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Abstract—Wireless power transfer (WPT) is a possible alterna-
tive to batteries for supplying smart sensors. It is often described

‘“greener” because it avoids the use of batteries. However, this
claim usually lacks the proper assessment of the environmental
impacts of WPT and is particularly questionable given the poor
efficiency of wirelessly transmitting power over a few meters of
distance. In this paper, we design and thoroughly optimize a com-
plete state-of-the-art WPT system and compare it to an equivalent
battery-powered solution to assess whether it effectively repre-
sents an eco-friendly alternative. The proposed WPT system is a
2.45-GHz simultaneous wireless information and power transfer
(SWIPT) system with beamforming and a high peak-to-average
power ratio waveform for supplying a battery-less passive in-
frared sensor for room occupancy tracking. The final prototype of
the smart sensor consumes 4 uW and can operate in steady state
at Sm from the remote power head with an overall power transfer
efficiency of 17 yW/W and can cold-start at 3.5 m. We carry out a
life-cycle assessment (LCA) of the environmental impacts through
four indicators, i.e., primary energy demand, global warming po-
tential, terrestrial ecotoxicity, and freshwater consumption. Re-
sults show that for a 10-year lifetime, the WPT alternative has at
least 5.5 to 10.3 x higher environmental impacts than its battery-
powered equivalent. This demonstrates the importance of LCA
during the design of IoT smart sensors and shows that the use of
meter-range 2.45-GHz SWIPT should be limited to applications
where conventional battery-powered systems cannot be used.

Index Terms—Internet-of-Things, life-cycle assessment, motion
detection, RF energy harvesting, room occupancy tracking, smart
sensors, ultra-low-power, wireless power transfer.

I. INTRODUCTION

S of today, billions of objects are connected to the in-

ternet under the concept of the Internet of Things (IoT)
and this number will continue to grow in the upcoming
years [1], [2]. This has made possible the emergence of a
variety of applications in, e.g., healthcare, industries, cities,
buildings, and homes. A typical application of IoT for smart
buildings consists in monitoring room occupancy for surveil-
lance or for the optimization of the building’s total energy con-
sumption through smart light control and heating, ventilation,
and air conditioning (HVAC) regulation. Commercial solutions
for this already exist and they operate on batteries [3] or are
supplied by the building’s AC electrical infrastructure [4] [5].
These solutions could be an obstacle to the adoption of such
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Fig. 1. Proposed system architecture. It includes several smart sensors and a
shared base station, composed of the RPH and the information gateway. One
of these sensors is shown in detail.

technologies in multi-story buildings because of the cost of de-
ployment and maintenance of a high number of smart sensors.

As proposed in [6], wireless power transfer (WPT) is a
possible solution to overcome these limitations as the power
used to supply the smart sensors is transmitted through the
air from a remote power head (RPH). This removes the need
for wires or batteries for the operation of the sensors, which
instead harvest the incident RF energy. It is often referred to
as a green alternative in grey and scientific literature because
it replaces batteries [7]-[9]. Nevertheless, the low efficiency
of this technology, mainly caused by the path loss due to
wave propagation, restricts the range of applications to those
with simple tasks that need only very low power to complete.
Therefore, an important trade-off appears. On the one hand,
the distance between the sensors and the RPH can be reduced
to increase the harvested power, resulting in the ability to han-
dle more complicated applications. An example is the real-
time monitoring of an engine done in [10], where the sensors
are supplied with a 2.45-GHz WPT and are separated by only
54 cm from the RPH. There are mainly two disadvantages in
this case. Either the spatial coverage of the sensors is severely
reduced, or the number of RPHs must increase to supply all
the sensors. Both options limit the applications for which the
system could represent a technically viable alternative. On the
other hand, the distance can be maximized to have the mini-
mal number of RPHs for the desired range of the sensors by
reducing the power consumption of the smart sensor, at the
cost of limited applicative functionality such as low-rate data
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Fig. 2. Antenna pattern (a) and realized gain (b) of a dual single-ended
rectangular patch antenna. The realized gain is 2.3dB higher than that of a
single-patch antenna at 2.45 GHz.

logging. This approach is illustrated in [11], where a simple
temperature and humidity monitoring system can operate at
17m from the RPH which sends power at 868 MHz.

Simultaneous wireless information and power transfer
(SWIPT) is a popular research concept that has been
studied both at sub-GHz frequencies [12], [13] and at
2.4 GHz [10], [14]. In this paper, we focus on 2.4-GHz WPT to
supply an application with intermediate complexity and WPT
range, where we aim at an always-on presence detection for
room occupancy tracking through the design and optimization
of a WPT system with a battery-less infrared motion detector
and Bluetooth Low Energy (BLE) communication. This design
serves as a base for the study of the technical limits of the WPT
technology. We further evaluate if it is actually an eco-friendly
alternative to battery-powered smart sensors by conducting a
life-cycle assessment (LCA) of the environmental impacts.

This paper is structured as follows. Section II describes the
system architecture. Section III discusses the wireless power
transmission and RF energy harvesting to evaluate the sup-
ply link budget of the system and estimate the total available
power for the operation of the smart sensor, whose optimiza-
tion is described in Section IV. The problem of the cold start
of the smart sensor and the global system performance are
presented in Section V. Finally, LCA results are provided in
Section VI.

II. SYSTEM ARCHITECTURE

The proposed SWIPT system is composed of three parts, as
shown in Fig. 1. The first is the RPH, which transmits the RF
power to the smart sensor. The second is the smart sensor, here
a battery-less infrared occupancy sensor. Finally, the third is
the information gateway, which communicates with the smart
sensor using BLE to track the changes in occupancy in the
room.

