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Abstract— A novel depolarizing chipless RFID tag is employed
to estimate the variation of the dielectric properties of materials.
The tag, comprising two 45-degree tilted dipoles printed on a thin
substrate, is accommodated on top of the target material and it is
interrogated wirelessly at radio frequency with a narrowband
signal. Once interrogated, the tag radiates back a frequency
selective response in cross-polarization. The depolarizing property
of the tag allows to employ it on materials characterized by
arbitrary large size thus avoiding the conceling effect of the large
radar echo of the platform. The properties of the target material
are estimated by resorting to the amount of frequency shift
detected on the backscattered signal. The operation principle of
the tag is initially illustrated by using simulations and then
measurements are performed on various materials to show the
reliability of the proposed procedure.

Index Terms— Radio Frequency Identification (RFID),
Chipless RFID, Permittivity Sensor, Frequency Selective Surfaces
(FSS).

. INTRODUCTION

ensing environmental parameters is a fundamental task that

determines the success of a huge number of automated

processes in real life. The sensing is usually performed
indirectly, that is, an environmental change produces an
detectable electrical difference inacircuit. A crucial component
for the design of a sensor is represented by the transducer which
converts the physical phenomenon to be monitored in an
electrical variation. Although the large majority of sensors are
based on a DC circuit [1], radio frequency sensors represent an
innovative interesting solution. In this case, the change in the
parameter can be monitored wirelessly by connecting antennas
to an electronic circuit or by designing a sensing mechanism
acting directly at radio frequency. The former approach is
usually employed in RFID sensors [2]. Instead, in the latter case
is the case of chipless RFID sensors [3].

One of the first examples of chipless RFID sensors is
provided in [4] where a chipless RFID sensor for temperature
is realized by using three functional layers of magnetic
materials. Another solution consists in using Surface Acoustic
Wave (SAW)-based sensors [5] for the wireless temperature
and pressure monitoring. The Relative Humidity (RH) variation
is also monitored by using chipless tags [3], [6], [7].
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The aim of this paper is to sense wirelessly the dielectric
properties of materials with an arbitrary shape and geometry.
The application belongs to the non-destructive testing (NDT)
methods and it is a novel scenario for chipless tags. A passive
radio frequency label is attached on an object to estimate the
electric properties of the object and eventually to monitor their
change during time. The change of electric properties can be
then correlated to relative humidity level [3]. A specific
depolarizing chipless tag based on a couple of tilted dipoles is
designed on a single layer thin substrate. The tag operates in
cross-polarization to guarantee the needed isolation from RCS
response of structural objects.

Il. SENSING MECHANISM AND TAG CONFIGURATION

The idea is to attach a chipless tag on top of a surface for
estimating the permittivity change based on the RF cross-polar
response. The sensing mechanism is based on the measurement
of the resonance frequency shift as a function of the material
permittivity to be sensed. The tag operates in cross-polarization,
which is a crucial feature for isolating the backscattered signal
from the strong RCS response (mainly in co-polar) of the
investigated object. The investigated sensing scenario and the
layout of the proposed chipless resonator is displayed in Fig. 1.
The tag is composed by N x N unit cells. The optimal number
of unit cells will be determined later. The simulations are
initially performed for a periodic resonator by using a
proprietary MoM code. The resonator is formed by a couple of
dipoles oriented obliquely with respect to the incident field
orientation. The tag is printed on a 32 mil thick Rogers 4003

substrate.
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Fig. 1 —Sensing scenario and layout of the proposed chipless tag.
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Fig. 2 — Cross-polar reflection coefficient of an infinite FSS structure with the layout reported in Fig. 1 for various thickness of the sensed material

located behind the tag. (a) d=1 mm, (b) d=5 mm, (c) d=20 mm.

The reflection coefficient of the resonator presents two maxima
in the cross-polar response and a deep and high-Q null in
between. The sharp null moves as a function of the permittivity
of the sensed material. The frequencies associated with the
maxima are located where each dipole length becomes equal to
a half-wavelength calculated in the effective medium composed
by the air, the substrate of the tag and the material to be sensed.
In this case the length of the two dipoles has been chosen equal

to 1, =~/215/16D =39.7mmand 1, =+/211/16 D = 29.2mm,

where D represents the periodicity of the FSS and has been set
to 30 mm. The two dipoles resonator can be modelled with a
couple of LC series circuits connected in parallel [8], [9]. When
the resonator is loaded with the sensed material, the values of
capacitances change proportionally to the value of the effective
permittivity (eeCo) (Where Co is the freestanding capacitance
value and e is the effective capacitance of the effective
medium) with a consequent reduction of the resonance
frequency fo by a factor [ Jew - If the thickness of the sensed

material is lower than half FSS periodicity, its effective
permittivity is thickness dependent [8], [10]. An example of the
cross-polar reflection response of the resonator in a periodic
environment as a function of the permittivity value and the
thickness of the sensed material is reported in Fig. 2. When the
ratio of thickness of the sensed material over the resonator size
exceeds a certain value [8], a saturation of the frequency shift
is achieved since the electric field is entirely confined inside the
sensed material. The field penetration behavior is pictorially
represented in Fig. 3. This means that the sensing mechanism is
related to the size of the resonator. The larger is the size of the
resonator, the deeper is the penetration of the sensing.
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Fig. 3 — Penetration depth of the electromagnetic field in the sensed
material.

