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Executive Summary
Retrieving the macroscopic electromagnetic properties of materials that are potential candidates for chipless
RFID tag and chipless RFID sensors is the main objective of Deliverable 2.3. The goal of our work carried out
for Task 2.3 ‘Electromagnetic characterization of candidate materials’ was to measure the macroscopic
electromagnetic properties (dielectric permittivity) of the candidate materials by employing different types
of waveguide in a wide range of frequencies. The knowledge of the real dielectric permittivity and the tangent
loss of the investigated materials will be necessary for the future actions devoted to the design of chipless
tags and chipless sensors.
Several techniques were developed to characterize the dielectric properties of materials. These days’
researchers are working on the characterization of dielectric materials using different resonance and
transmission/reflection techniques like coaxial line technique, CPW waveguide, Cavity perturbation, parallel
plate capacitor, microstrip line and ring resonator techniques. Some methods can be used for dielectric
characterization of unmetalized materials (often thin substrates) such as waveguide, coaxial line, parallel
plate capacitor or cavity perturbation. Whereas, other such microstrip line and ring resonator techniques can
be used for characterization materials with patterned fixtures (requires some test circuit). Therefore, these
last set of methods can be used to extract information of the metallization quality, but often the inversion is
more difficult.
The different measurements systems and algorithms that we have used for the material characterization are
escribed in this document. In particular, three approaches have been analyzed:
1. the waveguide setup,
2. the cavity perturbation method
3. the open resonator method.
The macroscopic electromagnetic properties (dielectric permittivity) of the candidate materials have been
measured by using a waveguide setup. Different types of waveguides have been employed to characterize
materials in a wide range of frequencies. In particular, the following waveguides have been used:
- WR187 (3.85 GHz - 5.85 GHz),
- WR137 (5.85 GHz-8.2 GHz),
- WR90 (8.2 GHz - 12.4 GHz).
The measurements require a sample of the same dimension of the each inner waveguide section. A TRL
(Trough Reflect Line) calibration has been adapted to reliably measure magnitude and phase of scattering
parameters. Once retrieved the scattering parameters the method of inversion Nicholson - Ross-Weir have
been used to recover the permittivity of the material (real and imaginary part).
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Introduction

Electrical permittivity is a fundamental parameter in the characterization of materials since it affects the
propagation of electromagnetic fields. The permittivity measures how much the molecules of a material
oppose to an applied external electric field. It is determined by the polarization ability of a material in
presence of a field and its determination is of great interest both from the theoretical and practical point of
view. The measurement of the dielectric properties of a material consists in retrieving the values of the
relative dielectric complex constant 𝜀𝑟 and of the relative magnetic constant 𝜇𝑟 that characterize the sample
under analysis by exploiting some measured quantities such as delays, reflection and transmission
coefficient, frequency shift.
In the scientific literature, it is possible to find different measurement techniques. There is no technique
suitable for all kind of materials and sample shapes. The choice of the suitable procedures that can be
employed depends on the type of material and geometry of the sample. Existing measurement techniques
can be divided into two major classes: resonant and in reflection/transmission. The resonant techniques can
be further divided into two groups:
1. The “resonator” configuration in which the sample is part of the resonant structure;
2. The "on resonance perturbation" where the resonant structure is external to the sample and the
information is obtained by comparing the electromagnetic response of the resonant structure with
and without the sample interacting with it.
A common factor to all these resonant techniques is a high sensitivity due to the concentration of the
electromagnetic field, obtained on the sample, at the resonance frequency. Another distinctive feature of
these techniques is the possibility to perform such accurate determination by measuring only the amplitude
but not the phase of the electromagnetic field, thus allowing measurement using scalar network analyzers.
A drawback of resonant techniques is their intrinsic narrow-band nature, which does not allow
measurements within a large frequency range. This problem can be mitigated in some resonators by
exploiting higher-order modes, although this increases the complexity of their practical realization.
In transmission/reflection techniques, the sample is tested by an electromagnetic field and the constitutive
parameters are estimated from the measurement of the reflection and/or transmission coefficients. The
main advantage of these techniques is the possibility of making broadband measurements. The sensitivity of
these measures, however, can be critical especially for low-permittivity materials or if too thin samples are
used for the characterization. The measured parameters in these techniques are the amplitude band phase
of the reflected and/or transmitted electromagnetic field that interacts with the sample. Therefore, in this
case a vector network analyzer is necessary. Moreover, since it is very important to precisely determinate
the phase response of the transmitted/reflect field, these approaches require the definition of a calibration
procedure.
Obviously, if possible, the employment of both methods is desirable since it allows obtaining two
independent of the dielectric constant. A review and description of the methods used in the literature can
be found in [1].
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Characterization of materials with transmission/reflection devices