The smart sensor is composed of two subsystems: the har-
vesting and the sensing subsystems. The harvesting subsys-
tem includes the Radio-Frequency Energy Harvester (RFEH)
which rectifies the RF energy received with a patch antenna to
an unregulated DC voltage using a Greinacher rectifier built
with discrete components. The AEM30940 power manage-
ment unit (PMU) from e-peas [15] generates a regulated sup-
ply voltage for the sensing subsystem from the unregulated
DC voltage. Additionally, a capacitor is connected to the PMU
to store the excess energy that is not immediately used by the
sensing subsystem and to provide the excess energy for its mo-
ments of peak consumption. The sensing subsystem contains a
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Fig. 3. RF energy harvesting subsystem with high-PAPR input waveform
showing the automatic detection of power at the output of the rectifier.

passive infrared (PIR) transducer ZRE200GE from Zilog [16].
It is interfaced with an analog front-end (AFE), built with dis-
crete components, which amplifies and filters the transducer
signal. Finally, a microcontroller unit (MCU) controls the
smart sensor and transmits the information to the gateway with
its embedded Bluetooth 5 transceiver, compatible with BLE.

The smart sensor is powered remotely from a software-
defined radio, implemented with National Instruments
USRP-2944 devices [17], with 2.45-GHz WPT using a high
peak-to-average power ratio (PAPR) custom waveform which
enables a higher harvesting efficiency on the smart sensor at
a lower incident power [18]. The RPH further embeds four
TPQI111 power amplifiers from Triquint [19], each feeding
an antenna of the array that creates a beam in the direction of
the smart sensor.

Finally, the information gateway, composed mainly of a
Bluetooth transceiver, communicates with the smart sensor and
for demonstration purposes controls the lighting of the room
by switching on and off an electrical relay.

III. WIRELESS POWER TRANSFER

The applicative functionality and the spatial coverage of the
smart sensor are directly linked to the power available for its
operation. It can be estimated from the performance of the
RFEH and the RPH. The design of these blocks as well as the
supply link budget are discussed in the following subsections
to derive the power consumption target of the smart sensor.

A. RF Energy Harvesting

In far-field or radiative WPT, power is transferred through
beams of electromagnetic radiation at radio frequency, such as
the license-free 2.45 GHz. The receiver part of far-field WPT
is the RF energy harvesting subsystem of the smart sensor. As
depicted in Fig. 1, it collects the RF power sent by an RPH,
and then converts and regulates the RF power into a stable
voltage for supplying the sensing subsystem.

For improving the realized gain of the receiving antenna
and thus reducing the RF path loss, a dual rectangular patch
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Fig. 4. (a) Average input power versus distance with single- and double-patch antenna, at 2.45 GHz and considering perfect beamforming and free-space

path loss (FSPL). (b) Measured power harvesting efficiency (PHE) of the Greinacher rectifier including the PMU. (c) Total harvested power available for the

operation of the smart sensor.

antenna was designed as depicted in Fig. 2(a). Each patch
antenna has a size of 32.5mmx41.5mm. The feed lines of
the two antennas are connected to have a single-ended output.
Here, we used the Roger 4003C process featuring lower RF
power losses than the FP4 material. Fig. 2(b) shows the real-
ized gain, which increases around 2.3 dB for the double-patch
antenna compared to the single-patch antenna at the nominal
frequency.

As depicted in Fig. 3, after the receiving antenna, the 7
matching network converts the input impedance of the recti-
fier to the antenna impedance to avoid RF power reflection
due to impedance mismatch. It was designed with parasitic-
aware sizing, as explained in [6]. A Greinacher rectifier com-
posed of Schottky diodes, as the one used in [6], performs the
AC/DC conversion. As increasing the number of stages in the
rectifier only increases its output voltage at a fixed efficiency
[20], a single stage was selected to keep the output voltage
below the maximum 5V that the PMU can withstand, even
during the power bursts of the high-PAPR waveform. In this
work, the AEM3094 PMU is used for maximum power point
tracking (MPPT) [15] to improve the power harvesting effi-
ciency (PHE). This efficiency is defined as the ratio between
the harvested DC output power (Fgpou) and the incident RF
power (Pincident) at the antenna [6], [21]:

P EH,out

PHE(RnCident) = . (1)
Pincident

Each stage of the RFEH contributes to the power loss, as
illustrated in Fig. 3, reducing the harvested power used to sup-
ply the IoT smart sensor and degrading the PHE. The PHE
of 2.45-GHz RFEHs is high only at high levels of incident
power [21], mainly because the equivalent input impedance of
the rectifier increases exponentially at low levels [18]. How-
ever, the path loss over the wireless link significantly degrades
the level of incident power Picident, €specially at the high op-
erational frequency used, 2.45 GHz. To improve the PHE at
low incident power, and thus increase the achievable distance
between the RFEH and the RPH, a high-PAPR waveform is
used to contract the low average RF power to short high-power
bursts [18]. A high-PAPR waveform can be generated through
the superposition of different tones where the peak power level
can be controlled by introducing a phase offset between the
tones. We generate the high-PAPR WPT waveform by using

64 tones, modulated with binary phase-shift keying, for a total
bandwidth of 3-MHz fitted in two 2-MHz adjacent BLE chan-
nels, that we allocate to WPT. Fig. 3 compares the single-tone
waveform in light blue with the 18.24-dB PAPR waveform in
dark blue. The 21 us of separation between power peaks are
divided in 0.65 ps of the high power burst (Tpys) and 20.35 us
of gap (Tgap). The PHE is significantly improved at low Pjycigent
as depicted in Fig. 4(b), reaching 12.5 % at —20 dBm, which
is comparable to state-of-the-art designs such as [22].

