As
soon as the voltage 𝑉𝑠𝑡𝑜𝑟 reaches the minimum value 𝑉𝑙, the MCU turns
off the BLE radio by resetting the signal 𝑉𝑏𝑙𝑢𝑒 which eventually falls.
This event causes the system to go back to the harvesting phase and
so on. The maximum value 𝑉ℎ of the voltage 𝑉𝑠𝑡𝑜𝑟 is chosen to 3.0 V to
comply with the maximum supply voltage of both integrated circuits
(IC) used for the implementation of the EABFWS and the maximum
voltage threshold value provided by the PVD unit. The maximum value
𝑉ℎ of the voltage 𝑉𝑠𝑡𝑜𝑟 is 3.0 V to comply with the highest supply voltage
of both integrated circuits (ICs) used for the implementation of the
EABFWS and the maximum voltage threshold value provided by the
PVD unit. The minimum value 𝑉𝑙 of the voltage is 2.4 V. 𝑉𝑙 must be
higher than the lowest bias voltage of the MCU unit, i.e., 1.8 V to keep
it operative and is defined as in (2). The photovoltaic transducer is used
not only as an energy harvester but also as a light sensor, therefore in
3

addition to the size and weight requirements also the performance of
power conversion efficiency (PCE) and maximum power point (MPP) at
the minimum specified light intensity with outdoor ambient daylight of
250 lux are decisive factors. The MPP of a photovoltaic energy source
is the optimum operating condition for the power transfer from the
power source to the load. Fig. 4, shows the variation of the current
and power provided by the photovoltaic transducer while varying the
voltage operating point of the voltage 𝑉𝑠𝑡𝑜𝑟 and the coordinates (𝑉𝑀𝑃𝑃𝑇
and 𝐼𝑀𝑃𝑃𝑇 ) of the maximum power point voltage and maximum power
point current, respectively. According to this, the operating point of
the voltage 𝑉𝑠𝑡𝑜𝑟 is chosen at the recommended voltage 𝑉𝑜𝑝𝑒 which
is close and lower than the voltage 𝑉𝑀𝑃𝑃𝑇 to undergo a sensitivity
in the variation of the current that is lower than what could occur
around the MPP point. Upon these considerations, the value of the
voltage 𝑉𝑜𝑝𝑒 must be within the voltage range (1.8–3.0) V to comply
with the voltage thresholds range that the PVD unit can provide. This
choice avoids using additional power management circuitry to either
step up or down the output voltage of the photovoltaic transducer
with related power inefficiency, circuit complexity, and costs. While
the system is harvesting energy, the BLE radio is off and, the system
load consists only of the quiescent current of the MCU in stop mode.
Therefore, during the harvesting phase, the MCU is configured to work
in stop mode with only the PVD enabled to monitor the 𝑉𝑠𝑡𝑜𝑟 voltage
and has a typical quiescent current consumption 𝐼 of ≈600 nA that
𝑚𝑐𝑢
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Fig. 3. EABFWS: Energy Harvesting and Transmission phase.
Fig. 4. Electrical Parameters of the Photovoltaic Cell.
Fig. 5. Bluetooth low energy advertising interval.
corresponds to the power consumption of ≈1.7 μW at the average
voltage of 𝑉 of 2.7 V. The quiescent power consumption of the system
4

𝑠𝑡𝑜𝑟
is the performance that most limits the detection limit (LoD) perfor-
mance of the detection system. Indeed, when the system is harvesting
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Fig. 6. Experimental measurements of 𝑉𝑠𝑡𝑜𝑟 and 𝑡𝑎𝑑𝑣 at two different illuminance levels 𝐸𝑣1 and 𝐸𝑣2.

Fig. 7. Experimental measurements of 𝐸𝑣 vs 𝑡𝑎𝑑𝑣 (log scale).
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energy the photovoltaic source must deliver a power higher than
quiescent power consumption of the MCU at the lowest specified light
intensity, with ambient light, equal to 250 lux. Further, the Spectral
sensitivity of photovoltaic transducers also differs depending on the
material, technology, and the like. Therefore, it is also required that
the photovoltaic transducer provide a light-sensing capability similar
to the human eye. Based on these considerations and the willingness
to use off-the-shelf components, the EABFWS includes a photovoltaic
transducer, the Amorton AM-1606C by Panasonic [30]. This transducer
provides a typical output current 𝐼𝑜𝑝𝑒 of 3.0 μA at the voltage 𝑉𝑜𝑝𝑒
of 2.6 V for a light intensity of 200 lux and is an amorphous silicon
solar cell with light-sensing capability similar to the human eye. As
illustrated in Fig. 3, during the energy harvesting phase, the voltage
𝑉𝑠𝑡𝑜𝑟 rises from its lowest voltage 𝑉𝑙 to the highest voltage 𝑉𝐻 . The
broadcast event happens after a delay time 𝑡𝑑 (i.e. 10 ms) elapsed since
the voltage 𝑉𝑏𝑙𝑢𝑒 is high. The broadcast event lasts for a short time 𝑡𝑏
that is typically below 1 ms. The capacitor 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 is sized so that when
the voltage 𝑉𝑠𝑡𝑜𝑟 reaches the maximum value, the system has harvested
enough energy to start the transmission phase where the MCU wakes up
and turns on the BLE radio through the 𝑉𝑏𝑙𝑢𝑒 signal. Once turned on, the
BLE radio programmed to work in advertising mode starts transmitting
beacons to be received by the BS. This phase of the system involves an
increase in current consumption from the minimum quiescent current,
in the order of hundreds of nano-amperes required by the MCU while in
stop mode, to the current consumption of several milli-amperes needed
by the BLE radio during its advertising phase. Therefore, the voltage
𝑉𝑠𝑡𝑜𝑟 drops during the time 𝑡𝑓𝑎𝑙𝑙 from the maximum voltage 𝑉ℎ to the
minimum voltage 𝑉𝑙. The average value of the voltage 𝑉𝑠𝑡𝑜𝑟 is given by
Eq. (1).

