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Abstract— Wireless sensor nodes (WSNs) are generally powered
by batteries, which results in a substantial limitation to the places

where the nodes can be installed, to the maximum number of EAWSN
deployable devices, and to the node lifetime. To meet the demand Jﬁm,m Vstor |
for Internet-of-Things (loT) applications that require a large humber 3
of maintenance-free, low cost, wireless sensor nodes, this paper Cell

proposes a wireless sensor platform with a single photovoltaic Base Station
transducer that performs the dual role of harvesting energy and
sensing ambient light. This dual use allows even smaller and

cheaper nodes that do not require any form of supporting external B,Q,m )))

Microcontroller
Unit

Bluetooth
Low-Energy
Radio

power, with a reduced component count. The device implements LowEnergy
off-the-shelf components on a 2x2cm? printed circuit board (PCB)
with a thickness of 0.45cm. It features Bluetooth Low Energy (BLE) communication and can harvest and sense indoor
ambient light with a limit of detection of 200 lux.

Index Terms— Bluetooth Low Energy, Energy harvesting, Internet of Things (loT), light sensors, low power, Microcon-
troller, Wireless Sensor Network, Wireless Sensor Node, Home Automation

[. INTRODUCTION power consumption. Engineers are in fact on the perpetual
hunt for elusive combinations of size and cost reduction, while
still delivering greater range and longer battery life. A current
trend in this direction is the adoption of energy-efficient
communication technologies such as ZigBee and Bluetooth
Low Energy (BLE), which use the license-free industrial and
scientific and medical (ISM) band [5], [6]. Nevertheless, the
major challenge of how to manage and supply power to the
node effectively remains. All this suggests, where possible,
to use energy harvesting (EH) and wireless power transfer
(WPT) [7]. Earlier publications show various techniques for
improving the performance of battery-powered devices. Some
involve techniques to eliminate energy consumption during the
standby phase [8], while others are centered on achieving
energy autonomy by combining EH and rechargeable batter-
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Internet of Things (IoT) solutions using wireless sensor
networks are finding increasing application in building
automation infrastructure thanks to advanced technologies that
assist and improve the quality of life of occupants. They are
principally used to ensure stable and comfortable ambient
conditions while driving energy savings through continuous
monitoring of environmental factors such as humidity, light
intensity, noise levels, etc. [1], [2]. This context is a clear
promoter of sensor technologies that can deliver increasingly
numerous wireless, maintenance free, and inexpensive sensing
devices that can be deployed in virtually any location [3], [4].
Wireless sensor nodes are generally battery-powered and are
more often than not beset with difficulties associated with
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energy to power it, fewer components to assemble, and has
smaller overall size for an energy autonomous wireless sensor
node (EAWSN). The sensor architecture is also inherently
digital, which compared to analog architectures, has a greater
robustness to noise, does not require complicated electronics
for the reading interface, as well as having a lower power
consumption, which is a highly required feature, especially
for energy autonomous and battery-free sensors [19]. The
differentiating aspect of the present work with respect to
comparable solutions [9], [20]-[22] is that our battery-free
node is capable of sensing ambient light without using a
dedicated light sensor and that all its components are decidedly
off-the-shelf and readily available. The system performance
characteristics and key features of the integrated circuits (ICs)
used to power the node and transmit the data will be dis-
cussed in detail. The paper is organized as follows. Section II
describes the system in terms of circuit implementation and
functionality. Section III deals with the techniques and under-
lying logic used to measure light intensity from the magnitude
of energy harvested by the EAWSN. Section IV deals with the
design aspects of the EAWSN. Section V describes the system
setup and environment and shows some experimental results.
Section VI reports the final conclusions.