B. Wireless Power Transmission

Phased antenna arrays are collections of antenna elements
capable of beamforming, i.e., radiating electromagnetic energy
towards desired locations by constructively combining individ-
ual signals while destructively interfering in other directions
to minimize side lobes. To counteract the detrimental effect
of the path loss on the power transfer efficiency, the proposed
RPH embeds a phased array of four elements whose config-
uration is adapted on the fly to maximize the power received
by the smart sensor.

Even though beamforming requires only limited resources,
the main technical requirement to compute the beamforming
coefficients is the assumption of Channel State Information
(CSI) knowledge at the transmitter side. This is usually ob-
tained by making use of known pilot symbols, which requires
the estimation of the CSI at the smart sensor and a feedback
link to the RPH. This procedure may be problematic in RF-
supplied smart sensors since it requires enough energy for the
execution of a channel estimation algorithm as well as an ad-
ditional dedicated transmission to communicate the channel
coefficients to the RPH. An interesting alternative to overcome
this obstacle as a trade-off between the performance improve-
ment of beamforming and its complexity overhead consists in
the exploitation of the channel reciprocity theorem. Channel
reciprocity allows the estimation of CSI directly at the RPH
from a beacon transmitted by the smart sensor. This is possible
in SWIPT systems under the condition of sharing the available
resources through a time division duplexing (TDD) protocol.

The TDD protocol was implemented as shown in Fig. 5.
The power transfer is structured in frames of 100 ms. When
the controller schedules a beacon transmission, the RPH stops
the power frame transmission. Therefore, the voltage at the
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RFEH rectifier output starts decreasing and the availability of
the frequency resource for data transmission is identified by
introducing an incident-power detector in the smart sensor. As
shown in Fig. 3, this detector is implemented with a compara-
tor that generates an IRQ to the MCU in case the output of the
RFEH rectifier goes below a certain voltage reference gener-
ated in the resistive ladder of the AFE, shown in Fig. 11. The
TLV3691 comparator [23] was chosen because of its ultra-low
power consumption. When the drop of the incident power is
detected, it means that the channel is available for transmit-
ting a beacon for CSI evaluation. When catching this IRQ, the
MCU thus transmits a BLE beacon with a different payload
than for motion detection. In order to correctly estimate the
CSI with a decent SNR, the RPH cannot transmit power when
receiving the beacon. Therefore, during the transmission of the
BLE beacon, the RPH scans three RX windows of 200 ms to
localize the BLE signal within the time interval available for
beacon transmission. Since BLE uses constant-envelope GFSK
signals, a simple yet effective solution to sense the presence of
a beacon consists in finding the locations of any pair of signal
level-crossings within the pre-determined RX windows. When
a rising edge and a subsequent falling edge are detected, the
time interval between the two events is then compared with
the expected length of the BLE signal to minimize false alarm
events. If the distance between the two edges is compatible
with the BLE beacon, the samples are acquired, their covari-
ance matrix is filtered through the steering signature vector
of the antenna array to extract the signal impinging directions
and the beamforming coefficients are finally obtained as the
complex conjugate of the first eigenvector of the covariance
matrix [24].

The impact of the proposed beamforming strategy was
tested in a dynamic environment and in the presence of mul-
tiple reflections and small obstacles. In order to evaluate the
benefits of the proposed strategy on the power transfer ef-
ficiency, the RPH and the smart sensor were deployed at
the UCLouvain premises during working hours, and the in-
cident power at the harvester antenna was measured with
and without beamforming. Two different antenna designs have
been tested, namely single-patch and dual-patch antennas (see
Section III-A for more details). Fig. 6 reports the average re-
ceived power for six different random positions of the har-
vester in a range between 2 and 3 m from the RPH. The pro-
posed beamforming procedure increases the average received
power by 1.3 to 20.6 dB for the different positions when using
the dual-patch antenna.
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Fig. 6. Average received power by the RFEH at six random positions in
a range between 2 and 3m from the RPH in an office environment for a
transmitted power of 15dBm.

C. Supply Link Budget

The total power available for the sensing subsystem can be
estimated from the performance of the different parts of the
WPT system.

First, a portion of the power transmitted by the RPH is lost
due to the propagation through the wireless channel. Assuming
perfect beamforming by the RPH and a free-space propagation,
the power received by the smart sensor in dBm is derived from
the Friis transmission equation as a function of the distance:

4 fd
Rncident = PTX,out + GT + CTYA + GR —20 1Og ( cf ) ’ (2)

where Prx oy is the transmitted power, 15 dBm, corresponding
to the maximum allowed power by the EIRP regulations; Gt
is the antenna gain of the transmitter, 3 dBi, derived from their
physical dimensions; G is the array gain at the transmitter,
12 dB, corresponding to a 4-antenna array; G is the antenna
gain of the receiver, equal to 5.7 or 7.9 dBi for the single- and
double-patch antenna, respectively; ¢, f, and d are the speed of
light, the frequency of the wave and the distance between the
RPH and the smart sensor, respectively. This theoretical calcu-
lation is compared to measurements in an office environment
in Fig. 4(a). For each measurement at each distance, the receiv-
ing antenna was oriented toward the RPH and the beamform-
ing coefficients were estimated again to adapt to the new con-
ditions. As expected, the experimental results do not match the
simplified model of free-space propagation, mainly because
of the obstacles present in an office environment which create
multiple paths of propagation that decrease the mean received
power. However, at distances greater than 3 m, the beamform-
ing is able to leverage these multiple paths to compensate for
the adverse propagation conditions and allows to receive a
level of power close to what was theoretically estimated.
The received signal is then rectified by the RFEH and the
resulting DC voltage is regulated by the PMU, providing the
supply that will be used by the smart sensor for its operation.
The efficiency of these two operations is included in the PHE
depicted in Fig. 4(b) as a function of the incident power, and
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therefore of the distance [18].