𝑉𝑠𝑡𝑜𝑟_𝑎𝑣𝑔 =
𝑉ℎ + 𝑉𝑙

2
(1)

To get the optimum power conversion performance from the photo-
oltaic transducer average value of the voltage 𝑉𝑠𝑡𝑜𝑟_𝑎𝑣𝑔 is chosen equal
o the voltage 2.7 V to use an operating point between the voltages
𝑜𝑝𝑒 =2.6 V and 𝑉𝑚𝑝𝑝 =3 V of the chosen photovoltaic cell. From this,
he minimum value 𝑉𝑙 of the voltage 𝑉𝑠𝑡𝑜𝑟 is calculated according to
q. (2).

𝑙 = 2 ⋅ 𝑉𝑠𝑡𝑜𝑟_𝑎𝑣𝑔 − 𝑉ℎ = 2.4𝑉 (2)

It is worth noting that the PVD unit allows configuring the voltage
thresholds 𝑉𝑙 and 𝑉ℎ in the voltage range (1.8 V – 3.0 V) with increments
of 200 mV. This feature, combined with the use of the ultra-low-power
timer LPTIM of the STM32L0 IC, allows the EABFWSN system to
6

dynamically vary the voltage thresholds based on the knowledge of the
advertising time 𝑡𝑎𝑑𝑣 which can be measured with the LPTIM timer.
The combination of the measurable 𝑡𝑎𝑑𝑣 time and the programmable
voltage thresholds allows tracking, within certain limits, the optimal
working point by actually implementing an MPPT system. However,
turning on the ultra-low-power timer during the harvesting phase
entails an increase in the quiescent current and a penalty of the LoD
performance. Although it is possible to create an MPPT system using
only the resources of the MCU, which is used as a de facto power
management, for the specific application of the EABFWSN as a light
sensor, maximizing the PCE is of secondary importance compared to
optimizing of the performance of LoD. Indeed, maximizing the PCE
would only lead to a more efficient power conversion system with
eventually shorter charging times but would not provide substantial
help in the 𝑡𝑎𝑑𝑣 time discrimination which allows for the measurement
of luminosity. The Bluetooth standard [31] specifies that, in the case
of non-connectable advertising events, the advertising time interval,
which is defined as the time interval between two consecutive beacons,
must be higher than 100 ms, as illustrated in Fig. 5.

Fig. 3 reveals that the for the proposed system, the advertising time
interval 𝑡𝑎𝑑𝑣 is given by Eq. (3).

𝑎𝑑𝑣 = 𝑡𝑟𝑖𝑠𝑒 + 𝑡𝑓𝑎𝑙𝑙 − 𝑡𝑏 (3)

The time 𝑡𝑏 is typically at least an order of magnitude smaller than
oth 𝑡𝑡𝑖𝑠𝑒 and 𝑡𝑓𝑎𝑙𝑙 so that 𝑡𝑎𝑑𝑣 can be approximated, without actually
ffecting accuracy, as in Eq. (4)

𝑎𝑑𝑣 ≈ 𝑡𝑟𝑖𝑠𝑒 + 𝑡𝑓𝑎𝑙𝑙 (4)

The system is designed to detect an ambient light power not ex-
eeding the value of 100000 lux for which it has been experimentally
ound that the minimum 𝑡𝑟𝑖𝑠𝑒 time is not below 30 ms which according
o Eq. (3) requires the time 𝑡𝑓𝑎𝑙𝑙 to be higher than 70 ms. The time 𝑡𝑓𝑎𝑙𝑙
s related to the parameters of the system, 𝑉ℎ, 𝑉𝑙, 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 and 𝐼𝑏𝑙𝑒 as in
q. (5).

𝑓𝑎𝑙𝑙 =
𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ⋅ (𝑉ℎ − 𝑉𝑙)

𝐼𝑏𝑙𝑒
(5)

Where 𝐼𝑏𝑙𝑒 is the measured average current consumption of ≈5.5
mA, when the BLE radio is configured to transmit advertising data
packets of 20 bytes at the maximum output power of 8 dBm and is
biased at the average voltage of 2.75 V. The minimum value of the
𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 capacitor can be derived as follows by reversing Eq. (5).

𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ≥
𝐼𝑏𝑙𝑒 ⋅ 𝑡𝑓𝑎𝑙𝑙 = 630 μF (6)

𝑉ℎ − 𝑉𝑙



Measurement 186 (2021) 110158R. La Rosa et al.
Fig. 9. Printed Circuit Board top view.
Fig. 10. Block diagram of the experimental setup.
The energy needed to transmit a frame with a given BLE radio
depends on several parameters such as the bias voltage, the output
transmitted power, and the number of transmitted bytes. For a correct
estimation of the energy needed to transmit a frame, STMicroelectron-
ics provides a specific calculator that has provided the energy estima-
tion of 100 μJ. Therefore, to be energetically autonomous, the EABFWS
device must harvest, every cycle, the minimum energy 𝐸ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑_𝑚𝑖𝑛 of
≈100 μJ to be able to sustain the BLE radio for the transmission of a
frame of 20 bytes at the maximum output power of 8 dBm while biased
at the average voltage of 2.75 V. The energy harvested and stored 𝐸𝑠

in the storage capacitor 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 can be expressed in terms of the value
of the voltages 𝑉ℎ, 𝑉𝑙 and of the value of the capacitor 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 as in
Eq. (7).

𝐸 =
𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ⋅ (𝑉 2

ℎ − 𝑉 2
𝑙 ) (7)
7

ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 2
Therefore, with 𝑉ℎ = 3.0 V, 𝑉𝑙 = 2.4 V and the chosen value of 660
μF for the capacitor 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 the system can harvest ≈1.3 mJ which is
far greater than the minimum required energy 𝐸ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑_𝑚𝑖𝑛 of 100 μJ.

4. Working principle

The BS and the EABFWS communicate wirelessly via Bluetooth Low
Energy (BLE) communication. The EABFWSN is an energy-autonomous
and battery-free device. It is powered by a photovoltaic transducer and
is equipped with a BLE radio programmed to work in non-connectable
advertising mode to transmit a number of beacons per time propor-
tional to the intensity of the light received in a given time interval.
Since the EABFWS is designed to be energy-autonomous, the BLE
radio, which is the most power-consuming device, is configured to
minimize power consumption. For this reason, the advertising data
packet length transmitted by the EABFWS is reduced to the minimum
possible. Therefore, in its most basic configuration, the EABFWSN only
needs to send its identifier to the BS. The BS includes a BLE radio,
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Fig. 11. Light Measurement Setup.

the ultra-low-power BLUENRG-2 radio integrated circuit (IC) provided
by STMicroelectronics [32], configured in observation mode to receive
the advertising data packet transmitted by the EABFWS. The BS can
determine the intensity of the light detected by the EABFWSN simply
by measuring the time that elapses between the consecutive received
beacons. Therefore, the EABFWSN-BS system effectively constitutes a
sensor with a time-domain readout that does not require complicated
electronics for the reading interface. Since the BS, unlike the EABFWS,
is powered by a stable energy source, it is more efficient to delegate to it
the most energy-expensive tasks, such as signal processing, the manage-
ment of any actuators, and any other form of communication necessary
to implement an IoT approach. The BS can therefore receive the bea-
cons from one or more EABFWSNs and exercise light measurements.
The BS can be easily configured and periodically updated by the user.
This function is useful, for example, to calibrate and compensate for
the degradation of photovoltaic performance over time or to set various
lighting thresholds that allow a customized home automation control
for the user. The possibility of being able to configure the performance
and functionality of the sensing system only through the BS, together
8

Fig. 13. 1/𝑡𝑎𝑑𝑣 vs 𝐸𝑣 (a) and 𝐸𝑣_𝐵𝑆_𝐸𝑟𝑟𝑜𝑟 vs 𝐸𝑣 (b) when:
- 𝐸𝑣 ∈ (225,3000) lux
- Standard Error = 3 ⋅ 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦_𝑚𝑎𝑥 = 9.6 ⋅ 10−2 Hz
- 𝐸𝑣_𝐵𝑆 = 1.146

𝑡𝑎𝑑𝑣
⋅ 104 + 1.348 ⋅ 102.

with the fact that EABFWSN is a battery-free device, gives it the very
convenient feature of a set-and-forget device. It is worth noting that the
architecture of the EABFWSN differs from conventional ones in that
it does not have a specific light sensor component which constitutes
a double advantage since the proposed sensor is a maintenance-free
system and, its structure also leads to a small low-weight and low-cost
device as it does not use expensive and bulky elements (e.g., battery,
sensor). The operating mode of the BS and the relative algorithms for
measuring the time elapsed between consecutive beacons are described
Fig. 12. 1/𝑡𝑎𝑑𝑣 vs 𝐸𝑣 and best fit curve when:- 𝐸𝑣 ∈ (225,80000) lux- Standard Error = 3 ⋅ 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦_𝑚𝑎𝑥 = 9.6 ⋅ 10−2 Hz.
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Fig. 14. 1/𝑡𝑎𝑑𝑣 vs 𝐸𝑣 (a) and 𝐸𝑣_𝐵𝑆_𝐸𝑟𝑟𝑜𝑟 vs 𝐸𝑣 (b) when:
- 𝐸𝑣 ∈ (3000,10000) lux
- Standard Error = 3 ⋅ 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦_𝑚𝑎𝑥 = 9.6 ⋅ 10−2 Hz
- 𝐸𝑣_𝐵𝑆 = 6.711

