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Abstract—This paper presents a generic Sensing Node, part 
of a Cyber-Physical System, dedicated to the Structural Health 
Monitoring of reinforced concretes. The Sensing Node is: 
battery-free; low-power; fully wireless; wirelessly, remotely and 
omnidirectionally powered and controlled by the 
Communicating Node(s) over several meters (at least 11 meters 
in indoor). It can be buried in the reinforced concrete and 
measure relevant parameters, such as temperature, relative 
humidity, mechanical deformation, and electrical resistivity to 
estimate the corrosion rate. By using a unique antenna, the 
proposed solution meets the requirements of the Simultaneous 
Wireless Information and Power Transfer paradigm. The 
proposed system is easily scalable to other applications, 
especially in harsh environments. 

Keywords—Wireless Power Transmission (WPT), Wireless 
Sensor Networks (WSN), Cyber-Physical Systems (CPS), Internet 
of Things (IoT), Simultaneous Wireless Information and Power 
Transfer (SWIPT), Structural Health Monitoring (SHM), Non-
Destructive Testing (NDT). 

I. INTRODUCTION 

With the digitalisation and miniaturisation of electronics, 
embedded systems are always more effective and pervasive. 
This is particularly true with those able to communicate 
wirelessly with humans and/or machines, and which have 
enabled the development of the Wireless Sensor Networks 
(WSN). These can be employed to monitor and/or control the 
physical world, as well as to connect the physical and digital 
worlds in Cyber-Physical Systems (CPS), such as the Internet 
of Things (IoT). Currently, the long-term deployment of WSN 
is mainly restricted by their energy autonomy. To lengthen 
their limited lifespan, ambient energy harvesting and Wireless 
Power Transmission (WPT) solutions are investigated to 
power them [1]. By considering both the electromagnetic 
WPT and the wireless communication, the WSN meets of the 
Simultaneous Wireless Information and Power Transfer 
(SWIPT) paradigm [2]. 

At the same time, the Structural Health Monitoring (SHM) 
is always more common in all application fields, especially in 
the civil engineering industry. It consists of “permanent” 
overseeing of the health of an object, to prevent its irreversible 
failures, avoid its collapse, and allow preventive treatments to 
be applied. For this, Non-Destructive Testing (NDT) methods 
are preferred because these do not alter the element under test. 

In this context, the McBIM project (Material 
communicating with the BIM (Building Information 
Modelling)) [3] aims to propose an implementation of the 
concept of communicating materials [4] in the case of 
reinforced concrete, in part to ensure the SHM of reinforced 
concrete structures thanks to NDT methods [5,6]. 

In this paper, a fully wireless, battery-free, wirelessly 
powered and controlled Sensing Node (SN) is presented. This 
employs diverse sensors including an electrical resistivity 
sensor to ensure the SHM of reinforced concrete. Next, the 
architecture and implementation of the SN, as well as of the 
CPS of which it is a part, will be presented. Then, some 
experimental results achieved to date will be explicated. 
Before the conclusion, the current and future works, as well as 
the contributions of this research will be discussed. 

II. DESIGN OF THE CYBER-PHYSICAL SYSTEM AND OF THE 

SENSING NODE 

Embedding a WSN in the reinforced concrete has been 
decided for the implementation of the communicating 
reinforced concrete [3,7,8]. This must last decades and be 
intrinsically able to: (1) generate (locally); (2) store (locally 
and/or remotely); (3) process (locally and/or remotely); and 
(4) share data (from its own health and/or environment) with 
other communicating elements (in the physical world) and 
with a digital twin (such as a BIM) through the Internet (in the 
digital world), in order to keep an up-to-date model of the 
element, for which the current and past information are easily 
accessible for the different stakeholders. It also is a full CPS. 