The total power available for the operation of the smart sen-
sor, i.e., the harvested power, can be estimated using (1). The
result is shown in Fig. 4(c). It can be noticed that the power
consumption of the smart sensor must remain below 4 uW to
enable a distance of 5m between the RPH and the smart sen-
sor. Unfortunately, the harvested power can only be estimated
from a model because the probing of the output supply voltage
introduces a prohibitive leakage at very low harvested power.

To evaluate the global performance of the system, we define
the power transfer efficiency (PTE) as the ratio between the
harvested power and the power consumed by the transmitter
of the RPH (Prxn), which gives:

PTE = P EH,out

= PTXE x Path Loss x PHE, 3)
TX.in

where PTXE is the transmitter efficiency, i.e., the ratio between
Prx on and Prx iy, and path loss is the ratio between received
and transmitted power that can be computed from (2).

IV. MOTION DETECTION STRATEGIES

In order to meet the power constraint of 4 uW for the smart
sensor, special attention must be paid to the strategy used in
the sensing subsystem to successfully detect a movement and
alert the gateway. This is because each strategy implies a trade-
off between the system latency when detecting movements and
the average power consumption.

The strategy used in [6] to decrease the average power of the
system combines three techniques: duty-cycled sensing with
periodic MCU wake-up, event-driven communication, and the
use of a back-off time, i.e., a minimal delay between two
packet transmissions. This strategy results in a low latency
when detecting movements, but unfortunately, the back-off
time and the period of the duty-cycled sensing would both
need to increase 3 x to achieve the 4-uW target of power con-
sumption, therefore greatly deteriorating the latency and thus
the applicative functionality.

Let us study an alternative strategy with a simpler control
from the MCU, to spend more time in sleep mode. This strat-
egy relies on always-on sensing and event-driven MCU wake-

up while keeping the back-off time and the event-driven com-
munication done in [6].

In addition to the choice of strategy, the choice of MCU is
also important as it has a great impact on the average power
consumption of the system due to performance trade-offs. In
the following subsections, a comparison between the CC2650
from Texas Instruments [25] used in [6] and the STM32WBS55
[26] will be detailed as well as an analysis of the two afore-
mentioned strategies in terms of average power consumption
during both motion detection in absence of motion and in the
worst-case scenario. The latter is the one limiting the max-
imum achievable distance between the smart sensor and the
RPH because it sets the lower limit on the amount of power
that must be harvested for stable operation.

A. Strategy A: Duty-cycled Sensing with Periodic MCU Wake-
up

In [6], the CC2650 MCU from Texas Instruments [25] was
used. It provided the supply voltage of the AFE via a general-
purpose input/output (GPIO) pin and therefore was able to
control the duty-cycling of the sensing operation to have an
active time of 10 ms with a period of 1s (1 % of duty-cycle).
The rest of the time, the MCU had to enter the deepest possible
sleep state with functional real-time clock (RTC), which in
the case of both the CC2650 and the STM32WBS5S5 is called
standby mode.

During this motion detection stage, the system is at its min-
imum in power consumption, which can be computed as

Pietect = Pstdby + Eacqua (4)
where Pyqpy i the standby power of the MCU, E is the
energy consumed for data acquisition including the ADC con-
version energy and the AFE power integrated over its short
active time, and fs is the sampling frequency. This equation
shows that the power consumption during motion detection
can be reduced by having a lower sampling frequency, which
unfortunately decreases the responsiveness of the system, and
also that the power is ultimately limited by Fiapy.

The worst-case scenario depends on the communication
scheme used to inform the gateway of the occupancy of the



TABLE I
COMPARISON OF THE PERFORMANCE OF THE MCUS.

CC2650 STM32WBS55 [26]
[6], [25] standalone with AFE
Standby power (Pidby) 4uw! 0.7 uW/1.08 uyW!  1.09 pyW
Shutdown power (FPyq) 0.45 uW 0.032 W 1.53 uW
Data acquisition (Facq) 0.53uJ - 4.67W
Wake-up energy (Eq sidby) - 19.5u 459w
Packet transmission® from:
E,. 11 11
Standby ( kat,aldby) 50 HJ (an) 6 FL] 8 M‘]
Shutdown (Epcke,sa) 106 W 108 uJ

! With SRAM data retention.
2 BLE packet with a 9-byte (resp. 14-byte) payload transmitted at 6 dBm
(resp. 5dBm) on one channel for the STM32WBS5S5 (resp. CC2650) MCU.

room, depicted in Fig. 7(a). When motion is detected, a BLE
packet is immediately transmitted to the gateway to indicate
the room is occupied. The MCU then goes back to motion
detection mode and starts the timer for the back-off time. If
during any of the following data acquisitions, until the end of
the back-off time, a motion is again detected, then the timer
is restarted. If instead, no motion is detected, then a packet
is transmitted to the gateway indicating the room is no longer
occupied.