𝑡𝑎𝑑𝑣
⋅ 103 + 1.7 ⋅ 103.

in detail in [33]. Fig. 6, shows the trend of the EABFWS 𝑉𝑠𝑡𝑜𝑟 voltage,
hen the system is energized with the power related to two different

lluminance values 𝐸𝑣1 and 𝐸𝑣2.
The figure shows that when the illuminance is low (e.g. 30000 lux),

here is a big difference between the times 𝑡𝑟𝑖𝑠𝑒 and 𝑡𝑓𝑎𝑙𝑙; on the
contrary, when the illuminance 𝐸𝑣 increases and reaches high values
(e.g. 55000 lux), the 𝑡𝑟𝑖𝑠𝑒 and 𝑡𝑓𝑎𝑙𝑙 times are comparable. As the power
of the ambient light increases, the advertising time 𝑡𝑎𝑑𝑣 decreases as
shown in Fig. 7. The signal ‘‘RXD’’ is an output from the BS device that
indicates when a beacon has been successfully received. This signal
is used to measure the time 𝑡𝑎𝑑𝑣 at the BS. The measurement of the
illuminance 𝐸𝑣 takes place by exploiting the relationship between the
time 𝑡𝑎𝑑𝑣, of the transmitted beacons by the EABFWS and, at the same
time, received by the BS, and the illuminance 𝐸𝑣 as in Eq. (8).

𝐸𝑣 =

[

𝜂𝑙𝑤 ⋅

(

2 ⋅ 𝑡𝑎𝑑𝑣
𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ⋅ (𝑉 2

ℎ − 𝑉 2
𝑙 )

− 1
𝑃𝐵𝐿𝐸

)]−1

(8)

here:

• 𝑉ℎ = 3.0 V, is the maximum value of the voltage 𝑉𝑠𝑡𝑜𝑟.
• 𝑉𝑙 = 2.4 V, is the minimum value of the voltage 𝑉𝑠𝑡𝑜𝑟.
• 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 is the value of the storage capacitor.
• 𝑃𝐵𝐿𝐸 is the average power consumption of the BLE radio during

the transmission phase. Since the data packet length is invariant,
𝑃𝐵𝐿𝐸 is constant.

• 𝜂𝑙𝑤 (W/lux) is the conversion factor of the ambient light illumi-
nance into electrical power. Fig. 8 shows the variation of this
conversion factor with the illuminance as a parameter.

The following section reports a series of experimental measurements
9

erformed to quantify experimentally the variations made by the term
Fig. 15. 1/𝑡𝑎𝑑𝑣 vs 𝐸𝑣 (a) and 𝐸𝑣_𝐵𝑆_𝐸𝑟𝑟𝑜𝑟 vs 𝐸𝑣 (b) when:
- 𝐸𝑣 ∈ (10000,15000) lux
- Standard Error = 3 ⋅ 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦_𝑚𝑎𝑥 = 9.6 ⋅ 10−2 Hz
- 𝐸𝑣_𝐵𝑆 = 8.11

𝑡𝑎𝑑𝑣
⋅ 103 − 9.878 ⋅ 102.

𝜂𝑙𝑤 and to validate the boundaries and hypotheses within which the
ethod here proposed is valid.

Algorithm 1: BS algorithm to calculate the illuminance.
while Receiving Beacons form the EABFWSN do

instructions;
if 0.008Hz < 1

𝑡𝑎𝑑𝑣
≤ 0.26Hz then

𝐸𝑣 = 1.146
𝑡𝑎𝑑𝑣

⋅ 104 + 1.348 ⋅ 102.;
end
if 0.26Hz < 1

𝑡𝑎𝑑𝑣
≤ 1.32Hz then

𝐸𝑣 = 6.711
𝑡𝑎𝑑𝑣

⋅ 103 + 1.7 ⋅ 103.;
end
if 1.32Hz < 𝑡−1𝑎𝑑𝑣 < 1.94Hz then

𝐸𝑣 = 8.11
𝑡𝑎𝑑𝑣

⋅ 103 - 9.878 ⋅ 102.;
end
if 1.94Hz ≤ 𝑡−1𝑎𝑑𝑣 < 2.51Hz then

𝐸𝑣 = 1.83
𝑡𝑎𝑑𝑣

⋅ 104 - 2.067 ⋅ 104.;
end
if 2.51Hz ≤ 𝑡−1𝑎𝑑𝑣 ≤ 7.67Hz then

𝐸𝑣 = 1.07
𝑡𝑎𝑑𝑣

⋅ 104 - 3.488 ⋅ 103.;
end
print 𝐸𝑣.;

end

5. Experimental results

Fig. 9 shows the printed circuit board (PCB) of the EABFWS that has
been used to implement both the EABFWS and the BS, with different
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Table 1
Experimental measurements values.
𝐸𝑣 1∕𝑡𝑎𝑑𝑣1 1∕𝑡𝑎𝑑𝑣2 1∕𝑡𝑎𝑑𝑣3 1∕𝑡𝑎𝑑𝑣4 1∕𝑡𝑎𝑑𝑣5 1∕𝑡𝑎𝑑𝑣6 1∕𝑡𝑎𝑑𝑣7 1∕𝑡𝑎𝑑𝑣8 1∕𝑡𝑎𝑑𝑣9 1∕𝑡𝑎𝑑𝑣10 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦
[lux] [mHz] [mHz] [mHz] [mHz] [mHz] [mHz] [mHz] [mHz] [mHz] [mHz] [Hz]