A. Architecture of the Cyber-Physical System 

The architecture of the designed CPS is presented in Fig. 
1 and in [7,8]. The WSN is composed of two kinds of nodes: 
the Sensing Nodes (SN) and the Communicating Nodes (CN). 
The SN sense the target parameters, format the measured data 
and send these wirelessly to the CN. The CN gather the data 
sent by the SN, process, store and exchange these with other 
CN composing an ad-hoc mesh network, eventually with 
other communicating elements, and with the digital world and 
its virtual models via the Internet. Moreover, the CN power 
wirelessly the SN thanks to a radiative electromagnetic WPT 
system, thus, in far-field. The number of embedded SN and 
CN is a function of the size of the element to monitor and of 
its need in terms of measurements (e.g. kinds of sensor, spatial 
precision, etc.). 

This research has been funded by the French National Research Agency 
(ANR) under the McBIM project, grant number ANR-17-CE10-0014. 



 
Fig. 1. Block diagram of the architecture of the cyber-physical system. 

B. Architecture and Implementation of the Sensing Node 

The architecture of the designed SN is presented in Fig. 2 
and in [7,8]. These SN have been well optimized especially in 
terms of durations of charges, and of minimum input power, 
directly linked to the range of use. These become inaccessible 
once deployed and buried in reinforced concrete, and thus, 
must be reliable and usable for decades. That is why these are 
as simple as possible, fully wireless, battery-free, wirelessly 
powered and controlled. The SN is composed of two 
subsystems, for the management of: the data and the power. 

The data management subsystem consists of a sensor, a 
microcontroller unit and a LoRa transceiver. Several sensors 
dedicated to the SHM of reinforced concrete according to [6] 
have already been implemented [7]: a temperature sensor 
based on thermodiodes from the University of Cambridge [9]; 
a Texas Instruments HDC2010 temperature and humidity 
sensor; a strain gauge; and an electrical resistivity sensor in 
Wenner configuration, as presented in Fig. 3, provided by the 
LMDC of Toulouse [10]. According to [5,10,11], the 
measurement of the electrical resistivity of reinforced concrete 
is correlated to several parameters, particularly its evolution 
allows to estimate the corrosion rate. A Murata 
CMWX1ZZABZ-091 all-in-one LoRaWAN module is used 
to format on 4 bytes and transmit wirelessly the collected data 
via a 17 bytes-long LoRaWAN frame, with a transmission 
power of +4 dBm and a data-rate of 5470 bps, to the CN. The 
LoRaWAN technology in the ISM 868 MHz frequency band 
has been chosen for the communication from the SN to the CN 
because of its low power consumption and its ability to work 
unidirectionally over long ranges, even indoors, and from and 
through reinforced concrete which appears as a very 
constraining propagation medium for electromagnetic waves. 

The power management subsystem consists of a RF-to-DC 
rectifier, a power management unit (PMU), and an energy 
buffer [7]. As ambient energy sources are unavailable or 
insufficient, unpredictable, uncontrollable and fluctuating 
 

 
Fig. 2. Block diagram of the architecture of the Sensing Node dedicated to 
the measurment of the electrical resistivity of concrete. 

inside reinforced concrete, the WPT seems more relevant for 
powering the SN. To get ranges of use of several meters, 
radiative (far-field) solutions have been favoured over the 
near-field (capacitive and inductive) ones. Moreover, the ISM 
868 MHz frequency band has been chosen as the best trade-
off between the antenna size and the propagation losses. Thus, 
to wirelessly power the SN, the CN use a RF power source 
providing a +33 dBm EIRP continuous wave (CW) in the ISM 
868 MHz frequency band [12]. So on, a doubler rectifier based 
on Skyworks SMS7630 Schottky diodes has been used to 
collect the RF power transmitted by the CN and to convert it 
into DC power. Texas Instruments bq25504 PMU and 
TPS63031 DC-to-DC buck-boost converter have been 
employed to store the scavenged energy in a 2.2 mF Panasonic 
polarized aluminium electrolytic supercapacitor, and to 
provide a 3.3 V power supply to the data management 
subsystem each time that enough stored energy is available. 