The worst-case scenario thus happens when a packet is
transmitted immediately after one back-off time, in which case
the average power consumption can be computed as
2. Epckt,stdby

T, ®)
where Ti, is the back-off time and Eyciisaby 1S the energy
needed to transmit a packet after waking up from standby, in-
cluding the energy necessary for the MCU to wake up from the
standby mode. It can be noted that it is limited by the power
consumed during motion detection and therefore by Pygpy.
Fig. 8 shows the power consumption according to (5) in the
worst-case scenario as a function of Ty,. It was calculated from
the performance of the CC2650 as reported in [6], available in
Table I. For a sampling frequency of 1S/s and a back-off time
of 1min, the average power consumption in the worst-case
scenario is 6.2 uW. It is above the target consumption, mainly
because the standby power of the CC2650 is already equal to
the target power consumption, as shown in Table I. Therefore,
another MCU with lower standby power must be used in order
to achieve the target of 4 uyW. The STM32WB55 MCU from
STMicroelectronics [26] was chosen as a replacement because
its standby power is 4 to 6x lower than that of the CC2650.
Its specifications are also shown in Table I for comparison.

Fig. 8 also shows the worst-case power consumption when
using the STM32WBS55 MCU for two different fs. When con-
sidering 1 S/s of sampling frequency similarly to the previous
MCU, a deterioration of the performance is noticed because
of the higher energy needed for an ADC acquisition. Even if
the new MCU has a lower standby power, it has significantly
higher wake-up energy, which increases the average power
consumption during motion detection, i.e., 5.75 uW. As a con-
sequence, even if the back-off time is increased infinitely, it
is not possible to reach the power consumption target. If the
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Fig. 8. Average power consumption in the worst-case scenario for Strategy A.

The performance of the CC2650 [25] MCU is compared to two configurations
of the STM32WBS55 [26].

500

sampling frequency is decreased to 0.33 S/s, which would de-
grade the system responsiveness, the motion detection power
goes down to 2.64 uW. However, a back-off time of almost
3 min is needed for the worst-case consumption to be also be-
low the target, impacting even further the system responsive-
ness. In this case, the high wake-up energy limits the worst-
case average power by increasing the energy needed for packet
transmission. Both issues can only be solved by using an al-
ternative strategy.

B. Strategy B: Always-on Sensing with Event-driven MCU
Wake-up

The objectives of this new strategy are therefore to mini-
mize the number of times the MCU must wake up from sleep
mode to control the system and to decrease the number of
packets transmitted. Both objectives have the goal of reaching
the target power consumption with the STM32WBS55, taking
advantage of its very low standby power.

Firstly, the periodic wake-up strategy is changed to an event-
driven wake-up. More specifically, this means that the signal
processing for motion detection is transferred from the MCU
to the AFE, which now will function in an always-on approach
during motion detection, generating an interrupt request (IRQ)
to wake up the MCU when a movement is detected. When
managing the IRQ, the MCU turns off the AFE to save power.

Secondly, the communication scheme is changed to the one
shown in Fig. 7(b). After a system reset, the AFE stays on
for motion detection while the MCU is in sleep. It can go to
the deepest sleep mode because the RTC is not needed. In
this mode, called shutdown mode for both MCUs considered
here, the power consumption of the MCU (Fyg) is negligible
in comparison to that of the AFE. When a motion is detected,
the MCU is woken up by an IRQ generated by the AFE and
transmits a BLE packet to alert the gateway of movement in
the room. Then, the system starts the back-off time, during
which the AFE is turned off and the MCU is in standby mode
to keep track of time with the RTC. Once over, the MCU
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must wake up to return the system to the state after reset. On
the gateway side, the room is considered again unoccupied
if no packet is received after a certain amount of time. This
time consists of the back-off time plus a small time margin
that allows the system to start up completely and to detect if
the room is unoccupied, e.g., for a back-off time of 50s, the
gateway considers the room is again unoccupied if it does not
receive a new packet after 60s.

To enhance the reliability of the communication scheme,
an acknowledgment system similar to the one used in [6] is
implemented. By leveraging the scannable advertisements of
the BLE protocol, the smart sensor can know whether the
gateway received its broadcast packets thanks to the scan re-
quests. In the case where the smart sensor does not receive
the corresponding scan request from the gateway, it repeats
the transmission a maximum of two times to guarantee that
a minimum of packets are lost. In order to keep the average
power consumption constant, even after three trials, the back-
off time is adapted and becomes longer to compensate for the
extra energy consumed for the additional packet transmission.

The average power consumption during motion detection,
in this case, can be approximated to the power of the AFE
because the shutdown power of the MCU can be neglected,
especially for the STM32WBS55 whose shutdown power is
more than 60x lower than the AFE power. On the other hand,
the worst-case scenario for the power consumption changes
with this strategy and corresponds to the case when a motion
is detected immediately after the back-off time, as shown in
Fig. 9. This power consumption can be computed as
Epckt,sd + Esd,stdby (6)

Tho ’
where Ejcsa and Egqqqavy are the energies necessary to trans-
mit a packet after waking up from shutdown and to change
from standby to shutdown mode, respectively.

Fig. 10 shows the power consumption for the worst-case
scenario for both MCUs, along with the AFE power consump-
tion in dashed lines. As the power with the CC2650 is still
limited by the MCU standby power, as can be seen in (6), the
CC2650 cannot achieve the targeted power consumption. On
the contrary, the STM32WBS55 does reach it with an acceptable
back-off time of 60s. The figure also shows the average power
consumption when multiple trials of the packet transmission
are performed, with an emphasis on the adaptive nature of the
back-off time.