225 8.3682 8.3681 8.3680 8.3681 8.3681 8.3679 8.3679 8.3678 8.3679 8.3679 4.10 ⋅10−8

270 13.888 13.889 13.889 13.889 13.889 13.889 13.889 13.889 13.889 13.889 1.33 ⋅10−7

450 30.257 30.257 30.258 30.257 30.257 30.256 30.256 30.257 30.259 30.258 2.66 ⋅10−7

630 42.992 42.994 42.990 42.990 42.994 42.992 42.996 42.996 42.996 42.998 8.01 ⋅10−6

1,000 71.276 71.281 71.281 71.281 71.286 71.291 71.291 71.301 71.301 71.296 2.86 ⋅10−6

2,000 158.68 158.63 158.58 158.53 158.55 158.55 158.53 158.55 158.55 158.55 1.50 ⋅10−5

2,500 204.50 204.42 204.46 204.50 204.54 204.54 204.50 204.50 204.54 204.62 1.77 ⋅10−5

3,000 255.36 255.23 255.23 255.17 255.10 255.17 255.10 255.17 255.23 255.17 2.42 ⋅10−5

3,500 307.69 307.69 307.69 307.69 307.79 307.98 308.07 308.17 308.17 308.26 7.37 ⋅10−5

5,000 462.96 462.96 462.96 462.96 462.53 462.75 462.53 462.75 462.96 463.39 7.95 ⋅10−5

6,000 587.20 586.85 586.85 586.51 586.51 586.85 586.85 587.20 586.51 587.20 8.89 ⋅10−5

6,500 644.75 645.58 645.16 644.33 644.75 644.75 645.16 645.16 644.75 644.75 1.11 ⋅10−4

8,000 888.89 888.89 886.52 886.52 888.10 888.89 889.68 891.27 892.06 892.86 6.80 ⋅10−4

9,000 1106.2 1106.2 1107.4 1108.6 1107.4 1107.4 1106.2 1103.8 1103.8 1103.8 5.6 ⋅10−4

10,000 1310.6 1312.3 1315.8 1319.3 1321.0 1321.0 1322.8 1326.3 1329.8 1326.3 1.96 ⋅10−3

11,000 1497.0 1501.5 1499.3 1499.3 1501.5 1508.3 1501.5 1497.0 1503.8 1506.0 1.17 ⋅10−3

13,000 1782.5 1751.3 1760.6 1769.9 1763.7 1757.5 1779.4 1745.2 1751.3 1754.4 3.91 ⋅10−3

15,000 1941.7 1938.0 1956.9 1945.5 1949.3 1949.3 1945.5 1930.5 1945.5 1934.2 2.47 ⋅10−3

18,000 2118.6 2123.1 2118.6 2118.6 2118.6 2123.1 2123.1 2123.1 2118.6 2109.7 1.30 ⋅10−3

20,000 2242.2 2217.3 2222.2 2227.2 2227.2 2242.2 2237.1 2237.1 2242.2 2237.1 2.85 ⋅10−3

23,000 2398.1 2352.9 2375.3 2364.1 2352.9 2347.4 2347.4 2336.4 2341.9 2352.9 5.73 ⋅10−3

25,000 2564.1 2557.5 2518.9 2506.3 2481.4 2487.6 2500.0 2500.0 2500.0 2487.6 9.07 ⋅10−3

28,000 2770.1 2770.1 2777.8 2770.1 2777.8 2785.5 2777.8 2747.3 2770.1 2777.8 3.23 ⋅10−3

30,000 3021.1 3003.0 3003.0 3003.0 2967.4 2941.2 2924.0 2932.6 2941.2 2907.0 1.28 ⋅10−2

33,000 3289.5 3278.7 3278.7 3289.5 3278.7 3300.3 3322.3 3311.3 3311.3 3311.3 5.14 ⋅10−3

35,000 3623.2 3610.1 3610.1 3623.2 3597.1 3623.2 3597.1 3597.1 3597.1 3636.4 4.54 ⋅10−3

38,000 3952.6 4000.0 4000.0 3984.1 3984.1 4016.1 4000.0 3968.3 3968.3 3937.0 7.75 ⋅10−3

40,000 4237.3 4219.4 4166.7 4201.7 4166.7 4166.7 4149.4 4166.7 4184.1 4149.4 9.37 ⋅10−3

43,000 4545.5 4504.5 4484.3 4444.4 4405.3 4366.8 4329.0 4310.3 4273.5 4255.3 3.19 ⋅10−2

45,000 4545.5 4545.5 4524.9 4651.2 4629.6 4566.2 4608.3 4524.9 4545.5 4566.2 1.39 ⋅10−2