Transmission/reflection methods require the measurement of transmission and reflection coefficients for a
section of waveguide or coaxial line filled with a sample of the material under test. Waveguide measurements
are preferred to other transmission-line devices because of the easy preparation of the sample.
The guiding structure need to be preemptively calibrated to fix the position of calibration planes and thus
having the correct values of phases rightly in correspondence of the unknown sample. A typical T/R setup
inside a guiding structure is represented in Figure 1. The procedure does not require an ad-hoc setup. The
bulky sample thickness and the problems related to air gap between the wall of the guiding structure and
the sample (which excites higher-order modes) represent the major critical points. Once the scattering
parameters are known, it is necessary an analytical or numerical procedure aimed to derive the unknown
electrical parameter of the sample. A typical approach used is the one proposed by Nicholson and Ross in
1970 [2].

Figure 1: Transmission/reflection setup for the characterization of materials.

2.1 Nicholson-Ross inversion procedure
Nicholson-Ross retrieval method is based on the inversion of the Fresnel-Airy formulas expressing the
reflection and transmission coefficients of a material by using the wave impedance of the medium and its
refraction index. In the case of a homogeneous slab, the permittivity and permeability values can be obtained
from the knowledge of S11 and S21 parameters by means of inversion formulas. The problem is depicted in
Figure 2. The sum of all the contributions due to the reflections that occur at the first interface determines
the value of the reflection coefficient and it can be expressed by:

 IN  1  12213e j 2  122132 2 e j 4  ...

(1)

where  is the reflection coefficient and  is the transmission one. The equation (1) can be written in closed
form:

 IN  1  12213e j 2  0 3n 2n e j 2 n .


Given that, 


n 0

rn 

(2)

1
n
1
∑∞
n=0 r = ⁄(1-r), the reflection coefficient can be written in a more compact
1 r

form as follows:

 IN

12213e j 2
 1 
1  3 2 e j 2

(3)
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 2  3  1
1  1  T21

.

(4)

1   2  1  1  T12

Figure 2: Reflection and transmission coefficients of an electromagnetic wave impinging in a slab
computed with the theory of multiple reflections.
It is then possible to express IN, or in an equivalent manner S11, in terms of the normalized complex reflection
coefficient at the air/dielectric interface, and a complex exponential containing the propagation constant of
the material and the thickness of the dielectric. By doing that, we obtain:

where  and  are given by:

(1  T 2 )
S11   IN 
1   2T 2

(5)

Z1  1
Z1  1

(6)

T  e  j d .

(7)



The transmission coefficient is obtained with a similar process:

(1   2 )T
S21 
1   2T 2

(8)

   0 

(9)

where Z1 and are respectively the medium normalized characteristic impedance and the propagation
constant. The relationship between the refraction index and the dielectric permittivity and the magnetic
permeability are highlighted in the following:

Z1 
where




 0  j 2 0 ,    ' j ''   ' 1  j tan   ,    ' j  ''   ' 1  j tan   

(10)
are the free space

propagation constant, the relative dielectric permittivity and the relative magnetic permeability, respectively.
By inverting the relations (5) and (8)  and can be derived:
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  K  K 2 1
T

(11)

S11  S 21  
,
1   S11  S 21  

(12)

S112  S 212  1
.
2 S11

(13)

where

K

Since the considered sample is a passive medium, the sign in (11) is determined by the condition ||<1. At
this point, it is possible to derive complex constants of the medium. Indeed, rewriting the relationships (6)
and (10) in the following way:

  1  

  1   

(14)

and by (10) we finally obtain the dielectric permittivity and the magnetic permeability:

  1  
 0  1   
 1  
 
.
 0  1   


(15)
(16)

The expression of  can be found by using (7) as:

 ln 1/   
 

d



 2 n   
j
 d 

n  0, 1, 2,...