A final degree of freedom consists of the number of ad-
vertising channels to use for transmitting the BLE beacon.
The Bluetooth standard suggests the repetition of the broad-
cast packet in the three advertising packets, demanding higher
energy because of this repetition. Nevertheless, as seen in

Pyc = Pyapy +
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Fig. 10. Average power consumption in the worst-case scenario for Strategy
B. The vertical dashed lines show the adaptive back-off time implemented to
maintain a constant average power consumption even after multiple transmis-
sion trials.

TABLE II
ENERGY COMPARISON FOR DIFFERENT NUMBERS OF PACKETS AND FOR
DIFFERENT NUMBERS OF ADVERTISING CHANNELS.

Adbvertising channels  Energy for one trial ~ Energy for three trials

Only one
All three

118J
130w

246 uJ
293

Table II, the increment is not linear with the number of trans-
mitted packets mainly because this energy also includes the
MCU wake-up and software initialization that is performed
only once. It represents an increment of only 19 % for three
times more packets sent. This translates into an increment of
the back-off time of 10s in average to maintain an average
power of 4 uW, which does not represent a significant degra-
dation in the system performance for the targeted application
but allows greater compatibility since most BLE devices use
the three advertising channels.

C. Sensor Interface

The use of Strategy B with always-on sensing directly im-
pacts the design of the AFE, which is not only in charge of
conditioning the signal coming from the PIR sensor but also of
detecting movements in the room. Fig. 11 shows the schematic
of the AFE, which is based on the application note of Texas
Instruments [27]. It includes an active band-pass filter, fol-
lowed by a window comparator that converts its analog output
to digital signals which indicate when a motion is detected.
These digital signals generate an IRQ on the MCU, triggering
a BLE packet transmission.

Since the AFE remains always-on during motion detection,
the TLV8801 amplifier [28] was chosen for the operational
amplifier in the filter and the TLV3691 comparator [23] for
the two comparators because both components have an ultra-
low power consumption. In addition, three modifications to
the original design from [27] are introduced. The first two are
inspired by [6] and consist in removing an additional stage
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Fig. 11. Analog front-end schematic.

of active filtering, which is not strictly required and can be
removed to save power; and in increasing the source resistance
of the PIR resistor, which decreases the power consumption
of the sensor without a significant impact on the signal-to-
noise ratio [6]. The third modification is a direct consequence
of the first one. As a gain stage was removed, the amplitude
of the signal was decreased and the thresholds of the window
comparator had to be reduced to maintain the sensibility. There
is however a limit on the size of the comparison window, as
it needs to be large enough to avoid false positives due to the
sensor or environmental noise, and the comparator offset.
The amplifier and comparators are power gated during the
back-off time to save power, an operation that is controlled
by the MCU through the GPIOs by changing the gate voltage
of a PMOS transistor. The transducer, however, is not power
gated to avoid its long start-up time at each wake-up [6].

V. PROTOTYPING AND GLOBAL PERFORMANCE

The system prototype is shown in Fig. 12. The smart sensor
was implemented on stackable printed circuit boards (PCBs),
one per subsystem. A practical problem that needs to be ad-
dressed when testing prototypes of this type of system con-
cerns the cold start of the smart sensor. The design and op-
timization of the system discussed in the previous sections
consider only the steady-state operation of the smart sensor.
However, when the supply voltage first appears and all the
components of the sensing subsystem initialize at the same
time, there is a peak in the consumption of the smart sensor, as
shown in the current trace in Fig. 13. The power consumption
of the smart sensor is temporarily increased and therefore, the
operation at the maximum theoretical distance can no longer
be achieved. This problem can simply be solved by decreasing
the distance between the smart sensor and the RPH. To limit
this loss in distance, the transmitted power was boosted by
5dB during the cold start only. Even though this boost risks
violating the EIRP regulations, it is acceptable if the absence
of human presence is guaranteed. The whole system was tested
successfully from the cold start at 3.5 m of separation between
the RPH and the smart sensor.

The performance of the WPT system can be evaluated using
the PTE computed from (3). At 5m, where the path loss is
31.4dB and the PHE is 20.44 %, a total of 4.66 uW can be har-
vested. Considering only the power amplifiers for the PTXE,
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Fig. 12. Stackable PCBs for (a) the harvesting subsystem and (b) the sens-
ing subsystem. The SMA connector serves to connect the energy harvesting
antenna. (c) Remote power head.

since the software-defined radio modules used for the rest of
the RPH are not designed to be power efficient, the PTE is
427 ppb, or equivalently 427 nW/W, given that the used power
amplifiers from TriQuint [19] have an efficiency of 1.16 %.
However, the power amplifiers are not optimized either in this
system. State-of-the-art power amplifiers working with signals
with PAPR can reach an efficiency of 45 % [29]. Therefore,
optimizing the power amplifiers to have such efficiency would
increase the PTE to maximum 17 ppm, or 17 yW/W.

VI. LIFE-CYCLE ASSESSMENT

Given the current environmental situation of the Anthro-
pocene and the upcoming massive deployment of smart ob-
jects, it becomes critical to question the environmental rele-
vance of technological innovations, especially when they em-
bed electronic components as they are known to be resource-
and energy-intensive to produce [30]. An LCA can help in
this matter as it is a standardized methodology to evaluate the
environmental impacts over multiple indicators [31]. In order
to compare the environmental performance of the WPT solu-
tion to its battery-powered equivalent, a comparative cradle-
to-grave LCA was carried out including life-cycle phases from
raw material extraction and production to use phase and end of
life (EoL). The usage of networks and the cloud were not taken
into account as they are not necessary for this application. The
environmental impacts were modeled with the GaBi LCA soft-
ware tool using the ReCiPe 2016 midpoint (H) method. Four
indicators were considered, namely primary energy demand
(PED), global warming potential (GWP), terrestrial ecotoxicity
(EcoTox), and freshwater consumption (Water). The functional
unit is defined as one system over a 10-year lifetime, where
the system can be either the WPT room-occupancy tracking
version as presented in Fig. 1 or its battery-powered equivalent
where the harvesting subsystem is replaced by a coin cell and
no RPH is used at the base station.

