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Abstract 

 

Steel corrosion in reinforced concrete is well recognized to be the major cause of 

structures degradation. Indeed, concrete is a porous material and the penetration of 

aggressive substance such as chloride ions is unavoidable with the time. This initiates 

steel corrosion and thus the degradation of the structure. Within this context, it is crucial 

to provide energetic passive wireless sensors embedded in the structure which enable 

the monitoring of several chemical and physical parameters such as the humidity, 

corrosion, chloride concentration….The development of such battery-less sensors can 

be inspired from the passive RFID technology. In the present work, we present the 

resonating sensitive element of a RFID chipless sensor dedicated to the dielectric 

characterisation of concrete. As it will be shown, it allows the determination of both the 

real and imaginary parts of the complex dielectric permittivity of the material.  

 

1.  Introduction 
 

Autonomous sensors have experienced a significant growth in the past 10 years for 

different industrial applications. The absence of battery in such devices facilitates their 

integration in structures or infrastructures during their construction or by a subsequent 

integration at crucial positions. Many strategies can be considered for the development 

of battery-less sensors. The first solution concerns the production of energy harvesting 

devices in which functional materials such as piezoelectric materials allows a 

transformation of physical or chemical parameters (temperature, vibration,…) in an 

electrical energy. Electronic components such as microcontroller and sensors are then 

energized. In the second solution, the interrogating radiofrequency signal is converted to 

a DC signal to provide some energy to the sensor. The architecture of the device is then 

very close to that used in the RFID (Radiofrequency Identification) technology. In this 

case, an RF wave is sent by a reader to a RFID tag which contains an antenna and the 

RFID chip. The chip is energized by the incoming wave and returns a binary code to the 

reader. Recently, some progresses were made within this technology by developing 

innovative RFID chips which can communicate with commercial sensors [1]. Despite of 

their success, the applications of these sensors are limited by the operating conditions of 

the chip and electronic components in terms of temperature, pressure, dust,… As the 

consequence, a very long lifetime in harsh environment is not guaranteed. This is 

obviously a relevant problem when considering sensors embedded in structures or 
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infrastructures for health monitoring applications. It can be overcome by limiting as 

much as possible the electronic components inside the device leading to a chipless 

technology.  

 

The RFID chipless technology was proposed in the past by Preradovic et Karmakar [2] 

and Tedjini et al. [3]. A sensor architecture based on this technology is depicted in Fig. 

1.  

 

 
 

 

 

Figure 1. Architecture of the proposed sensor based on a sensitive microwave 

device. 

 

As shown, the system works on retrodiffusion of the interrogation signal. A RF signal is 

sent from the reader to the sensor via the Tx of the reader. It is then propagating in a RF 

sensitive element where it interacts with the environment and finally returns to the 

reader. Monitoring a chemical or physical parameter via an amplitude variation of the 

RF wave propagating in the sensitive element is not ideal. Such variation may indeed 

occurs independently from any change of the parameter under study, for example either 

due to the presence of metallic planes in the vicinity of the sensors or simply to a 

change of the reading distance. This problem does not appear when considering a 

frequency variation. The sensor is then based on the frequency shift of RF resonator in 

interaction with the environment. In contrast to RFID sensors based on the use of chips, 

the resonators can be produced at high frequency with respect to the 868 MHz 

associated with the UHF RFID technology. This can lead to a further reduction of the 

dimensions of the sensors and antennas.  

 

In the past, several resonators were produced for structural health monitoring 

applications. Indeed, planar resonators dedicated to the monitoring of the early stage of 

corrosion of metals were proposed [4,5]. The ability of such sensors to distinguish 

between uniform and localized corrosion was demonstrated through the realization of 

very thin zinc and aluminum microstrip resonators, respectively. In this case, RF losses 

due to the thickness reduction of the metal and the appearance of pittings explain the 

observed frequency shift. Monitoring the open circuit potential of steel in sea water was 

also made by this method [6]. However, in this case, a varactor component was 

integrated in the device to provide the sensitivity. These resonators are obviously of first 

interest for monitoring the corrosion of steel in concrete. However, they don’t allow the 

monitoring of pH variation, detection of chloride or water absorption in concrete. This 
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is feasible by characterizing the full dielectric properties i.e. the real (εr’) and imaginary 

(εr’’) parts of the complex dielectric permittivity of concrete by additional resonators.  

 

For this purpose, it is possible to exploit the interaction between an electromagnetic 

wave which propagates in the resonator and the surrounding medium. Such coaxial and 

microstrip resonators operating around 50 MHz were produced to monitor the quality of 

liquids displaying low dielectric losses [7]. In this case, resonators made in copper were 

immersed in the liquid under investigation and the extraction of the real part of the 

dielectric permittivity εr’ was made from the resonance frequency fres of the resonator 

trough the development of an analytical model. This method was also applied to the 

monitoring of water ingress in organic coatings [8] at about 1GHz. Despite the success 

of the method, it provides no information on the imaginary part of the dielectric 

permittivity εr’’. This is a limiting factor for the method since the determination of εr’’ 

which includes the electrical conductivity is sometime more important than the real part. 