(17)

j

Since  is a complex parameter defined as    e T = |T|eiϕ, it is possible to observe that the inversion
problem is not unique, because of multiple values of the imaginary part of are possibleThe imaginary part
of  is the material constant phase defined as



2

m

 m   β = λ2π = Im{γ}, where λm is the medium
m

wavelength. Equating the previous relationship with the imaginary part of defined in (17), it is possible to
obtain the following relation:

d

m

 n


2

(18)

For n = 0, the term ( d  m ) is between 0 and 1. It follows that, if the thickness of the material is less than λm,
we have no ambiguity in the determination of the constants.

2.2 Procedure Sensitivity to Fluctuations in Scattering Parameters
Measured values of the scattering parameters can be altered by the presence of noise and consequently the
retrieving procedure may produce erroneous or inconsistent results. The level of uncertainty can be even
more exacerbated in correspondence of frequencies where the characteristic impedance and the refractive
index of the medium assume small values. In this case, the estimate is even more sensitive to small variations
in the measured values. In fact, by considering again (7) and (10), it is possible to derive the following two
expressions:
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1  S11   S212
2
1  S11   S212
2

Z1  

(19)

e jnk0 d  X  j 1  X 2

(20)

where:

X

1  S112  S212
2S21

(21)

Observing formulas (20) and (21) it is evident that the refraction index is very sensitive to small variation of
S21 around zero. The latter in fact, appears to the denominator of (21) and therefore, a small error in the
measurement of very small transmission coefficients, can lead inconsistencies in the inversion procedure.
2
The second critical case occurs when S21
is close to one and, at the same time the S11 is approximately zero.
In this case, the denominator of (19) goes to zero with obvious difficulties in the inversion.

2.3 Characterization of materials by using a waveguide setup
The characterization of the sample permittivity can be performed by using a waveguide. This kind of
transmission line is useful in the transmission/reflection techniques. The permittivity estimate is obtained by
using the waveguide in the frequency range where there is only the fundamental mode in propagation
(unimodal propagation). Therefore, each waveguide allows characterizing the sample within its unimodal
band. Moreover, the sample dimensions have to be the same of the waveguide cross section. In the following
paragraph, one of the most reliable retrieving technique is described in detail and it provides the theoretical
background necessary to understand the measurement campaigns.
The calibration procedure, commonly referred as TRL (Thru, Reflect, Line) uses three reference conditions.
The first one is an ideally zero-length line (Thru measurement) that defines the input/output measures
reference planes. The second one is a highly reflective element (Reflection measurement). Finally, a line of a
quarter-wave length between the two reference planes (Line) is put as shown in Figure 8.

(a)

(b)

(c)

Figure 3: Waveguide calibration procedure. Calibration sequence: Thru measurement (a), Reflection
measurement (b) and Line measurement (c).

The following waveguides have been used: WR187, WR137, WR90 and WR62. The characteristics of these
waveguides are reported in Table 1.
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Table 1 – Characteristics of available waveguides.
Waveguide type

Range

Dimensions

WR187

3.95 – 5.85 GHz

47.5488 x 22.1488 [mm]

WR137

5.85 – 8.2 GHz

34.8488 x 15.7988 [mm]

WR90

8.2 – 12.4 GHz

22.86 x 10.16 [mm]

WR62

12.4 – 18 GHz

15.7988 x 7.8994 [mm]

2.4 Examples
A couple of plastic substrates have been measured to show the outputs of the reported measurement
method. The first sample has a thickness of 1.8 mm whereas the second one is 2.8 mm thick. In Figure 4 is
shown the measurement setup. A WR137 waveguide was employed in this example.

Figure 4: Measurement setup.
The scattering parameters of the two samples are reported in Figure 5 while the dielectric permittivity
obtained by using the inversion procedure are shown in Figure 6.
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Figure 5: Amplitude of transmission and reflection coefficient for the analyzed samples. First sample with a
thickness of 1.8 mm (a) Second sample with a thickness of 2.8 mm (b).
The derived magnetic permeability of the samples is very close to 1+j0.

