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Abstract— In this paper, classical radar approaches such as 

the ones recently introduced for chipless RFID identifications are 

used for nondestructive permittivity characterization of a large 

variety of materials. A metallic resonant scatterer is placed on 

the material to be characterized and thanks to the acquisition of 

its resonant frequency the permittivity can be directly extracted 

with the use of classical formulas. Simulation and measurement 

results are presented to show the potential of this 

characterization technique and to validate the concept. 

Index Terms— chipless RFID, radar, RCS, scatterer. 

I. INTRODUCTION 

As the conventional RFID technologies, chipless RFID tags 
are also associated with a specific RF reader which is used to 
interrogate the tag and to capture the ID contained in it [1]. 
Most of the time, the incident wave is a UWB pulse which is 
able to meet the regulations. Processing the received signal - 
notably through a decoding step- can trace back to the 
information contained in the tag [1]-[3]. Chipless tags are 
fundamentally different from conventional RFID tags; they 
work without any communication protocol. They can be seen 
as targets with a specific radar signature, which can be 
interpreted in frequency or time domain. Chipless tags are most 
often made of resonant elements (frequency domain approach) 
or delay lines to produce a delay (time domain approach). A 
direct relationship between the geometry of each conducting 
element and the tag radar signature is to be found. These 
elements introduce distinctive signs into the EM tag footprint 
that will be used to encode the ID. These signs are typically 
peaks or dips in frequency (frequency domain approach) or in 
time (time domain approach) that we will be able to move by 
controlling a geometrical parameter of the tag. Fig. 1 shows an 
example of frequency tag, where the Radar Cross Section 
(RCS) of the tag is presented (Fig. 1 (b)). One can see the four 
peaks of resonance, each associated with a characteristic notch 
of the tag (Fig. 1). If we take the example of the time domain 
approach, the coding scheme implemented is exactly the one 
used in the SAW technology, the difference being that the 
chipless tag does not include any magneto-acoustic material, 
for cost reasons. In the received signal, it is the peak's positions 
that will partially allow the reading system to identify the tag 
uniquely. 

 

Fig. 1. (a) Operating principle of a chipless RFID system. (b) 

Illustration of the link that exists between the resonance frequencies 

and the geometry of C-shaped tags. Amplitude of the RCS or more 

simply the signal backscattered by the tag according to frequency. 

Today, the RFID technology provides innovative solutions 
for applications in the domain of wireless sensing for physical 
parameters [4] due to the importance of this market. This 
technology is widely used and governed by well-established 
standards. In addition to the Identification function, classical 
RFID tags but also chipless RFID tags may also include sensor 
functions [5]-[7].  

There are several measurement techniques existing for 
measuring dielectric properties of materials [8]-[10]. It is 



because all of them are not appropriate for any kind nor any 
shape of materials. The most popular measurement techniques 
are: 

 Coaxial probe method 

 Resonant techniques 

 Transmission line method 

 Free space method 

 Parallel plate capacitor method 
 

Free space method has the advantage to be non-contacting 
and non-destructive. It is also a broadband technique where 
measurement at “any” frequency can be done. However, the 
calibration part of this method is challenging. Indeed the fact 
that this approach is “connector-less” induces special problems, 
especially regarding the difficulty to implement space 
calibration standards in practice. The material size can 
introduce errors from diffraction effects at the sample edges, 
and it is why the minimum frequency is set by the maximum 
practical sample length. 

On the other hand, resonant techniques, like the cavity 
method, are accurate and well suited for low loss materials 
characterization [8], [9]. Calibration standards are much simple 
to realize in practice, and measurements are possible with small 
samples. However, measurements can be performed only at 
few frequencies and this technique requires a specific 
equipment, such as a cavity, which is expensive.  

This paper deals with a preliminary work where a new 
measurement technique is introduced. The concept, based on a 
chipless RFID approach, is between resonant techniques and 
free space method. The technique rests on the use of a simple 
fully metallic resonant scatterer attached to the material to be 
characterized. As shown in Fig. 2, the system is composed of a 
fixed chipless RFID reader and a chipless tag positioned on the 
material under test, in the exact location where the 
measurement of the permittivity is planned. The permittivity is 
obtained from the measurement of the resonance frequency 
variation of each scatterer. Contrary to what is classically done 
in chipless RFID, no tag’s substrate is needed, so that the 
resonant scatterer is directly in contact with the material under 
test, and no other uncertainty on the complex permittivity of 
the substrate is introduced in the measurement set up. A very 
simple resonant scatterer shape can be used and thanks to this, 
analytical expressions can be directly used to recover the 
permittivity form backscattered measurements (see Fig. 2). 
This resonant scatterer has a high Q factor and resonates at 
certain frequencies. Like resonant techniques, a sample of the 
material under test affects the resonant frequency and quality 
factor of the scatterer. The permittivity can be calculated from 
these parameters. This chipless based measurement technique 
is much less complex to implement in practice than the classic 
free space method, both in terms of calibration standards and of 
permittivity extraction for measurements results. As compared 
to resonant cavity methods, the adoption of fully metallic 
resonant scatterers in the measurement procedure reduces the 
cost of the system. 