As the same ISM frequency band is used both for the 
wireless communication and the WPT, a unique printed folded 
quart-wavelength dipole antenna with capacitive arms with a 
gain of +1.54 dBi [13] and a radiofrequency circulator with 
low insertion losses and high isolations have been used. Thus, 
this antenna is connected to the RF-to-DC rectifier to form a 
rectenna, and the transceiver to the antenna to allow the 
wireless communication. The requirements of the SWIPT 
paradigm are met with only a multiplexing per function. 

Moreover, as the SN are both hardware and software 
inaccessible (no physical access and no data downlink) and 
since the periodicity of measurement in function of the step in 
 

 
Fig. 3. Diagram of the geometry of the Wenner probe buried in concrete. 



the lifecycle, these are controlled wirelessly and remotely by 
the CN through the power downlink via the tuning of the WPT 
system (e.g. in terms of waveform, output power and/or 
periodicity of activation/duty cycle). 

A complete SN is presented in Fig. 4, where it is connected 
to a resistivity sensor embedded in a sample of concrete. It 
must be noted that the resistivity sensor (i.e. the probes in 
Wenner configuration) is fully buried in a concrete sample, 
whilst the full SN are not yet packaged (cf. Discussion) and 
are only embedded in air cavities of a reinforced concrete 
beam during experimentations (cf. Fig. 7). In addition, due to 
manufacturing and testing constraints, the resistivity 
measurements are not performed in the same reinforced 
concrete sample as in which the SN are embedded (cf. Fig. 7). 

III. EXPERIMENTAL RESULTS 

In the less reliable configuration (noted Conf. 1) allowed 
by the LoRaWAN module for the wireless communication 
(Conf. 1: lowest transmission power (+4 dBm) and fastest 
data-rate (5470 bps)), the SN must store 21 mJ of energy (or 
5.25 mJ per data byte or 309 mJ per transmitted byte, or 39 µJ 
per transmitted bit) to achieve a full process: the measurement 
regardless of the sensor used, and the complete transmission 
of a 17 bytes long LoRaWAN frame with 4 bytes of data 
payload. The Conf. 1 allows wireless communication from a 
reinforced concrete beam over at least a few tens of meters. In 
a more reliable configuration (noted Conf. 2) allowing wider 
ranges (Conf. 2: highest transmission power (+14 dBm) and 
slowest data-rate (250 bps)) 250 mJ of energy must be stored 
(or 62.5 mJ per data byte or 14.71 mJ per transmitted byte, or 
 

 
Fig. 4. Photograph of a Sensing Node with a resistivity sensor buried in a 
concrete sample. 

1.84 mJ per transmitted bit). These amounts of energy are an 
overestimation of +20 % of the average needs, to certify a 
proper functioning despite the variability of the components 
and their aging. As the data management subsystem impacts 
the design of the power management subsystem, this last must 
be adapted to the energy needs. For the Conf. 2, the 
capacitance must be increased to 22 mF and the PMU 
activation and deactivation threshold voltages must be tuned. 

The duration of the first charge (from an empty energy 
buffer) and of the recharges (after another full charge) gives a 
relevant information concerning the smallest periodicity of the 
functioning of the SN in function of the amount of power at 
its input (which can be seen as a function of the distance to the 
power source controlled by a CN) and of the amount of energy 
to store (which can be seen here as a function of the 
performances of the wireless communication). Thus, as 
presented in Fig. 5, in Conf.1 the SN can work with -17 dBm 
of power provided by the antenna to the radiofrequency 
circulator and at least up to +15 dBm. The first charge lasts 
respectively between around 17 hours and 21 minutes (for a  
-17 dBm input power), and around 30 seconds (for a +15 dBm 
input power), while the recharges between 7 hours and 59 
minutes (for a -17 dBm input power), and around 6 seconds 
(for a +15 dBm input power). For the Conf. 2, the minimum 
input power is -14 dBm, and the first charge lasts respectively 
between around 34 hours and 36 minutes (for a -14 dBm input 
power), and around 1 minute and 10 seconds (for a +15 dBm 
input power), while the recharges between 14 hours and 38 
minutes (for a -14 dBm input power), and around 33 seconds 
(for a +15 dBm input power). Longer periodicities can be 
obtained by controlling the duration and periodicity of 
activation of the power source by the CN. 