Frequency (Hz)

Frequency (Hz)

(a)

(b)

Figure 6: Estimated dielectric permittivity for the analyzed samples. First sample with a thickness of 1.8 mm
(a) Second sample with a thickness of 2.8 mm (b).
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Resonant cavity method

The resonant cavity method is based on the perturbation method. It allows the determination of the
permittivity with a high accuracy. The principle is to place the dielectric sample at the position of maximum
electric field. The size of the dielectric sample should be small enough so that the electric distribution of the
empty cavity changes slightly when the cavity is loaded. Such a constraint is necessary to apply the
perturbation technique. Therefore, a shift in resonance frequency and quality factor of the cavity occurs
when the sample is inserted. From measurements of empty and partially loaded cavity, the complex
permittivity of the material can be calculated at resonance frequency points [3]–[5]. A typical measurement
system consists of a network analyzer, a resonant cavity fixture and some software. A schematic diagram of
an experimental setup of the cavity resonant technique is shown in Figure 7 where a, b and c denote width,
height and length of the cavity respectively [6].

sample

c
a
Port 2

Port 1

b

vna

vna

Figure 7: Schematic diagram of a resonant cavity.
The cavity perturbation method is not a swept frequency measurement. Hence, it can be used only for
discrete frequency measurements.
The measurement procedure is as follows: First of all, the resonant frequency and quality factor of the empty
cavity are determined for different cavity modes. Then the sample is inserted and positioned at the E-field
antinodes. If the sample is purely dielectric, the maximum electric field can be easily determined. The mode
will shift to low frequency side and retraces from there as presented in Figure 8. The sample is kept at the
retracing position, where the electric field is maximum.

Empty cavity

S21
Loaded cavity

Q0
Qs

fs

f0

Frequency

Figure 8: Frequency responses for empty and loaded cavities.
According to perturbation technique, dielectric permittivity and losses of a sample are determined as follows:

r '  1 k '

Vc f 0  f s
Vs f s

(22)
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r '  1 k '

Vc f 0  f s
Vs f s

(23)

where f0 is the resonant frequency of the empty cavity, fs is the resonant frequency of the cavity with sample,
Vc is the volume of the cavity and Vs is the volume of the sample, Q0 is the quality factor of the empty cavity
and Qs is the quality factor of the cavity with sample. k’ and k’’ parameters are generally assumed to be
constant, which depend on the geometry and the location of the sample and resonant mode of the cavity,
but approximately independent of the permittivity of samples.
It is very complicated to calculate k’ and k’’ using classical EM analytical methods. Thus, these parameters
are usually obtained by a calibration method using a known permittivity sample. It should be pointed out
that the standard sample should be as small as possible and should have a similar geometry with the samples
to be measured, in order to improve the measurement accuracy. The calculations of dielectric properties of
the sample are simple based on the resonance frequency and quality factor of partially loaded and empty
cavity. However, the main disadvantage of the cavity method is that the measured results are applicable only
over a narrow frequency band.

3.1 Damaskos cavity resonator
The Damaskos Thin Sheet Tester cavity [7] used for dielectric characterization is presented in Figure 9. The
cross-section dimensions are 20 cm in width and 3.8 cm in height. The length of the cavity is 43 cm. It is ideal
for thin dielectric sheets measurements ranging in thickness from about 0.05 mm to the order of 3 mm. This
cavity offers very good repeatability that can be less than 0.1%. The electric coupling is provided with two
symmetrical VNA probes. Two cables should be connected between the SMA connectors on the cavity and
ports 1 and 2 on the network analyzer.
Damaskos cavity is furnished with a Cavity™ software pre-installed allowing the direct extraction of the
complex permittivity of the sample under test. For some combination of thickness, dielectric constant, and
loss tangent, fewer or more resonance frequency points can be measured.
Sample