In the literature, a chipless RFID sensor has been recently 
introduced to detect the quality of materials in civil engineering 
[6]. For this, an ultra-wideband time-coded chipless tag has 
been developed, and the permittivity change can be detected by 
measuring the group delay of backscattering signal. In this 
article, we introduce a solution based on a frequency-coded 

chipless RFID tag, where the aim is to determine precisely the 
permittivity of materials. 

 

Fig. 2. Scheme of the tag-reader system for permittivity 

measurements and the transmitted and backscattered signals. (a) 

frequency-coded chipless RFID tag based on a loop shape. The tag is 

realized in Nickel, without any substrate, L= 35 mm, g= 0.5 mm, 

w=0.78 mm. (b) Simulation set up, configuration with the tag and the 

material under test (dielectric plate), a= 60 mm, b= 100 mm. (c). Side 

view of a tag behind the plate. 

II. BASIC PRINCIPLE 

A. Scattering  

A chipless tag can be seen as a radar target that reflects part 
of the incident signal with its specific signature [1], [11]. A 
large number of scatterers based on a C-folded shape have been 
used in chipless RIFD [3], [12], [13]. The C-folded dipole has 
been identified among other single layer resonators [12] to 
have a good tradeoff in terms of RCS level and Q factor. A 
model based on coplanar strip-line (CPS) resonator is given in 
[13]. In this paper, a loop configuration is chosen (see Fig. 
2(a)). The scatterer is also based on a CPS, and can thus be 
modeled like the classical C-shape. The difference is that the 
loop is a CPS with both sides as a short circuit. An accurate 
model for the computation of the resonance frequency 𝑓𝑟 (1) 
based on well-known formula for CPS line can be used [14]. 

𝑓𝑟 =
𝑐

2(𝐿+∆𝐿)√𝜀𝑟𝑒𝑓𝑓
 (1) 

where L is the length of the slot, ∆𝐿 a supplementary length to 

take into account the fringing fields at the end of the 

transmission line, c the velocity of the light and 𝜀𝑟𝑒𝑓𝑓 the 

effective relative permittivity of the CPS. 𝜀𝑟𝑒𝑓𝑓 depends on the 

gap value s, the width W of the loop, as well as the substrate 

thickness h and permittivity εr [15]: 

𝜀𝑟𝑒𝑓𝑓 = 1 +
𝜀𝑟−1

2

𝐾(𝑘′)𝐾(𝑘1)

𝐾(𝑘)𝐾(𝑘′1)
 (2) 

K is the complete elliptic integral of the first kind and k, k’ are 
both variables that can be expressed in terms of s, w and h. 
Note that, thanks to (2), 𝜀𝑟 can directly be derived from 𝜀𝑟𝑒𝑓𝑓 



and the geometrical parameters of the CPS. By adjusting L, (1) 
enables to set the resonant frequency of a single scatterer with a 
loop shape. To extract the permittivity 𝜀𝑟 on a larger frequency 
band, several scatterers with different length L can be used as 
shown in Fig. 3.  

 

Fig. 3.  Photograph of the tag used for permittivity characterization. The ten 
scatterers are made of nickel with a thickness of 150 µm.  

B. Simulations 

In order to prove the concept, a simulation was done using 
plane-wave excitation and E-field probes under CST 
Microwave Studio as depicted in Fig. 2(c). Three cases are 
considered: 1) scatterers plotted Fig. 3, simulated in free space, 
2) scatterers applied on a Kapton film of 0.128 mm thickness 
(𝜀𝑟 = 3.56, 𝑡𝑎𝑛𝛿 = 0.010 at 3.275 GHz), 3) same thing on 
another dielectric slab of 1.95 mm thickness named Red test 
sample (𝜀𝑟 = 4.25, 𝑡𝑎𝑛𝛿 = 0.018 at 3.221 GHz). These two 
samples present a quite constant complex permittivity over the 
frequency range 0.8 GHz - 6 GHz. The backscattered E-field 
obtained by simulation is depicted in Fig. 4. By considering the 
free space (Air) configuration as a reference, (3) can be derived 
from (1): 

𝜀𝑟𝑒𝑓𝑓
(𝑖)