The frequency shift achieved with the two-dipoles sensor as a
function of the substrate thickness and for different dielectric
permittivity values of the material is reported in Fig. 4. The
effect of losses in the sensed material is also analyzed in Fig. 5.
As it is evident, a moderate dielectric loss does not create
problems in the detection of the peak. Finally, the truncated
version of the resonator is simulated by using Ansys Electronics
v. 16.
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Fig. 4 — Delta frequency shift (Af) of the resonance peak with respect
to the initial value as a function of the thickness d of the sensed

material and for different values of its permittivity.
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Fig. 5 — Effect of losses in the sensed material. Simulations for a sensed
material having & = 3 and a thickness of d=1 mm.
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Fig. 6 — Radar cross section of the finite size FSS as a function of the

number of unit cells N.
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Several configurations have been simulated: 1x1, 2x2, 3x3 and
4x4 unit cells. The increase of the number of unit cells leads to
an increased RCS level and thus facilitates the tag detection.
Looking at the simulated RCS in Fig. 5, we can notice that the
2x2 configuration is characterized by a couple of spurious peaks
(confirmed also with measurements) and thus we decided to
report experimental results of the 1x1 and 3x3 tags.
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I1l. EXPERIMENTAL VALIDATION

The sensing method has been tested in a semi-anechoic
environment. Two Vivaldi antennas have been used to
interrogate the tag. The distance from the antennas and the tag is
40 cm for the 1x1 tag and 60 cm for the 3x3 tag. Initially, the
background measurement is performed for the calibration [11]
(this signal is subtracted from signals in presence of the tag).
Afterwards, several materials have been placed behind the tag
and the frequency response is measured as shown in Fig. 7 both
for the 1x1 and for the 3x3 tags. Additional tests on materials
characterized by a large footprint have been also performed. In
particular, the chipless tag has been attached on top two thick and
large sized pieces of woods and some relative frequency shift is
observed. The measured cross-polar RCS is shown in Fig. 8.
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Fig. 7— Measured cross-pol RCS for different kind of materials placed
behind the resonator. (a) 1x1 tag, (b) 3x3 tag. Fabricated tags are
shown in the inset of the figures.
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Fig. 8 — Measured cross-polar RCS of the tag placed on two different
large and thick pieces of wood. (a) chipboard wood (b) plywood.
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A summary of the measured and simulated frequency shift is
reported in Table 1. The agreement between measurements and
simulations is satisfactory considering that the permittivity is
measured wirelessly in a non-controlled electromagnetic
environment. The main source of error in determining the
permittivity of the material behind the tag in the lab is related
to the manual positioning of the tag which can cause the

presence of an air gap between the material to be sensed and the
substrate of the chipless tag. An air gap of 0.1 mm can induce a
frequency shift as high as 100 MHz and thus determining an
uncertainty in the order on 15% in the estimation of the
permittivity. However, it is worth underlining that the
fundamental idea of this work is not to present a new
measurement setup for dielectric permittivity estimation but is
to propose a passive device for monitoring the variation of a
target material during time. For this reason, the presence of air
gaps and positioning errors is not a real issue.

Table 1 — Summary of the frequency shifts achieved with the measured
materials. Frequency fo and 4f are expressed in GHz.

Material d[mm] fo(3x3) fo(1x1) Af(3x3) Af(1x1) Afsim.
Air 3.27 3.21 - - -
Teflon 5 3.027 2.97 0.243 0.24 0.275
Polietilene 10 2.98 2.9 0.29 0.31 0.35
PVC 10 2.9 2.85 0.37 0.36 0.4
Rogers 4003 3.2 2.89 2.81 0.38 0.4 0.45
Clipboard wood 10 2.98 2.92 0.29 0.29 -
Plywood 10 2.85 2.86 0.42 0.35 -

IV. CONCLUSION

A wireless method for estimating the dielectric properties of
objects has been presented. A completely passive depolarizing
label is designed and placed on objects. The cross-polar RCS
has been measured up to a distance of 60 cm.
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