According to the needs in terms of periodicity of measures, 
a minimum input power must be considered. By applying the 
Friis equation, the distance between the +33 dBm EIRP power 
source at 868 MHz and the +1.54 dBi antenna of the SN can 
be estimated in function of the targeted input power. Thus,  
-14 dBm are available at a distance of nearly 7.35 m (i.e. a 
periodicity of about 57 minutes and about 14 hours and 38 
minutes, respectively for Conf. 1 and Conf. 2) and -17 dBm at 
nearly 10.38 m (i.e. a periodicity of about 7 hours and 59 
minutes for Conf. 1), and nearly -10.6 dBm can be harvested 
at 5 m (i.e. a periodicity of about 15 minutes and about 3 hours, 
respectively for Conf. 1 and Conf. 2). By adopting another 
trade-off between performance and size for the antenna, 
especially by increasing the gain, wider ranges can be 
obtained. By adding an 8 cm x 6 cm metallic reflector plane 5 
cm behind the antenna, its gain is increased up to +5.00 dBi. 
In this case, -14 dBm are available at a distance of nearly 10.95 
m and -17 dBm at nearly 13.78 m, and nearly -7.2 dBm (i.e. a 
periodicity of about 6 minutes and about 50 minutes, 
respectively for Conf. 1 and Conf. 2) can be harvested at 5 m. 

Therefore, by minimizing the power needed by the power 
management subsystem (to power the PMU and compensate 
the losses of the converter and energy buffer), the range of use 
can be increased. In addition, by minimizing the energy 
needed by the data management subsystem, the duration of the 
first charge and recharges can be reduced. Nevertheless, the 
distance between CN and SN is limited by the WPT and its 
regulations [12], and not by the wireless communication. 

To quantify the corrosion rate of the reinforced concrete, 
the evolution of its electrical resistivity measurements can be 
performed [11]. Thus, this is the evolution and not the value 
 



 
Fig. 5. Durations of the first charge ('x') and recharges ('o') against the 
electromagnetic power applied at the input of the circulator of the Sensing 
Node, at 868 MHz, and for two configurations of the wireless 
communication: Conf .1 (transmission power of +4 dBm and data rate of 
5470 bps) (red, dashed lines), and Conf.2 (transmission power of +14 dBm 
and data rate of 250 bps) (blue, dotted lines). 

itself which is significant. Here, as presented in Fig. 3 and Fig. 
4, 4 metallic probes spaced 4 cm (d) apart are buried in a 
concrete sample to be used in a Wenner configuration: the 
external probes are connected to a 100 µA current source to 
generate a direct current through the concrete (I), and a 
potentials difference (U) is measured between the internal 
probes to compute the electric resistance (R) by the Ohm’s 
law. By considering the sample as quasi-infinite and the 
current flow homogeneous between the probes, (1) allows to 
estimate the resistivity (ρ). 

 d R =d U / I     (Ω· m) 