I[I. SYSTEM DESCRIPTION

The system proposed in this paper and illustrated in Fig. 1
is energetically autonomous thanks to a photovoltaic trans-
ducer that simultaneously provides power and light sensing
functionality, with a time domain readout communication
protocol [23].
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Fig. 2 illustrates the operation of the system and shows
how it alternates between an energy harvesting phase, in
which ambient light energy is scavenged by the photovoltaic
transducer and stored in the Cltorage capacitor, and a data
transmission phase where the stored energy is used to supply
the BLE radio. During the harvesting phase, the PV cell
supplies a current that charges the capacitor Cliorqge and
causes a build-up of voltage V.. This voltage is monitored
by the microcontroller unit (MCU), which operates in stop
mode in this phase for ultra-low power consumption. When
the voltage V., reaches the maximum value Vj, the system
enters the data transmission phase, during which the MCU
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Fig. 2. Functional Description of the System

raises the voltage V. on one of its general purpose in-
put/output (GPIO) pins that powers the BLE radio. During
the transmission phase, the Ciorage capacitor must supply a
current to the system that is in the order of milli-amperes,
which is far in excess of the harvested current, which is on
the order of tens of micro-amperes. This difference causes a
drop in Vs¢0r. As soon as the BLE radio has finished its radio
activity, it raises the "BTH” (back to harvest) signal, which
triggers the finite state machine (FSM) of the MCU to turn off
the BLE radio by resetting the signal V;;,.. This event causes
the system to resume harvesting as described previously [24].
The main design challenge in an EAWSN is to manage
the very limited amounts of energy. Hence, the ultra-low
power STM32L0 microcontroller by STMicroelectronics [25]
was selected as the best choice for the control and power
management subsystem. Similar considerations are made when
selecting the communication unit, which consumes most of the
energy in the system. The BLE communication technology
was therefore chosen for its low energy consumption, with
appropriate link budget and its availability in smartphones.
The Bluetooth low-energy SoC BLUENRG-2 provided by
STMicroelectronics was selected [26].
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Fig. 3. Idle and transmission phases
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To avoid flooding of the network with beacons which would
impair other BLE devices operating in its range [27], [28],
the number of broadcast events in a given time interval
must be limited. For this, the EAWSN alternates between a
transmission phase and an idle phase with the time interval
(T;q1¢) as shown in Fig. 3. During the transmission phase the
EAWSN broadcasts a number N7 of beacons. During the idle
phase, it is necessary to avoid that the voltage V4., exceeds
the maximum value V},. Therefore, it is required to increase the
current consumption of the system. To implement this feature,
the BLE radio is enabled and configured only to receive bytes
to use for the wireless configuration of the EAWSN, that is,
to reconfigure the parameters 7;4;. and Npp. In a typical use
case, the transmission window time 7y is much lower than
Tidie-

[1l. LIGHT INTENSITY MEASUREMENT

A key aspect of the system described above is that the
number of EAWSN transmissions to a remote base station
(BS) in a given time interval varies proportionally with light
intensity as shown in Fig. 4. We propose to specifically exploit
this proportionality to realize an energy-proportional radio
protocol that defers the intensity measurements to the BS
which is powered by mains or a larger battery. To this end,
we simply transmit Npp BLE beacons during the transmis-
sion window time Ty . The BS, measures the time #,q,);
with i € {1,--- ,(Ngp — 1)} between subsequent beacons,
where Npp is the effective number of received beacons by
the BS.
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Fig. 4.  Transmission phases with Nop = 4 in two different light

conditions (P2, P1). P2 > Py implies that t,,4)2 < tavg|1

The BS is aware of both Tj4. and Nrp parameters.
Therefore, if Ty < Tjq., it can determine if the reception
took place with the maximum expected number Nrp of
beacons or if some beacons were lost. In fact, even if after the
time 7T 4;., from the first received beacon, Nrp is lower than
Nrp, the reception is considered concluded. The drawback
of this solution is that lost beacons could lead to inaccurate
illumination estimates. Nevertheless, under the hypothesis that
Nrp > [Nrp/2], it is possible to avoid errors due to

lost beacons in the beacon-based duty-cycle (light intensity)
calculation in the BS, by considering the following two cases:

o Beacons are lost only within the transmission phase.

o Beacons are lost at one or both extremes of the transmis-

sion phase.

