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Abstract—This work presents a non-destructive wireless,
concrete quality sensor based on chipless ultra-wideband
radiofrequency identification. The sensor is based on detecting
the delay between two scattering modes induced by permittivity
changes in the concrete. Theoretical, simulated and measured
results with several embedded tags in samples are shown. The
composition of the concrete blocks is remotely detected and
classified.

material, which could lead to unreliable measurements (due to
the material roughness).
The paper is organized as follows. Section II presents the
time-domain UWB RFID theory, the sensor design and the
multilayer microstrip permittivity theory. Section III presents
a method to calibrate the tag and shows the measured results.
Finally, Section IV provides the conclusions.
II. THEORY

Index Terms—RFID, UWB, non-destructive testing (NDT),
concrete, permittivity sensor, multilayer microstrip
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I. INTRODUCTION

tructural health of concrete-based civil structures is a
major concern in today’s society [1]. Unexpected events
such as earthquakes, hurricanes, or simply a material
deterioration because of a wrong mixture of compounds,
could cause a structure to collapse. During the construction
period, samples of the construction compounds are usually
inspected. However, long-term non-destructive testing (NDT)
of the civil structure is also desired. In this context, several
works have been presented recently, with the aim of
wirelessly sense these structures. Battery-powered active
sensors, using microcontrollers and accelerometers are
reviewed in [1]. A passive permittivity sensor which uses
UHF radiofrequency identification (RFID) at 870 MHz is
presented in [2]. Another UHF RFID sensor is presented to
detect the permittivity of lightweight concrete in [3]. The
dielectric constant of concrete is obtained in [4] by measuring
the deflection and loss of electromagnetic waves in concrete
blocks using a CW radar.
This work aims to classify the mixture composition of
concrete from its permittivity using chipless time-coded ultrawideband (UWB) RFID tags [5]. UWB has good penetration
in materials and UWB antennas, on the contrary to
narrowband antennas, do not suffer of critical detuning. Since
chipless tags do not require any electronics, the costs can be
drastically reduced in large-scale applications, and their
lifetime is very long. The tags are partly embedded inside
concrete, avoiding contact problems between the tag and the
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A. Tag-reader system
Fig. 1a shows a scheme of the system. The sensor tag can
be seen as an equivalent two-port network (antenna) loaded
with an open-ended delay line of length L and characteristic
impedance Zc. In this case, a Vivaldi antenna and a meandered
microstrip delay line. The delay line is embedded in concrete,
as shown in both the layouts (Fig. 1b) and photographs
(Fig. 1c). The reader sends through its transmitting (Tx)
antenna a gaussian pulse p(t) which hits the tag. The signal at
the reader’s receiving (Rx) antenna in time domain can be
approximated as the sum of several peaks (1) (see Fig.1.a):
s(t )  sCoupl . (t )  sClutter (t )  sStr . (t ) 
 sPlate (t )  sConcrete (t )  sTag (t ),

(1)

where sCoupl. is the coupling from the reader Tx to Rx
antenna and sClutter is the clutter from the scene. Both can be
removed by using a background subtraction technique. sStr.
corresponds to the tag structural mode, which depends on the
tag shape, size and material. A Vivaldi antenna has a small
radar cross-section (RCS) in its optimum radiation pattern
Azimuth angle. Therefore, its structural mode is small and
difficult to detect. A metal plate is soldered in the Vivaldi
ground plane in perpendicular to the Vivaldi ground plane,
providing a strong reference peak. This plate is separated from
the tapered transition so it does not affect the antenna. sPlate
corresponds to the signal backscattered at the metal plate,
sConcrete corresponds to the reflection at the concrete slab or
wall. Finally, sTag corresponds to the tag mode, which depends
on the load of the antenna (here an open-ended delay line).
sTag is the part of p(t) that propagates inside the tag and is
reradiated to the reader with the information of the material
where the line is embedded.
The Vivaldi antenna has been chosen because it permits to
integrate a long meander delay without having undesired
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-a-bFig. 2. (a) Scheme of the multilayer microstrip structure. (b)
Calculated medium permittivity εefr as a function of the concrete
layer permittivity εr2 and thickness (h2 – h).