20 cm
43 cm

3.8 cm

Figure 9: Damaskos cavity photograph.
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The first seven odd TE10n modes of the cavity applied in this work resonate at 0.808 GHz, 1.265 GHz, 1.870
GHz, 2.519 GHz, 3.184 GHz, 3.862 GHz and 4.538 GHz, respectively.
As mentioned before, for a good characterization of dielectric values, a reference material must be measured
before moving on to the measurement of the unknown sample. If the known reference sample is not
measured, the measurement is not calibrated and the dielectric constant accuracy will be better than 1.5%
for 1mm thick samples. Thicker samples exhibit lower accuracy. Moreover, the reference material for
calibration should have thickness and dielectric constant near to the sample under test. For MID substrates
characterization, a reference material having dielectric constant 4.2 -4.3 and thickness 1.958mm is used.
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Open resonator characterization of materials

This section will be focused in the open microstrip resonator technique and a modified microstrip ring
resonator technique for multilayer structures [8]. Proposed by Troughton to measure dispersion of microstrip
transmission lines [9], microstrip ring resonators have attracted considerable interest for electrical properties
measurements of dielectrics even at very high frequencies [10], [11]. The advantage of this technique, which
uses the resonance frequency and the Q factor of the resonator to calculate the permittivity and the loss
tangent of the substrate, is its simplicity and accuracy.

4.1 Microstrip Ring Resonator Technique
Figure 10 shows a schema of two-port microstrip ring resonator structure. The ring resonator with mean
radius r and width of W is printed on a substrate with thickness of h. The metallization thickness is t. An
example of ring resonator can be shown in Figure 11. The ring resonator is manufactured using Rogers 4003
substrate with h=32 mil, t=34 um, W=1.81mm and r=28.62 mm. The microstrip ring resonator circuit has
multiple resonances that occur when the perimeter of the ring is equal to an integer number of guide
wavelengths. Neglecting the effects of radiation in the resonant frequency, the effective permittivity or
effective dielectric constant of the substrate can be found using:

 ref

 nc 


 2 rf r 

2

(24)

where fr is the resonance frequency, n is the number of half wavelengths and c is the speed of light in vacuum.

SMA
Connector

r

SMA
Connector

Substrate

Figure 10: Two-port microstrip ring resonator.

Figure 11: Example of Two-port microstrip ring resonator manufactured with Rogers 4003 susbtrate, h=32
mil, t=34 µm, W=1.81 mm, r=28.32mm.
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The expression of relative dielectric constant, which can be derived from effective dielectric constant and
physical dimension of the microstrip is [12]:

r 

2 ref  M  1

M  1  12h / Wef

Wef  W 

(25)

M 1



1/ 2

(26)

1.25t 
2h 
1  ln 
 
t 

(27)

The loss tangent (also called dissipation loss factor) of the substrate is determined from measured Q factor
of the resonador (loaded Q factor, QL). The loaded Q factor of the resonador (QL) is defined as:

QL 

fr
BW3dB

(28)

where BW-3dB is the measured bandwidth at -3dB. Then the unloaded Q factor (QU) is determined from:
QU 

QL
1  10 L / 20

(29)

where L is the measured insertion loss in dB of the ring at resonance. In practice, if the coupling is weak,
typically L<-30 dB, then QU≈QL. Therefore, the insertion losses of cables can be neglected simplifying the
calibration and the experimental setup for example if the resonator is characterized in a climatic chamber.
The measured attenuation constant in Np/m is given by




g QU

(30)

where λg is the guided wavelength. It is known that the total attenuation constant (α) is the sum of the
conductor attenuation factor (αc), the dielectric attenuation factor (αd) and radiation attenuation factor (αr):

  d  c  r  d    (c  r )

(31)

The dielectric attenuation factor can be found from (31) if the conductor and radiation terms are known. In
some cases, if dielectric attenuation factor is measured with another method (for example using cavity
resonant method), (31) can be used to investigate the conductor attenuation factor that is function of the
conductivity and thickness of the metallization. This point could be interesting in this project to investigate
the quality of conductive inks and its treatment.
The expression of loss tangent can be obtained from the relationship with the dielectric attenuation factor:

d 

1 2
tan 
2 g

(32)