48,000 4784.7 4694.8 4651.2 4694.8 4761.9 4739.3 4694.8 4784.7 4761.9 4761.9 1.45 ⋅10−2

50,000 4926.1 5050.5 5025.1 5000.0 4975.1 4878.0 4975.1 4950.5 5000.0 4878.0 1.84 ⋅10−2

53,000 5434.8 5376.3 5434.8 5524.9 5464.5 5405.4 5319.1 5291.0 5291.0 5291.0 2.63 ⋅10−2

55,000 5747.1 5714.3 5681.8 5681.8 5714.3 5681.8 5747.1 5681.8 5681.8 5714.3 8.49 ⋅10−3

58,000 5917.2 6060.6 6024.1 6060.6 6060.6 5988.0 6024.1 6060.6 6060.6 5952.4 1.65 ⋅10−2

60,000 6289.3 6289.3 6250.0 6250.0 5988.0 6289.3 6250.0 6211.2 6289.3 6289.3 2.92 ⋅10−2

63,000 6410.3 6369.4 6329.1 6329.1 6369.4 6329.1 6329.1 6329.1 6289.3 6250.0 1.39 ⋅10−2

65,000 6622.5 6622.5 6578.9 6578.9 6622.5 6535.9 6578.9 6578.9 6535.9 6535.9 1.12 ⋅10−2

68,000 6666.7 6666.7 6666.7 6622.5 6622.5 6622.5 6622.5 6622.5 6622.5 6622.5 6.74 ⋅10−3

70,000 6756.8 6756.8 6711.4 6666.7 6756.8 6711.4 6711.4 6756.8 6756.8 6711.4 9.98 ⋅10−3

73,000 6993.0 7042.3 7042.3 6993.0 6944.4 6944.4 7042.3 7042.3 7092.2 7042.3 1.51 ⋅10−2

75,000 7142.9 7092.2 6944.4 7042.3 7092.2 7042.3 7142.9 7092.2 7042.3 7092.2 1.84 ⋅10−2

78,000 7462.7 7575.8 7462.7 7633.6 7462.7 7462.7 7518.8 7352.9 7462.7 7352.9 2.74 ⋅10−2

80,000 7751.9 7633.6 7751.9 7692.3 7633.6 7692.3 7633.6 7575.8 7692.3 7692.3 1.76 ⋅10−2
setup and firmware configurations. The two boards were placed at an
average distance of 5 meters.

The experimental environment is the typical electronic measure-
ment laboratory with various active instruments including, several
devices using Bluetooth and Wi-Fi. Fig. 10 and Fig. 11 show the block
diagram and the light measurement implementation of the experimen-
tal setup, respectively. The EABFWS was exposed to well-controlled and
calibrated cool white LED light intensities according to the following
procedure.

1. The EABFWS was placed on a stable surface and exposed to a
cool white LED lamp aligned orthogonally to the center of the
photovoltaic transducer.

2. The LED lamp, rated for a light power emission of 2 W, was
powered by a stabilized power supply.

3. The measurements took place inside a dark (𝐸𝑣 < 5 lux) room.
4. The light intensity was regulated by changing the distance be-

tween the lamp and the EABFWSN.
5. At each measurement session, the lamp was left powered on for

30 mins to stabilize its output and, the light intensity has been
acquired with the lux meter (PCE-174 and UNI-T UT382).

6. The light intensity was measured both before and after each
exposition of the EABFWS.
10
The signals 𝑉𝑠𝑡𝑜𝑟 and 𝑉𝑏𝑙𝑢𝑒 of the EABFWS were observed, the volt-
ages 𝑉ℎ, 𝑉𝑙 and the time 𝑡𝑎𝑑𝑣 were measured with an oscilloscope.
The received data signal ‘‘RXD’’ was observed on the BS, and the
time 𝑡𝑎𝑑𝑣 was measured both by an oscilloscope and utilizing the BS
microcontroller timer. While the time 𝑡𝑎𝑑𝑣 was measured, the ambient
light intensity 𝐸𝑣 was simultaneously acquired by using the lux meter.
Table 1 reports the results of the experimental measurements. The
EABFWSN has shown a reliable limit of detection (LoD) at the minimum
light intensity of 250 lux. Measurements were performed on the same
sample in ten different sessions. The illuminance 𝐸𝑣 was varied over a
broad range from a minimum of 225 lux to a maximum of 80000 lux.
Since under the same experimental conditions, the measurement results
can change, the measurement sessions were repeated several times to
estimate the uncertainty of the measurements defined as in Eq. (9),
where x is the result of the measurement and n is the number of
measurements.

𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 =
√

𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒(𝑥)
𝑛

(9)

The table reports the uncertainty of measurement evaluated over
ten different (n=10) measurement sessions. The maximum value of
uncertainty 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦_𝑚𝑎𝑥 of 3.19 ⋅ 10−2 Hz, is reported to take into

account the worst-case condition.
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Fig. 16. 1/𝑡𝑎𝑑𝑣 vs 𝐸𝑣 (a) and 𝐸𝑣_𝐵𝑆_𝐸𝑟𝑟𝑜𝑟 vs 𝐸𝑣 (b) when:
- 𝐸𝑣 ∈ (15000,25000) lux
- Standard Error = 3 ⋅ 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦_𝑚𝑎𝑥 = 9.6 ⋅ 10−2 Hz
- 𝐸𝑣_𝐵𝑆 = 1.83

𝑡𝑎𝑑𝑣
⋅ 104 − 2.067 ⋅ 104.