This is in particular true when monitoring the dielectric (and conductive) properties of 

concrete. The aim of the present work concerns therefore the development of a 

multiresonator which is sensitive to both the imaginary and real parts of εr.   

 

2.  Materials and methods 
 

Experimentally, two microstrip stub resonators S1 and S2 were produced by standard 

photolithography on a FR4 substrate. The device was adapted to 50 ohms by elaborating 

lines of 1.5 mm width on 0.8 mm thickness substrates by assuming a dielectric value of 

4.6 for the FR4. Two open stubs resonators λ/4 with lengths L1 = 2 cm and L2 = 4 cm 

and separated by 6 cm were realized. To avoid the problems of heterogeneity associated 

with the dielectric characterization of concrete, mortar specimens were chosen. 

Specimens with dimensions of 140 mm (length) × 90 mm (width) were prepared with a 

cement/sand ratio of 1:2 at the room temperature in a mould. The resonators were 

placed in the mould when pouring the mortar over it. During this procedure, the absence 

of air bubbles on the surface of the resonator was checked to avoid air gaps between the 

hardened mortar and the conductive part of the resonators. The specimens were then 

allowed to dry for few months in air. After drying, one face of the mortar specimen was 

exposed to water diffusion. The electromagnetic wave propagation in the resonator was 

then characterized by a network analyzer (HP 8720B). To understand and explain the 

experimental results during the penetration of water, we used the electromagnetic 

simulation software: High Frequency Structural Simulator (HFSS 15.0 from ANSYS). 

This software utilizes tetrahedral mesh elements to determine a solution to a given 

electromagnetic problem, here the propagation in the microstrip resonators. 

 

3.  Results and discussion 
 

3.1 Electromagnetic simulations  

 

A planar stub microstrip resonator is constituted of a 50 Ω copper transmission 

microstrip line associated with a perpendicular open stub of length L. It is an open RF 

structure which leads to a non-negligible spatial extension of the electromagnetic (EM) 

field outside the dielectric RF substrate, here FR4. Most of the time, this property is 
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considered as a nuisance in microelectronics. However, it can be exploited here to probe 

the relative dielectric permittivity of a specific material which interacts with this EM 

propagating field. The material under study, the mortar, is then localized on the top of 

the stub.  

 

 
 

Figure 2. a) Sketch of the multiresonator; b) integration of the device in the mortar 

specimen.  

 

Fig. 2(a) displays the multi-resonator device with two stubs S1 and S2 of length L1=2 cm 

and L2=4 cm, respectively. The input and output ports are localized in the left and right 

part of the figure. The distance of D=6 cm between the two resonators was determined 

by EM simulations since it provides resonances with the best quality factor. Fig. 1(b) 

presents the multiresonator embedded in the mortar specimen. As shown, the resonators 

S1 and S2 are localized at depths of 2 cm and 1 cm with respect to the surface.  

 

When the multiresonator depicted in Fig. 2(a) is localized in air, resonant frequencies 

fres of about 1 GHz and 2 GHz are observed. These values depend on the length L of the 

conducting material and on the effective dielectric permittivity εeff of the resonator via 

the relation: 

          (1)  

           

The factor of two between the two frequencies is due to the factor of two between the 

lengths L2=4cm and L1=2cm. The effective dielectric permittivity εeff of the resonator 

depends on the dielectric permittivity of the substrate which is constant and on εr’, the 

real part of dielectric permittivity of the material localized on the resonator. As 

proposed by Khalifeh et al. [8], this property can be exploited to monitor water ingress 

in organic coating. Indeed, when water is penetrating in the material, an increase of εr’ 

is observed due to the high value of the dielectric permittivity of water (81) leading to a 

variation of the resonant frequency towards low values.  

The main difference between water absorption processes in mortar or concrete and in 

organic coatings concerns the appearance of strong dielectric losses (due to the presence 

of free water losses). To simulate such case, electromagnetic simulations were 

performed by covering the multiresonator by a material associated with a value of 

εr’=10 and a variable value of the loss tangent tan δ = εr’’/εr’. The thickness of the 

material was chosen to be 3 cm to avoid any interaction between the EM waves and the 

surrounding air box. Fig. 3 presents the S12 transmission parameter. A seen, for low 

values of tan δ, the resonant frequencies are definitely lower than those found in air, in 
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agreement with an increase of εr’ with respect to air and thus of εeff in relation (1). As 

expected from this relation, the variation of tan δ has no effect on the resonant 

frequency fres. In contrast to these results, when increasing tan δ above 0.6, a 

supplementary shift of the resonance appears clearly for S2 but not for S1. As the 

consequence, S2 is sensitive to a variation of both the real and imaginary parts of εr 

while S1 is sensitive only to the variation of εr’. The relation (1) can therefore be 

considered to extract εr’ values from the resonance associated with S1. On another hand, 

the influence of both εr’ and εr’’ have to be taken into account to explain the frequency 

shift of S2. As observed in the figure, increasing tan δ is also associated with an increase 

of the S12 level at the resonances. A decrease of the S12 level is seen in between two 

resonances. This behavior further leads to the appearance of the slope in the figure and 

the disappearance of the high frequency resonance. 