There are difficulties to determine the loss tangent at high frequency. The resonators give the total loss at
resonance frequencies. Then, to isolate dielectric loss, accurate subtraction of conductor loss and radiation
loss is required. Unfortunately, none of the available analytical expressions are able to predict the conductor
or radiation loss [13]. Here, to determine the conductor and radiation loss (αc + αr) reliably, Momentum
software is used effectively for the losses. After determining the relative dielectric constant from (27), the
quality factor of the ring resonator is obtained from numerical simulations considering the dielectric as
lossless (tanδ=0). The thickness of the conductor is incorporated during analysis.
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The resonant peak of the transmission (S21) is used to determine the dielectric constant using expressions
(24)-(27), and the Q of the resonator to determine the loss tangent. Since frequency accuracy is one of the
most important requirements of this experiment, first a broad frequency sweep is used to locate the resonant
peaks, and then a narrow frequency sweep can be used to measure the S parameters more accurately if it is
required. The resonance frequency and loaded quality factor are obtained by fitting the Lorentzian curve
[14]. Following this work where different methods of measurement of resonant frequency and quality factor
of microwave resonators are compared, the nonlinear least squares fit of the magnitude of the transmission
coefficient to Lorentzian curve is chosen because this method is more robust for noiser data. A custom
optimization routine with MATLAB (Figure 12) is designed to extract the resonant frequency and quality
factor from the magnitude of S21 measurements. The method is based on the assumption that near the
resonance f≈fr the response of the ring resonator can be approximated by a lumped model of Figure 143. The
magnitude of the complex transmission coefficient versus frequency forms a Lorentzian curve with the
resonant frequency located at the position of the maximum magnitude:

| S21 ( f ) |

S21
 f

1  4QL2   1
 fr


2

(33)

Where S 21 is the maximum of the transmission coefficient, which occurs at the peak of the resonance:

S 21  2 1 2

(34)

where β1 and β2 are the coupling coefficients on port 1 and 2, respectively. The routine find the peak of each
resonance, then measurement around this peak are used for fit the Lorentzian curve. After normalization
with respect to the peak, (33) only depends on two unknown parameters fr and QL. The frequency of the peak
and the Q factor estimated from the -3dB bandwidth (28) is used as initial values to the optimization routine.

Figure 12: MATLAB program developed for the automatization of the measurements and extractions.
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1
C

Z0

R

2

Figure 13: Lumped element model circuit diagram for the resonator.

4.2 Modified Microstrip Ring Resonator Technique
Figure 14 illustrates a modified microstrip ring resonator’s configuration with a superimposed slab over the
substrate. The slab material with thickness of hd is superimposed on the ring resonator and the differences
in Q factor and resonant frequency before and after slab insertion are used to determine the dielectric
constant and loss tangent of the material. This configuration allows to characterize material without the need
to print circuits over the material that maybe difficult in case of some thin film materials, paper or textile
materials.

Material under test

SMA
Connector

SMA
Connector

r

Rogers R4003

Figure 14: Two-port microstrip ring resonator with a superimposed slab.
The insertion of a slab over the resonator modifies the resonant frequency (see for example in Figure 15).
From this frequency shift is possible to determine the relative permittivity of the slab using the next
procedure. The resonant frequency, fr2 of the two-layer resonator is related to the one-layer resonator (i.e.
without the slab) resonance, fr1:
2

 ref ,2

 f 
  r1   ref ,2
 fr 2 

(35)

where εref,2 and εref,1 are the effective permittivity of the one- and two-layer microstrip ring resonator, and fr1
and fr2 can be extracted from the measured insertion loss of the ring resonator with and without the slab.
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Based on the analytical formulations of the multilayer microstrip circuits and using the Wheeler filling factors
[15], the relative permittivity of the slab, εr2 can be found by using the effective permittivity of the two-layer
microstrip configuration and the relative permittivity of the substrate εr1. The main problem is the gap of air
present between the substrate and material slab. Here we assume that this gap is approximately equal to
the thickness of the metallization t. Then the determination of the wheeler factors are more difficult,
therefore here the inversion is based on full-wave simulations of the multilayer ring resonator including the
air layer with Momentum. A lookup table is obtained with the relative frequency shift (fr2-fr1)/fr1 as function
of εr2 (see Figure 16). The simulation uses the parameters (relative permittivity and tanδ) obtained from the
measurements with the resonator without slab. A simple interpolation is used to obtain εr2 from the
measured frequency shift between the case with slab and without slab.
The introduction of the slab on the microstrip ring not only affects the resonance frequency of the circuit,
but also changes the 3-dB bandwidth of the resonance, BW, as shown in Figure 15. If it is assumed that the
changes in conductor and radiation losses due to the superposition of the slab are negligible [8], it can be
found that:

d 2  d1  2  1

(36)

where α2 and α1 are the total loses of one-and two-layer configuration, determined using the measured
unloaded Q factor (32).
From the computed value of α2 it is possible to obtain the tanδ of the slab material using the Schneider filling
factors for the multilayer structure [8], [16]. An alternative method used here it is based on the interpolation
of a lookup table of αd2 or equivalently the dielectric Q factor QD2 of the material slab as a function of the
tanδ of the material (see Figure 17). In order to compute this table, Momentum simulations of the ring
resonator without considering conductor losses are performed for different values of tanδ of the material
and using the measured parameters of the substrate. Note that the frequency shift and the change in the
dielectric Q factor are function of the thickness of the slab. These changes increased with the thickness. For
thickness greater than 2-3mm the changes remain almost constant independently of the thickness of the
sample. Therefore, it is expected that the accuracy depend on the thickness and the method is more critical
for very thin samples. The small gap of air considered in the inversion is important for thin samples.
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Figure 15: Insertion loss measurement for the 1 GHz ring resonator of Figure 2 before and after the
insertion of a paper slab with 100 mµm of thickness.
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Figure 16: Computed relative frequency shift as a function of the relative permittivity of the slab for the
ring resonator of Figure 2.
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Figure 17: Computed dielectric Q factor of the multilayer resonator of Figure 2 as a function of the loss
tangent of the slab.
The main advantage of the proposed technique is in its simplicity for use with a wide variety of prepared
samples in a nondestructive way. By fabricating only one ring resonator, one can measure electrical
properties of as many materials as desired. Using a few ring resonators, the electrical properties of the
samples can be measured at numerous points over a broad frequency range. This can also be used to increase
the reliability of the results when the measured points for different rings coincide in frequency. The method
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is not specific to sample thickness and is capable of measuring test slabs with any thickness and dimension
as long as the sample completely covers the superimposed ring.

There is no need for metalizing the samples under test to measure their electrical properties. This is especially
important with specific materials that are difficult to metalize, for instance because of low adhesion (e.g.
various polymer materials, paper, textile materials, etc.). In addition, the ring resonator technique can be
used to investigate the conductivity or quality of the conductive inks or treatments used to print the
resonator if the dielectric parameters of the material are known. Special care must given to avoid gap of air
in case of very thin samples. One of advantages is that for resonators with low coupling is not required precise
network analyser calibration; therefore, it is relatively easy to introduce the resonator in climatic chambers
or gas chambers to measure the effect of temperature, humidity or gas concentration over the sample. In
these environments is often not possible to calibrate the network analyser at the resonator plane but
unfortunately the effect of losses of cables to access to resonator can be often neglected or compensated in
the estimation of the unloaded Q factor.
A major source of the error in this method is the setup resolution. In fact, more than half of the errors for
both permittivity and loss measurements come from the frequency resolution of the setup (i.e. uncertainties
in resonant frequency and Q-factor measurements). Subsequently, the overall error can be significantly
reduced by using a higher resolution measurement, e.g. by dividing the desired frequency range into more
than two sub-bands although this procedure increases the measurement time.
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Conclusion

Three methods for charactering the dielectric permittivity of candidate materials for chipless RFID sensors
and tags have been reported. For each of them, a brief theoretical part has been initially provided to clarify
the background behind the employed techniques. Subsequently, the equipment employed to carry out the
measurement has been shown. Moreover, some experimental results obtained by the characterization of
plastic substrates and paper have been shown.
The work carried out for D2.3 has strongly supported the work progress of the other WP2 deliverables and
especially the activities of D2.4 ‘Material characterization for green chipless RFID’.
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