The identification of the relative position of a lost beacon
within the transmission phase can be performed as follows:

o Calculate the minimum value of the time ¢,4y min.BS aS:

tadvmin.BS = MiNie(1,... (NRB—1)}ladvli (1)

o Compare each ?,4,); with the threshold:

tadv,th =1+ (Oé) : tadv,m,in,BS (2)

with @ € [0,1]. In our implementation, we choose
a = 0.2 also on the basis of experiments.

o If tadv)i > 1.2 - tadvmin_Bs beacon is considered lost
within the transmission phase.

o Calculate the number of the beacons lost within the
transmission phase, defined as Nprw .

o Calculate the number of the beacons lost at the extremes
of the transmission phase Npr g as:

Npre = Nrp — Nrp — NpLw 3)

In the case of beacons lost only within the transmission
phase, we observe that the transmission window time Ty
measured at the EAWSN and BS are the same. Therefore,
the time 7Ty can be expressed as:

Tw = (Nrp — 1) - tade €]

Tw = (Ngp — 1) - tadv_BS ®)
where:

o tqqy is the average value of the set of values #,q,;
with ¢ € {]., s 7(NTB - 1)}

e tadv_Bs 1S the average value of the set of values Ladvli
with i € {1,---,(Ngp — 1)}, measured at the BS.

from Eq. (4) and (5), it is possible to derive the t,4, from
the time t,4,_ps measured by the BS as:

tadvBs - (NrB — 1)

In the case of beacons lost at one or both extremes of the
transmission phase, we observe that the transmission window
time reduced by the beacons at the extremes Tyyr can be
expressed as:

(6)

adv —

Twr = (Nrg — Nprg — 1) - tads @)

Twr = (Nrp —1) - tadqv_Bs (8)

from Eq. (7) and (8), it is possible to derive the ¢,4, from
the time t,4,_ps actually measured at the BS as:
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tadv,BS : (NRB - 1)
Nrp — Nprg —1

Since the BS has both the Npp and Npp parameters, it
is possible to evaluate the quality of communication (QoC)
between the BS and the EAWSN. To do this, the QoC
parameter, defined as a percentage ratio between the number
Ngp of beacons received and the number Nrp of expected
beacons, can be calculated using (10).

(€))

tadv =

Ngrp
oC =100 - ——
@ Nrp

It must be considered that the described method is valid if
it is respected the following condition:

(10)

Y

Where t,4y_min 1S the minimum advertising time of the bea-
cons emitted by the EAWSN. This mathematical result can be
conveniently converted into the practical condition, easily im-
plemented in the BS firmware, that only if Ngg > [Nrp/2]
the BS can consider the calculated data tenable. Therefore, the
validity of this method is based on the assumption that com-
munication quality is sufficiently high as it happens in a typical
application case. The BS can therefore receive beacons from
one or more EAWSNs and exercise control functions of the
ambient brightness by automatically controlling, for example,
dimmable lamps, rolling shutters, awnings, etc. Therefore, the
BS can be easily configured and updated periodically by the
user, e.g. to calibrate and compensate for the degradation of
photovoltaic performance over time or to set different lighting
thresholds that allow customized home automation control.

tadv-min.BS = tadv_min

IV. EAWSN SYSTEM DESIGN AND LIGHT CALIBRATION
REQUIREMENT

The experimental measurements shown in Fig. 5 reveal how
the EAWSN can be exposed to a wide range of ambient
light conditions, which can vary by more than two orders
of magnitude from a minimum of 200 lux to values that can
exceed 50000 lux.
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Fig. 5. Light intensity vs daytime (data acquired in June 2020,

Lat:37°18°26.8”, Lon:13°35’37.4” with the EAWSN facing South)