Fig. 12 reveals the characterization results of the variation of
1∕𝑡𝑎𝑑𝑣 with illuminance 𝐸𝑣 in the range (225,80000). The graph rep-
resents the system calibration diagram, includes the linear interpo-
lation of the data and the uncertainty range. The solid curved line
represents the measured values. The dotted lines represent the max-
imum uncertainty (9.6 ⋅ 10−2 Hz) estimated during the measurement
campaign. The straight line represents the approximations of the re-
sults by using a linear regression. The graph clearly shows that the
best fit curve in the broad illuminance range (225,80000) lux is out-
side the calibration curve of the measured data. However, we ob-
serve that, as expected, the curve has a monotonous trend allowing
a piecewise approximation. Therefore, the whole light intensity range
(225,80000) lux has been divided into the following five sub-ranges: (1)
(225,3000), (2) (3000,10000), (3) (10000,15000), (4) (15000,25000),
(5) (25000,80000). The BS continuously monitors the time 𝑡𝑎𝑑𝑣 and
implements the calculation of the illuminance based on equations that
provide different accuracy depending on the frequency 1

𝑡𝑎𝑑𝑣
measured

at the BS. 𝐸𝑣_𝐵𝑆 is the illuminance parameter calculated using the
algorithm implemented in the firmware of the BS, whose pseudocode
is illustrated in Algorithm 1. The algorithm is based on the best
approximation curves obtained for each sub-range. 𝐸𝑣_𝐸𝑟𝑟𝑜𝑟 represents
he measurement error on the illuminance performed by making the
ndirect measurement through the BS concerning the measured value
𝑣 as in Eq. (10).

𝑣_𝐵𝑆_𝐸𝑟𝑟𝑜𝑟 = 100 ⋅
𝐸𝑣 − 𝐸𝑣_𝐵𝑆

𝐸𝑣
(10)

Fig. 13 shows the characterization results of the variation of 1∕𝑡𝑎𝑑𝑣
ith illuminance 𝐸𝑣 in the range (225,3000) lux. The graph represents

he system calibration diagram, includes the linear interpolation of the
ata and the uncertainty range. The solid curved line represents the
11
Fig. 17. 1/𝑡𝑎𝑑𝑣 vs 𝐸𝑣 (a) and 𝐸𝑣_𝐵𝑆_𝐸𝑟𝑟𝑜𝑟 vs 𝐸𝑣 (b) when:
- 𝐸𝑣 ∈ (25000,80000) lux
- Standard Error = 3 ⋅ 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦_𝑚𝑎𝑥 = 9.6 ⋅ 10−2 Hz
- 𝐸𝑣_𝐵𝑆 = 1.07

𝑡𝑎𝑑𝑣
⋅ 104 − 3.488 ⋅ 103.

measured values. The dotted lines represent the maximum uncertainty
(9.6 ⋅ 10−2 Hz) estimated during the measurement campaign. The graph
reveals that the operating range corresponds to (300, 3000) lux where
the best approximation curve is within the standard error of the calibra-
tion curve and that it is possible to calculate the light intensity 𝐸𝑣_𝐵𝑆
t the BS through the Eq. (11), which represents the linear regression,
ith an error lower than ±8.9%.

𝑣_𝐵𝑆_𝑟𝑎𝑛𝑔𝑒1 =
1.146
𝑡𝑎𝑑𝑣

⋅ 104 + 1.348 ⋅ 102 (11)

Fig. 14 shows the characterization results of the variation of 1∕𝑡𝑎𝑑𝑣
with illuminance 𝐸𝑣 in the range (3000,10000) lux. The graph repre-
sents the system calibration diagram, includes the linear interpolation
of the data and the uncertainty range. The solid curved line represents
the measured values. The dotted lines represent the maximum uncer-
tainty (9.6 ⋅ 10−2 Hz) estimated during the measurement campaign. The
graph reveals that the operating range corresponds to (3000,10000) lux
where the best approximation curve is within the standard error of the
calibration curve and that it is possible to calculate the light intensity
𝐸𝑣_𝐵𝑆 at the BS through the Eq. (12), which represents the linear
regression, with an error lower than ±7.6%.

𝐸𝑣_𝐵𝑆_𝑟𝑎𝑛𝑔𝑒2 =
6.711
𝑡𝑎𝑑𝑣

⋅ 103 + 1.7 ⋅ 103 (12)

Fig. 15 shows the characterization results of the variation of 1∕𝑡𝑎𝑑𝑣
with illuminance 𝐸𝑣 in the range (10000,15000) lux. The graph repre-
sents the system calibration diagram, includes the linear interpolation
of the data and the uncertainty range. The solid curved line repre-
sents the measured values. The dotted lines represent the maximum
uncertainty (9.6 ⋅ 10−2 Hz) estimated during the measurement cam-
paign. The graph reveals that the operating range corresponds to

(10000,15000) lux where the best approximation curve is within the
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standard error of the calibration curve and that it is possible to cal-
culate the light intensity 𝐸𝑣_𝐵𝑆 at the BS through the Eq. (13), which
represents the linear regression, with an error lower than ±2.8%.