Here, the range of resistivity is between 0 Ω·m and more 
than 5 kΩ·m, with a step of around 2 Ω·m. The proposed 
implementation is low-power: 580 µW are required in stand-
by mode for a 3.3 V supply; and allows to wirelessly transmit 
the collected data. To certify its good design and 
implementation, a large amount of punctual and comparative 
measurements has been carried out with, on one hand, 
laboratory equipment to power the daughter board and 
measure the output voltage, and, on other hand, with a SN, 
both in similar configurations: with a water saturated concrete 
sample (as soon as it comes out of the water where it was 
stored during several days) and during its first hours of drying. 
Thus, the measurement reproducibility has been checked. 
Also, to certify the long-term reliability, a long duration 
experiment has been successfully performed during 58 day 
(from the 12th of May, 2021, to the 7th of July, 2021) in 
Toulouse (FRANCE), as presented in Fig. 6. This has allowed 
to check the evolution of the resistivity during the drying of a 
water saturated concrete sample (as soon as it comes out of the 
water where it was stored during several days), and to 
correlate this last with the temperature and relative humidity 
measurements got in the same place. Thus, a SN powered with 
a -8 dBm CW has measured the resistivity (almost each 2 
hours 30 minutes), whilst another powered with a -6 dBm CW 
has measured the temperature and relative humidity (almost 
each hour and 15 minutes). It must be noted that these two SN 
have been employed before the last optimizations regarding 
the minimization of the duration of the charges. As presented 
in Fig. 6, the overall behaviour is in line with expectations: (1) 
during the first hours, the resistivity increases quickly as the 
concrete sample dries quickly; (2) then, the resistivity 
increases slowly and tends to stabilize. Three particular kinds 

of events can also be analysed: (1) during a period of heavy 
rainfall, the relative humidity increases and the resistivity 
decreases as the water content of the concrete sample 
increases; (2) with the use of a fan heater, the temperature 
increases sharply, as well as the relative humidity decreases 
sharply, and the resistivity drops quickly, but by turning off 
the fan heater, the return to the previous state is fast. Thus, a 
significant change in the environment or in the internal 
properties of the concrete can be detected by this resistivity 
sensor and can be defined as temporary or permanent; and (3) 
a poor connection of the daughter board of the sensor to the 
SN has been observed. This one arrived just after the first use 
of the fan heater (maybe induced by the expansion of the pin-
header) and has been solved by the reconnection of the 
daughter board a few days later. Nevertheless, the rapid drop 
in resistivity at the disconnection and the rapid rise at the 
reconnection could be explained respectively by the 
polarization and depolarization of the concrete induced by 
current losses during this period. Further experimentations 
must be performed to confirm these hypotheses. 

Some qualitative tests have been performed to certify the 
proper functioning of the SN and of the CPS [7,8]. For 
instance, a CPS composed of a mesh network of 2 CN (one 
with a connection to the Internet) and 4 SN, where 3 are 
located in air cavities of a reinforced concrete beam, as 
presented in Fig. 7, has been successfully tested. The CN 
wirelessly powered and controlled the SN (even embedded in 
reinforced concrete) over meters (at least 3 meters, with at 
least 15 cm of reinforced concrete), and all the data sent by the 
SN have been collected (at least, at a few tens of meters), 
processed, stored and shared by the CN. Obviously, a unique 
CN can easily manage several SN omnidirectionally over 
several metres. Indoors, a distance of 11 meters has 
successfully been tested between CN and SN. Nevertheless, it 
seems possible to achieve wider ranges. 

 
Fig. 6. Evolutions over several days (A) of the computed resistivity and of 
the measured output voltage of the resistivity sensor, and (B) of the 
temperature and relative humidity, during the drying of a concrete sample. 



 

 
Fig. 7. Photographs of the test of a CPS with 3 SN embedded into a 
reinforced concrete beam, and wirelessly powered and controlled by a CN. 