For the bill of material (BoM) and the life cycle inven-
tory (LCI), optimized systems were assumed in order to avoid
a bias for the WPT as a development prototype is undeniably
under-optimized in terms of hardware design and performance.
A streamlined BoM for both versions is given in Table III. The
RPH was included in the BoM because the need for specialized
hardware and the limited allowed distance between the RPH
and the smart sensors do not allow the reuse of existing Wi-Fi
or Bluetooth infrastructure. As the information gateway could
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Fig. 13. Current trace of the cold start of the sensing subsystem of the smart
sensor. The spurious activity of high power consumption present during the
cold start prevents the achievement of the theoretical separation between the
smart sensor and the RPH.

be deployed with the smart sensors or integrated into the ex-
isting infrastructure, its impact is reported separately from that
of the RPH. For the production phase, the GaBi professional
and GaBi Extension XI (Electronics) databases [32] were used
to model the different electronic components of the two ver-
sions. The environmental impacts related to the production of
the battery have been attributed to the use phase of the smart
sensor and thanks to its very low power consumption of 4 uW,
a single 3V 120 mAh lithium poly-carbonmonofluoride coin
cell is sufficient to power up the smart sensor over its lifetime.
The ratio between the PED for the production of this coin-
cell battery and its capacity is around 100-150x [32], which
is similar to what is used in [33]. For the use phase, the EU-28
electricity grid mix was used for the base station. The power
consumption at the RPH is assumed to be proportional to the
number of smart sensors, which is a reasonable first-order ap-
proximation. However, the power consumption of the gateway
is considered to be similar regardless of the number of smart
sensors, i.e., Py = 50mW. For the EoL, a basic model was
considered by assuming that electronic parts would end up in
an incineration plant and plastic parts in a landfill. All data
and specific assumptions used in this analysis are provided as
supplementary material.

Fig. 14 shows the results of the LCA. For each version, two
scenarios were analyzed: the first scenario combines one sin-
gle smart sensor with one base station whereas in the second
scenario one base station is shared between 8 smart sensors.
This scenario is likely to be more representative of a real-
life deployment and corresponds to the limit of smart sensors
that can be supplied by a single RPH for the 64-tone custom
high-PAPR waveform used, as described in Section III. In the
single-sensor scenario, the environmental impacts are balanced
between the production and the use phase, both for the WPT
and for the battery-powered version. Nevertheless, the WPT
version yields higher absolute impacts, i.e., from 5.5 to 6.3x
depending on the considered indicator. In the 8-sensor sce-
nario, the use phase dominates by more than 68 % in the WPT
version. This is explained by the high RPH power consump-
tion of 1.88 W. Results show that increasing the number of
smart sensors generally strengthens the previous conclusions,
with impacts up to 10.3 x higher for the WPT version. In both
scenarios, the production dominates the EcoTox indicator by
at least 92 %, mainly due to PCB and integrated circuits (IC).

TABLE III
STREAMLINED BILL OF MATERIAL (BOM) FOR THE LCA OF
BATTERY-POWERED AND WPT-POWERED SYSTEMS.

Part Quantity Units Description
Common components

Gateway 1 Pyg = 50mW
PCB 50 cm? HASL FR4 4 layers
Relay 1 piece -

External antenna 1 piece Whip-like antenna
Crystal 2 piece -

AC/DC power supply ' 1 piece -

ICs™ (+ package) 12 mm? STM32WB55
LED 1 piece -

Others*

Smart sensor 1-8 Power budget = 4 uW
PCB 20 cm? HASL FR4 2 layers
ICs> (+ package) 12 mm? STM32WB55
Comparator 2 piece TLV3691
Transistor piece PMOS
Operational amplifier 1 piece TLV8801
PIR sensor® 1 piece ZRE200GE
Plastic lens 2 g -

Others*
Supply - Battery version 1-8
PCB 10 cm? HASL FR4 2 layers
Coin-cell battery 1 piece 3V 120mAh Li
LDO 1 piece -
Supply - WPT version
PTX.in = 235mW

RPH 1 (PTE = 17 pW/W)
PCB 400 cm? HASL FR4 4 layers
PCB antennas array 400 cm? HASL FR4 2 layers
ICs™ (+ package) 24 mm? Real-time MCU (w. DSP)

TPQI111-like

Power amplifier 4 piece (efficiency = 45 %)
Crystal 1 piece -
AC/DC power supplyt 1 piece -

RFEH 1-8
PCB 10 cm? HASL FR4 2 layers
PCB double-patch antenna 48 cm? HASL FR4 2 layers
ICs> (+ package) 6 mm? AEM30940
Comparator 1 piece TLV3691
Power inductor 1 piece -
Storage capacitor 4 piece 220 uF

Others*

*: includes passive components (e.g., capacitors, resistors, inductors, EMS shield,
press button, SnAgCu solder paste, diodes, ...), transistors, and filter

t: includes power transistors, ring core coil, diodes and other passive
components, connectors and cables

>: CMOS good die area (die-to-package approx.)

©o: CMOS approx.