𝐸𝑣_𝐵𝑆_𝑟𝑎𝑛𝑔𝑒3 =
8.11
𝑡𝑎𝑑𝑣

⋅ 103 − 9.878 ⋅ 102 (13)

Fig. 16 shows the characterization results of the variation of 1∕𝑡𝑎𝑑𝑣
ith illuminance 𝐸𝑣 in the range (15000,25000) lux. The graph repre-

ents the system calibration diagram, includes the linear interpolation
f the data and the uncertainty range. The solid curved line repre-
ents the measured values. The dotted lines represent the maximum
ncertainty (9.6 ⋅ 10−2 Hz) estimated during the measurement cam-
aign. The graph reveals that the operating range corresponds to
15000,25000) lux where the best approximation curve is within the
tandard error of the calibration curve and that it is possible to cal-
ulate the light intensity 𝐸𝑣_𝐵𝑆 at the BS through the Eq. (14), which
epresents the linear regression, with an error lower than ±2.3%.

𝑣_𝐵𝑆_𝑟𝑎𝑛𝑔𝑒4 =
1.83
𝑡𝑎𝑑𝑣

⋅ 104 − 2.067 ⋅ 104 (14)

Fig. 17 shows the characterization results of the variation of 1∕𝑡𝑎𝑑𝑣
ith illuminance 𝐸𝑣 in the range (25000,80000) lux. The graph repre-

ents the system calibration diagram, includes the linear interpolation
f the data and the uncertainty range. The solid curved line repre-
ents the measured values. The dotted lines represent the maximum
ncertainty (9.6 ⋅ 10−2 Hz) estimated during the measurement cam-
aign. The graph reveals that the operating range corresponds to
25000,80000) lux where the best approximation curve is within the
tandard error of the calibration curve and that it is possible to cal-
ulate the light intensity 𝐸𝑣_𝐵𝑆 at the BS through the Eq. (15), which
epresents the linear regression, with an error lower than ±6.5%.

𝑣_𝐵𝑆_𝑟𝑎𝑛𝑔𝑒5 =
1.07
𝑡𝑎𝑑𝑣

⋅ 104 − 3.488 ⋅ 103 (15)

Table 2 shows a summary of the linear regressions for the various
sub-ranges with the relative uncertainty and maximum errors.

Fig. 18 shows the variation of the measurement error 𝐸𝑣_𝐵𝑆_𝐸𝑟𝑟𝑜𝑟
as the light intensity varies in the entire range (225,80000) lux. The
error is calculated by using the appropriate linear regressions for the
five sub-ranges. The graph reveals that the BS can indirectly measure
the light intensity by measuring the time elapsed between the beacons
received, with an error of less than ±8.9%.
12
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Table 2
Experimental results: Linear regression equations, standard error and max error.
𝐸𝑣 Range [lux] Linear regression equation Standard error 𝐸𝑣_𝐵𝑆_𝐸𝑟𝑟𝑜𝑟 Max
[lux] [Hz] [%]

[225, 3000] 𝐸𝑣 =
1.146
𝑡𝑎𝑑𝑣

⋅ 104 + 1.348 ⋅ 102 9.6 ⋅ 10−2 ±8.9%
[3000, 10000] 𝐸𝑣 =

6.711
𝑡𝑎𝑑𝑣

⋅ 103 + 1.7 ⋅ 103 9.6 ⋅ 10−2 ±7.6%
[10000, 15000] 𝐸𝑣 =

8.11
𝑡𝑎𝑑𝑣

⋅ 103 − 9.878 ⋅ 102 9.6 ⋅ 10−2 ±2.8%
[15000, 25000] 𝐸𝑣 =

1.83
𝑡𝑎𝑑𝑣

⋅ 104 − 2.067 ⋅ 104 9.6 ⋅ 10−2 ±2.3%
[25000, 80000] 𝐸𝑣 =

1.07
𝑡𝑎𝑑𝑣

⋅ 104 − 3.488 ⋅ 103 9.6 ⋅ 10−2 ±6.5%

6. Conclusions

This paper presented a wireless, energy-autonomous, and
battery-free light intensity measurement system. The platform uses the
same photovoltaic transducer to perform both energy harvesting and
light intensity detection. The system consisting of the EABFWS and the
BS performs light energy measurements and provides the time domain
read-out of the measurement data. Experimental measurements show a
system capable of measuring light intensity with less than ±8.9% error
in the illuminance range above the sensor LoD which is 250 lux. The
platform implements off-the-shelf devices and, as far as we know, there
is currently no device available with these features. This achievement
suggests that the proposed method coupled with the continued increase
performance of integrated circuits could lead to higher performance
devices. In this sense, we believe that the system proposed in this work
can be the first step towards this goal and that it can be of great
interest to the scientific community, given the growing demand for
energy-independent measurement systems in the context of wireless
sensor networks and IoT.
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