IV. DISCUSSION 

From our previous works [7,8], some improvements have 
been achieved, especially regarding the duration of the 
charges and the minimum required input power (optimized 
from -14 dBm to -17 dBm), as presented in Fig. 5, and in the 
integration of sensors. Also, a particular interest has been 
shown in the measurement of resistivity, a physical value of 
interest for reinforced concretes. Currently, there is no 
available low-power, battery-free, fully wireless, and fully 
buried SN, or WSN, dedicated to the SHM of reinforced 
concrete, especially able to estimate its corrosion rate. Indeed, 
the available ones are usually placed on the surface and have 
a limited life due to the use of batteries. Concerning the 
corrosion sensors for the reinforced concretes, few are based 
on the manual measurement of the surface electrical resistivity 
[14,15]; others are buried in the near surface and are 
automatically driven by a datalogger [16]; while [17] presents 
a passive sensor, which can be locally interrogated by a 
magnetic field. Finally, [18] provides an electrical resistivity 
sensor fully buried in reinforced concrete, but which is not yet 
able to wirelessly transmit the collected data, and which is not 
energy autonomous. Thus, to our best knowledge, the first 
generic SN dedicated to the SHM of concrete, which is fully 
buried, fully wireless, low-power, battery-free, wirelessly 
powered and controlled, and part of a CPS that can automate 
the monitoring, is proposed here. 

However, this one may be improved both for the data and 
power management subsystems. The power required by the 
PMU may be reduced, as well as the losses of the converter 
and of the energy buffer, in order to increase the range of use. 
Also, the energy required by the active components may be 
minimized, in order to reduce the duration of the first charge 
and recharges. The sensors may be optimized to be more 
accurate and to consume less power. In addition, the resistivity 
sensor may be improved by using an alternative current source 
to limit the concrete polarization, and configurations other 
than the Wenner could be implemented [10]. Moreover, the 
efficiency of the WPT system may be optimized by using a 
more efficient rectenna (antenna and rectifier), or by focusing 
the transmitted power on the SN with beamforming or 
Frequency-Diverse Arrays (FDA) techniques. Nevertheless, 

the proposed solution can easily be scalable to other 
applications and is in the state-of-the-art of WSN powered by 
WPT. Indeed, there are few commercially available solutions 
of radiative WPT to try to recharge the battery of devices or 
increase their discharge time, and these are limited in terms of 
distance and of efficiency [19,20]. As well, a few academic 
works or start-up companies propose battery-free and 
wirelessly powered SN, which use radiative WPT (respecting 
the regional regulations, here: [12]) and wireless 
communication technologies for IoT [21-27]. These latter 
meet the requirements of the SWIPT paradigm, thanks to 
frequency and/or spatial multiplexing. These use usually a 
“direct consumption” strategy (the input power is at least 
equal to the required power to supply the SN), with software-
controlled periodicity and alternating between sleep and 
standby modes. Thus, their range of use is generally limited to 
a few meters. Only [24] provides a higher theoretical range of 
use (16.8 meters) but by using a commercially unavailable 
PMU and without testing it. Thus, 11 meters is the longest 
range of use of a tested SN wirelessly powered by radiative 
WPT, to the best of our knowledge. Nevertheless, by 
optimizing the proposed solution, wider ranges of use seem to 
be reachable. In addition, -17 dBm as minimum input power 
is the lowest found in the literature, to the best of our 
knowledge, although a PMU is defined to work from an input 
power of -18.5 dBm in the ISM 868 MHz frequency band 
[28]. 

Finally, the packaging question must be answered to 
deploy the SN directly in the reinforced concrete (no more in 
air cavities) and by making possible reliable measurements in 
it [29]. To finish, the antenna must be tuned to efficiently 
operate in the direct contact of the concrete both for the WPT 
and the wireless communication [30]. 

V. CONCLUSION 

This paper presents a generic battery-free wireless SN 
dedicated to the SHM of reinforced concrete in which it is fully 
buried. The SN are wirelessly and remotely powered and 
controlled by the CN over several meters and use a unique 
antenna to implement the SWIPT paradigm. Experimental 
results demonstrated that the range for the WPT is at least 11 
meters in indoor conditions at 868 MHz, while the range for the 
wireless communication can reach hundreds of meters thanks to 
the adopted LoRaWAN solution. The successfully tested CPS 
allows to measure and share data, especially related to the 
corrosion, from the reinforced concrete to the Internet. 
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