= (
𝑓𝑟

(𝐴𝑖𝑟)

𝑓𝑟
(𝑖) )

2

 (3) 

where i = {Kapton, Red}. Note that (3) can be applied to each 
frequency of resonance of the tag used for the characterization. 
Finally (4) can be obtained from (2) and (4):  

𝜀𝑟
(𝑖)

= 2 ((
𝑓𝑟

(𝐴𝑖𝑟)

𝑓𝑟
(𝑖) )

2

− 1) ∙ 𝑓(𝑠, 𝑊, ℎ) + 1               (4) 

 

where 𝑓(𝑠, 𝑊, ℎ) =
𝐾(𝑘)𝐾(𝑘′1)

𝐾(𝑘′)𝐾(𝑘1)
.  

 

Thus the extraction of the effective relative permittivity and 
the relative permittivity 𝜀𝑟 can be done respectively by using 
(3) and (4). These expressions have been used for the two test 
samples simulated in Fig. 4. The results are given in table 1. 
One can notice that the results show a good agreement. 

III. DESIGN VALIDATION – MEASUREMENT RESULTS 

The frequency measurement setup used is the same as the 
one previously introduced in [13]. A photograph of the 
measurement environment for the tag placed on a kapton film 
is presented in Fig. 5. The antenna used is a SATIMO QH2000 
(open boundary wideband quad ridge antenna) dual 
polarization that operates in the 2–32-GHz band. Its gain is 
between 6–11 dBi between 2–10 GHz. As shown in Fig. 5, a 
bi-static radar configuration is used. The S21-parameter at the 
VNA provides the tag response in co-polarization. 

 

Fig. 4.  Simulation results (CST) of the backscattered E-field of the ten loop 

shape scatterers used of permittivity extraction. The peak apex corresponding 

to the frequencies of resonance 𝑓𝑟 of the loops are plotted for different 
configurations: 1) free space, 2) tag applied on Kapton film, 3) tag applied on 

Red test sample. 

 
TABLE 1 – Results of the extraction of the effective relative permittivity 

𝜀𝑟𝑒𝑓𝑓  and the relative permittivity 𝜀𝑟 

Configurations – sample under test εreff (3) εr (4) 

Kapton (reference- Cavity 

measurements),  3.275 GHz 
1.40 with (2) 3.56 

Red (reference - Cavity 
measurements),  3.221 GHz 

2.58 with (2) 4.25 

Kapton (Simulations Fig. 4) 1.45 3.84 

Red (Simulations Fig. 4) 2.58 4.26 

Kapton (Measurements Fig. 6) 
1.37 with (3) | 

1.35 with [16] 

3.74 with 

[16] 

Red (Measurements Fig. 6) 2.08 3.81 

The tag is alternately attached to the foam, the Kapton film 
and the Red test sample. The tag is measured at a 35 cm tag-
reader distance, and its response is shown in Fig. 6 for the three 
configurations. Note that the tag is not in free space as 
simulated, but placed on a foam that can be seen Fig. 5. 
Comparing Fig. 6 with Fig. 4, it is clear that this foam cannot 
be considered as a material with permittivity of 1. The 
introduced methodology has been used to extract the 
permittivity of the foam (the frequencies of reference are the 
ones obtained from the simulation), and a value of 1.20 has 
been obtained. 

 

Fig. 5. Photograph of the tag applied on a Kapton film in the anechoic 
chamber. 
 



 
Fig. 6.  Measurement results of the backscattered E-field of the ten loop shape 

scatterers used for permittivity extraction. The peak apex corresponding to the 

frequencies of resonance 𝑓𝑟 of the loops are plotted for different 
configurations: 1) free space, 2) tag applied on Kapton film, 3) tag applied on 

Red test sample. 

This means that a more complex model, taking into account 
the presence of two layers [16] has to be used to extract the 
permittivity. A simpler technique will consist in doing 
measurements again without any foam. The latter approach 
will be done in a further work. Because of the presence of this 
foam, measurement results presented in table 1 show a lower 
agreement than expected. Anyway, these results confirm the 
possibility of doing permittivity measurements with this 
chipless RFID based method. As previously explained, to 
estimate the material permittivity εr on a larger frequency band, 
it is possible to use all the scatterers (see Fig. 3). This will be 
done in a further work. 

IV. CONCLUSION 

In this paper, we introduced a new measurement technique 
of dielectric slab permittivity, based on a chipless RFID 
approach. Further works have to be done to show the entire 
potential of this approach. For example, a more elaborated 
technic based on the short-time Fourier transform could be 
used to extract the material losses, thanks to the derivation of 
the Q factor of each scatterer.  
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