For low light intensity, the design challenge is to ensure
that the system can operate down to the lowest possible limit

of detection (LoD). For high intensity light the number of
broadcast events in a given time interval must be limited.
Another issue involving very high light intensity, i.e., when the
sensor saturates, is that the advertising interval t,4, can fall
below 100ms, which is no longer compatible with the Blue-
tooth standard specification [29]. Fig. 6 shows experimental
measurements where ¢4, does indeed fall below 100 ms when
the light intensity is higher than 170001lux and there is no
intervention to limit ¢,4,. Fig. 7 provides a graphical repre-
sentation of how %4, is linked to the system parameters t,;se,
teau, Vi and V) for given values of the capacitor Cytorage,
light intensity E,, and the power conversion efficiency (PCE)
of the photovoltaic transducer. The system parameter ¢,;s. is
the charging time of the capacitor Csiorage from the minimum
value V; to the maxim value V}, of the voltage V.. The
system parameter ¢ y4;; is the discharging time of the capacitor
Cstorage from the maximum value V3, to the minimum value V;
of the voltage V. Equation (12) shows how %4, is related
to the charging time ?,;5. and the discharging time ?yq.
Therefore, any control of ¢,4, can be indirectly performed
by acting on one or both the parameters t,;s. and 4.
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Fig. 6. tade Vs light intensity without data rate control
tadv = trise + tfall (12)

Equation (13) shows how the value of the time ¢y, is
linked to the value of the total system power consumption P;.¢,
the system parameters V}, and V; and component parameter

Cstarage-

Cstorage ) (Vh2 - ‘/12)
2-P tot
Equation (14) shows how the value of the time t,;s. is
linked to received input power P;,, the quiescent power
consumption F,, the PCE of the photovoltaic transducer, the
system parameters V}, and V; and the component parameter

Ll = (13)

Cstorages

_ Ostorage ) (VhQ B VZQ) (14)
- 2-(PCE- Py, — P,)

These equations suggest that control of t,4, can be op-
timized for a wide input power P;, range in various ways,
each with its advantages and disadvantages. The method

discussed in this paper implements full digital control of the

trise
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Fig. 8. System’s signals for the control of the time t 7411

advertising interval by only varying the time 74y, since t,;5¢
cannot increase independently of V3, and Cis¢orqge. The voltage
threshold V}, cannot increase any further as it is already close
to the maximum voltage tolerated by the ICs. Further, it is
usually preferable to keep Csiorage t0 @ minimum, especially
in applications with stringent miniaturization specifications.
Since the BLE radio is only turned on during transmission,
control of .4, must be performed by the MCU, which is
always on, even in the ultra-low power stop mode. This
solution uses the 16-bit LPTIM timer of the STM32L0 IC,
which is driven by a 31kHz clock that adds a negligible
overhead of only 10 nA to the overall system quiescent current
consumption I, of ~ 1 uA. Fig. 8 shows how the LPTIM timer
allows the system to switch from the transmission to energy
harvesting phase when the timer LPTIM crosses the threshold
ttaii¢n (e.g. 100ms). The LPTIM timer is started by software
at the beginning of every data transmission phase. Fig. 9 shows
an example with ¢4 ¢, = 70ms, for which the advertising
duty cycle of the device remains compatible with the BLE
standard up to ~ 100klux.

Another design consideration of the EAWSN is maximizing
the scavenged energy conversion efficiency, which is heavily
dependent on the choice of the photovoltaic transducer. Since
the photovoltaic cell is also used for light sensing, the LoD
is another important parameter in terms of light intensity

Light intensity [klux]

Fig. 9. tqd. vs light intensity with ¢ 7447 ¢1, Set to 70 ms

performance. For these reasons, as well as the size and
weight requirements, the PCE and maximum power point
(MPP) at the minimum specified light intensity of 200 lux
are critical factors. The MPP of a photovoltaic energy source
is the operating condition where the power transfer from the
source to the load is maximized. This condition, as illustrated
in Fig. 10, is represented by the coordinates (Vi;ppr and
Inippr), Which represent the maximum power point voltage
and the maximum power point current, respectively.
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Fig. 10. Electrical Properties of the Photovoltaic Cell