 

 
 

Figure 3. S21 transmission parameter for a material localized on the top of the 

multiresonator and associated with εr’=10 and a variable tan δ . 

 

3.2 Experimental results  

 

To demonstrate the ability of the proposed method to monitor water penetration and 

to evidence the effect of dielectric losses via a frequency shift, the specimen was 

subsequently exposed to water. Fig. 4(a) displays the S12 transmission parameter during 

the immersion time. As observed, the two resonances are shifting to low frequency 

indicating an increase of εr’ induced by the penetration of water inside the specimen. 

The S12 level is increasing at the position of the resonances and decreasing in between 

the resonances. This behaviour is attributed to an increase of tan δ with water ingress, as 

observed in electromagnetic simulations. However, a clear difference appears between 

the experimental data and results achieved by simulations. Indeed, increasing tan δ leads 

in Fig. 3 to a strong decrease of the S12 level at high frequency and thus to the 

disappearance of the resonance associated with S1. This behaviour is not present in Fig 

4(a) and the S12 level remains stable over the frequency range under study. This is 

explained by a reduction of εr’’ at high frequency. Such phenomenon is frequently 

observed and is attributed to the decrease of the contribution of electrical conductivity 

to εr’’ in this frequency range. 
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To interpret and discuss the results, we consider the relative resonant frequency 

variation Δfres/fres as function of the immersion time t: 

 

     (2)     (2) 

 

 

Fig. 4(b) presents the relative frequency variation Δfres/fres as function of the exposure 

time t. As observed, for the two resonators, the value of Δfres/fres first increases and then 

becomes constant. The relation (2) is similar to the formula used in gravimetric 

measurements to follow the mass uptake of materials exposed to humidity or water. The 

observed results are thus very similar to those obtained by this technique. It is however 

important to point out some differences between these two experimental methods. 

Indeed, gravimetric measurements focus on the mass variation of a specimen while the 

proposed method is associated with a change of the dielectric permittivity of the 

material in a localized region of the specimen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. a) S21 transmission parameter as function of the exposure time t ; b) 

variation of Δfres(t)/fres(t=0) as function of t.  

 

Fig. 4(b) clearly reveals some differences between the two sets of data associated 

with the two resonators. Indeed, the onsets of the frequency variation are about 8 min 

and 13 min for S2 and S1, respectively. This behavior is explained by different 

localizations of the two resonators in the specimen and hence by different times for 

water molecules to migrate from the surface to mortar regions probed by the two 

resonators. Fig. 4(b) also demonstrates that the values of Δfres/fres in the final state are 

radically different: 0.11 and 0.22 for S2 and S1, respectively. The relation (1) gives the 

same value of Δfres/fres for the 2 resonators if εr’ is constant over the frequency range 

considered here. This frequency range was chosen to be lower than the frequency 

associated with the water dipolar relaxation and therefore ensure this non variation of εr’ 

with the frequency. This point was also checked by the dielectric characterization of the 

specimen by an open coaxial probe. As the consequence, the observed disagreement 

between the two values of Δfres/fres in the final state is indicative of an additional 

frequency shift of the resonance for S2 explained by the appearance of high losses at 

low frequency, in very good agreement with the results obtained by the EM simulations.    
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4.  Conclusions 
 

The development of radiofrequency resonators sensitive to both the real and 

imaginary parts of the dielectric permittivity via a frequency shift was presented. As 

shown, it is possible to produce resonators sensitive only to εr’ (S1) and to extract the 

value directly from eq. (1). Others resonators sensitive to both εr’ and εr’’ can be 

developed (S2). From the results derived from S1, the determination of εr’’ should then 

be feasible. However, this requires the knowledge of the frequency variation of S2 as 

function of both εr’ and εr’’. This is out of the scope of this preliminary study. More 

fundamentally, the results discussed in the paper authorise the application of the sensor 

to the dielectric characterisation of concrete via a frequency shift. Embedding in 

concrete the presented resonators and those dedicated to corrosion of steel represents 

therefore a promising method for monitoring the degradation of concrete structures. 

However, to reach this goal, associated antennas should be optimized regarding their 

orientation, directivity and size to achieve a correct reading distance i.e. the distance 

between the reader and the embedded sensor. Our aim is to reach a distance of about 

one meter in air and to perform the interrogation of the sensor localised at about 10 cm 

depth from the surface in concrete.  
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