The impacts associated with the production of the battery are
orders of magnitude smaller than for the other parts, which
explains why it cannot be seen easily in Fig. 14. For the four
indicators considered in this study, it is clear that the environ-
mental impacts of the WPT version over a 10-year lifetime
are significantly higher than the battery-powered equivalent.
However, although the proposed WPT system has already
been optimized, it is likely not representative of all WPT sys-
tems. Indeed, other systems could have a better PTE, allow
for connecting a higher number of sensors, use manufacturing
techniques that are more environmentally friendly such as ad-
ditive manufacturing, or even propose a more integrated de-
sign. We, therefore, analyze the sensitivity of our LCA con-
clusions for a generalized WPT system WPTY, as defined in
Fig. 15. Four parameters are considered in this sensitivity anal-
ysis, namely (i) the number of smart sensors Ngepsors in the
system, (ii) the PTE of the WPTY system, (iii) an improvement
factor Fo. regarding the impacts of the PCB for the core
electronics Ipcp, cores and (iv) an improvement factor F, re-
garding the impacts of the PCB for the antennas of the RFEH
and RPH, IPCB, antennas EH and IPCB, antennas RPH feSPeCtiVely- All
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Fig. 14. LCA results. Percentages give the share of production, use, and end
of life (EoL) for each result.

data used in this sensitivity analysis are available in the sup-
plementary material. The results of the sensitivity analysis are
presented in Figs. 15(a)-(d), depicting the ratio between the
impacts of the WPT and the battery-powered systems. The
effect of improving either the PTE to its maximum possible
value or the manufacturing of PCB for the antennas by a factor
100 [34], [35] is shown in Figs. 15(b)-(c) while the effect
of combining both improvements is illustrated in Fig. 15(d).
With these improvements, the environmental impacts of the
WPTY system are almost equivalent to the battery-powered
system, especially for a higher number of nodes as the RPH is
amortized. Yet, the WPTY system remains more impacting and
the absolute impacts increase with the number of sensors, as
shown in Fig. 15(d). Moreover, as shown clearly in (3), a PTE
equal to 1 is unrealistic in practice, although it is considered
here as a theoretical boundary. Furthermore, increasing signif-
icantly the PTE would also require extra hardware in order to
improve TX and RX efficiency, which is not captured in this
analysis. The effect of Fi. was also investigated and it does
not improve the situation as both systems benefit from the re-
duction of the impacts. The inclusion or exclusion of the gate-
way does not change the conclusions either as it is used in both
systems. More details on both analyses are provided in the sup-
plementary material. Finally, the environmental impacts of the
components (Lcomponents) Were reduced by considering further
optimizations such as die area reduction (-50%) for the IC of
the RPH. This sensitivity analysis supports the generalization
of our LCA conclusions beyond the proposed system. Conse-
quently, WPT may be acceptable for applications where this is
the only possible solution but it must not become a widespread
standard to power smart sensors as the overall environmental
footprint of the system is increased. It also means that upcom-
ing WPT research or products cannot be called “green” just be-
cause they avoid the use of batteries. This highlights again the
critical need to carry out systematic LCAs for IoT devices [30].

A brief discussion can provide perspectives on these conclu-
sions. First, changing the energy mix can have an impact on
the results, especially for the GWP and Water indicators. For
instance, if the Chinese energy mix is used for powering up the
base station instead of the EU-28 energy mix, GWP results in
the 8-sensor scenario increase up to +80 % and +16 % for the
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Fig. 15. Sensitivity analysis and generalization for WPT systems. The evo-
lution of the ratio between the impacts of the WPT and the battery-powered
equivalent systems is provided for each of the four indicators under study.

WPT and battery version, respectively. Then, a deeper analysis
could take into account the fact that the effective lifetime of
a battery could be shorter than its nominal specifications due
to thermal stress or aging phenomena, for instance. Although
this will not change the conclusions, the gaps between the two
versions will shrink if heavy maintenance is needed, e.g., the
replacement of the whole smart sensor rather than only the
battery. Finally, the end-of-life of the battery could be better
modeled as the environmental impacts generated by specific
recycling processes are not captured here.

VII. CONCLUSION

In this paper, we focused on the design of a state-of-the-art
2.45-GHz SWIPT system to determine its technical and eco-
logical limits to supply battery-less smart sensors, particularly
in comparison with battery-powered sensors. The system was
designed to maximize the achievable separation between the
smart sensor and the RPH, estimated to be 5 m. This required
the optimization of all the parts of the system: on the RPH, the
implementation of a beamforming protocol allowing to max-
imize the total harvested power; and on the smart sensor, the
choice of MCU and motion detection strategy allowing to op-
erate under the strong power consumption constraint of 4 yW.
The system was successfully tested at a distance of 3.5 m be-
tween the RPH and the smart sensor, including the cold start
of the latter. This starting sequence must not be overlooked
in the system design as it was the critical point preventing
the system from reaching a 5-m supply distance. Finally, this
work demonstrates the importance of carrying out a specific
LCA for the design of IoT smart sensors. Indeed, our LCA
results show that the environmental impacts of the WPT sys-
tem were higher than the battery-powered ones, up to a factor
10.3x for the deployment scenario with several smart sen-
sors. A parametric sensitivity analysis also demonstrated the
stability of our conclusions even with (i) an increasing num-
ber of smart sensors, (ii) significant improvements in terms of



PTE, (iii) the use of advanced manufacturing techniques such
as printed electronics for PCB. As these findings may seem
counterintuitive because primary batteries are usually associ-
ated with a high environmental impact, this work calls for the
systematic use of LCA in the context of IoT.
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