To attenuate the high sensitivity of the system to the current
at the MPP working point, the operating point of the voltage
Vistor 18 selected as the recommended voltage V., which
is close to and sufficiently lower than the voltage Visppr.
In addition to these considerations, the value of the voltage
Vope must lie within the supply operating voltage range
[1.8 — 3.6] V of the STM32L0 and BLUENRG-2 ICs. While
the system is harvesting energy, the BLE radio is off and the
system load consists only of the MCU. During the scavenging
phase, only the internal power voltage detector (PVD) and
the CPU are active in the MCU. According to the STM32L0
data-sheet [25], the typical total current consumption I,
and the total quiescent current I, of the system during the
energy harvesting phase is therefore ~ 1 A, which is in fact
the minimum current necessary for the system to operate, and
which ultimately defines the LoD of the system. For this type
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of application, reducing I, as much as possible is essential to
obtain lower values of LoD and, therefore, to be able to make
a smaller implementation or operate in even dimmer lighting
conditions. While the system is harvesting energy, the C;orage
capacitor is charged by the current provided by the harvester.
However, a positive difference between the current supplied
by the photovoltaic source and the current delivered to the
load is required, especially at the specified minimum light
intensity of 200 lux. For this reason, the photovoltaic harvester
must provide a current higher than the minimum current of
1 1 A. This requirement is met by the amorphous silicon solar
cell AM-1606C by Panasonic [30], which provides a typical
output current I,,. of 3.4 A at the voltage V,pe of 2.6V
for a light intensity of 200lux, and its maximum overall
dimensions are 15x15x0.9mm. The energy consumption
of the system during the transmission phase equates to the
sum of the MCU and BLE radio consumption. The BLE
radio of the battery-free device is programmed to operate in
non-connectable advertising mode, to transmit an output power
of 8 dBm over three different channels, with 7-byte advertising
data packets. In these conditions, the BLUENRG-2 IC has a
total average current consumption of ~ 7 mA during the active
phase, when biased with a voltage of 2.6V, and completes
the data transmission in &~ 2ms, which results in an energy
consumption Fppprx of =~ 37 uJ. The MCU during the
RUN mode and under typical working conditions, with clock
frequency 1 MHz and internal bias regulated voltage of 1.8V,
has a current consumption of ~ 2mA and an average value
of ~ 90 A, which corresponds to an energy consumption
of ~ 9.5 uJ per work cycle. Hence, even in RUN mode, the
power consumption of the MCU IC is almost four times lower
than that of the BLE radio IC. In these working conditions,
the total energy consumption of the system can therefore be
approximated as Ey,; ~ 50 uJ. Table I reveals a summary of
the power performance for each component used in the system.

Power
2.6 uW

Component
STM32L01F4

Operating Condition
Stop Mode
Vsto'r,a/ug =26V
Run Mode
Vstor,avg =26V
Adbvertising Mode
Non-connectable undirected event
Pout = 8dBm
Data Length = 7 bytes
Vstor,avg =26V
200 lux
Temperature = 25 °C
Vstor,avg =26V

TABLE |
EAWSN COMPONENTS POWER SUMMARY

STM32L01F4 3.6mW

Bluenrg-M2SP 18.5mW

AM-1606C 8.84 uWW

The maximum value V}, of the voltage Vi, is chosen as
3.3V to comply with the maximum supply voltage of both the
STM32L.0 and the BLUENRG-2 IC. The average value of the
voltage Vo 1S given by:

Vi + Vi

Vvstor,a'ug = 2 (15)

In order to obtain optimum power conversion performance
from the photovoltaic transducer, the average value of the

STM32L011F4
Ultra-Low-Power ARM Cortex-
MO+ MCU with 16 Kbytes Flash,
32 MHz CPU

20 mm

Bluenrg-M2SP
Very Low power Application processor
module for Bluetooth Low Energy V5.0

Fig. 11. EAWSN PCB top view

voltage Viior avg 18 chosen equal to the voltage V.. From
this, the minimum value V; of the voltage V., is calculated
according to:

Vi=2Vope — Vi = 1.9V (16)

It follows that the value of the Cyiorage capacitor can be
calculated as:
2. Etot

Vi =V

In order to integrate a certain degree of margin and thereby
render the system performance less sensitive to the inevitable
parametric variations of the various components involved, the
capacitor chosen for this application is a 22 uF' capacitor.
The chosen values of the voltages V;, and V; and that of the
Cstorage capacitor allow for:

Cstorage : (VhQ - VEZ)
2

Cstorage > =14 /LF a7

Eharvested = =80 /JJ (18)

V. EXPERIMENTAL RESULTS

Fig. 11 shows the top view of the PCB that was used
to obtain experimental data. The top view shows the com-
mercially available, off-the-shelf devices used to create the
system. For BLE radio communication, the BLUENRG-M2SP
very low power application processor module for Bluetooth®
low energy v5.0 [26] is used. The ultra-low power operation
and high system efficiency are obtained through careful hard-
ware and software co-design of the STM32L0 MCU, which
also manages the sensor. Fig. 12 shows the system in a
typical home environment. The BS was implemented with
the BLUENRG-2 IC set to scanning mode to receive the
data transmitted by the battery-free EAWSN, configured in
advertising non-connectable mode to transmit an output power
of 8dBm. The BLE EAWSN and the BS were placed at an
average distance of 5 meters. During the measurements, several
other devices using Bluetooth and Wi-Fi were active, including
a 2.4 GHz Wi-Fi access-point and various personal computers
and smart-devices. Numerous tests under these conditions
were conducted in order to expose the EAWSN to various
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Fig. 12. Battery-free EAWSN and BS system
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ambient light intensities. The most relevant signals, such as the
Vistor voltage, the Vi, voltage on the battery-free BLE sensor,
and the received "BLE_RX” data signal on the BS, were ob-
served, monitored, and measured. The data rate of the wireless
data transfer operation was controlled as described in Sec-
tion IV, and both the EAWSN and the BS were configured to
work with an 7j 4. of 60sec and Ny = 10. The data received
by the BS were monitored and recorded over the course of an
entire day. Time was recorded ,4,_qvg and reference ambient
light intensity measurements were performed by using the
luxmeter (PCE-174 and UNI-T UT382). Fig. 13 and Fig. 14
show the variations of the time ¢,4,_qvq and the light intensity
versus the daytime, respectively. These measurements were
performed during a series of tests conducted between April
and July 2020. Fig. 15 shows a sample of the measured QoC
values over an hour. Fig. 16 shows the relationship between
the time t,4, measured by the BS and the measurement of
the light intensity carried out by means of the luxmeter during
various hours of the day. Fig. 17 shows the characterization
results, performed over ten different measurements, of 1/¢44,
versus the illuminance F, in the range [225,90000] lux. We
observe that, according to our expectations, the curve has a
monotonous trend allowing a linear approximation. The solid
line curve shows the measured values, the dotted line reveals
the boundaries due to the maximum measurement uncertainty
of 10-1072 Hz.
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VI. CONCLUSIONS

In this paper, an Energy Autonomous Wireless Sensor Node
(EAWSN) with BLE communication for ambient light sensing
has been proposed, designed, and experimentally tested. It
was shown that the system, consisting of the EAWSN and
the Base Station (BS), is capable of performing ambient light
power measurements without the use of batteries or external
power sources. It was highlighted how the notion that the
physical quantity being sensed, and the source of energy
are one and the same, allowing major simplification of the
EAWSN architecture. An important aspect of this study is
that the same underlying concept can be extended to other
sources of ambient energy, such as kinetic, thermal, and so on.
It was shown how the simplicity of the architecture translates
into an effective advantage in terms of size, energy and cost,
and how it is possible to configure a set-and-forget device
in virtually any environment where light is available. Finally,
the experimental results from measurements performed on
a 2cmx2cm tag size PCB, implemented with off-the-shelf
components have been provided to demonstrate the viability
of the system and operational performance.
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