To validate the theory, the S parameters of a multilayer
microstrip transmission line of width w = 0.7 mm on
RO4003C have been simulated with Agilent Momentum. The
structure follows the scheme of Fig. 2a, where the concrete
layer height is h2-h = 10 mm and εr2 is swept from 1 to 5.
Fig. 3 shows a comparison between the theoretical (from
Eq. 2) and simulated effective permittivity of the multilayer
structure. A nearly-linear behaviour is obtained with both
theory and simulations.
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Fig. 3. Theoretical and simulated effective permittivity of the
multilayer structure.
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Metal Plate

-b-c-dFig. 1. (a) Scheme of the tag-reader system. (b) Scheme of the
embedded designed tag, top face. (c) Photograph of the embedded
tag, back face. (d) Cut of the concrete layer after fabrication.

B. Multilayer microstrip permittivity
Fig. 2a shows a scheme of the multilayer microstrip
structure that models the situation. The RO4003C substrate
permittivity is εr1 = 3.55, and its height is h = 0.813 mm. The
delay line width is w = 0.7 mm (which corresponds to a
characteristic impedance ZC = 80 Ω with the tag in free space).
The permittivity εr2 corresponds to the concrete added on
contact with the delay line. Using the conformal mapping
method proposed in [7], the effective permittivity εefr of the
multilayer microstrip structure can be obtained:
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thicker than 8 mm. Therefore, the concrete thickness is not
needed to be known in a real situation.

RO4003C

effects. Also, with other antennas such as UWB monopoles,
increasing the ground plane size (to fit a long delay) worsens
their performance [6]. Finally, with a Vivaldi antenna the gain
is larger than UWB monopoles and its boresight is
perpendicular to the concrete wall or slab. As shown in Fig. 1a,
the signals corresponding to sStr. and sConcrete are unstable in
time, because of changes in angle or distance from one
measurement to another, and because of dispersion,
respectively. Therefore, sPlate is used as reference, which also
denotes the limit where the tag should be embedded in
concrete. The delay between sPlate and sTag is addressed as τ. τ
depends on the delay line length L and the propagation speed
of the medium v, which, in turn, depends on the effective
permittivity of the medium εefr. εefr, in turn, depends on the
permittivities of both the substrate (εr1) and the concrete slab
(εr2). Finally, the term 2d/c accounts for the distance between
the tag and the reader, from which τ is independent of.

1  q1 

2

 r 2 1  q1  q2   q2

,

(2)

where q1 and q2 are the filling factors defined in [7]. In order to
study the effect of the concrete thickness, Fig. 2b shows εefr as
a function of εr2 and h2 (with a fixed h). εr2 is swept from 1 to 5.
It can be observed that, for heights greater than 8 mm, εefr only
depends on εr2. In civil engineering, the concrete layer is

The full tag (see Fig. 1.b) is now simulated using Ansys
HFSS. A 10-mm thick concrete block is added on top of the
tag delay line. The permittivity of this block (εr2) is again
swept from 1 to 5, with 20 samples within the range. Fig. 4
shows the simulated time-domain signal before and after
applying the Continuous Wavelet Transform (CWT) [5]. It is
important to note that not all the samples of εr2 are shown for
representation convenience. The metal plate fixes the time
reference, while the tag mode varies depending on εr2.
The Time Domain PulsON P400 MRM impulse radar is
used as the reader in the measurements. A background
subtraction technique (scene without the tag) is applied for all
measurements, as well as the CWT [5]. In the case of concrete
walls, the tags are embedded and cannot be removed, and then
the background can be obtained from a portion of the wall
without tag. It is important to note that in this case the reader
has to be at the same distance and angle for a proper
background measurement.
For any given measurement, the delay τ (see Fig. 1a)
between the reflection at the perpendicular metal plate and the
tag mode can be modeled as:
   0  2 Leff  efr / c ,

(3)

where τ0 accounts for a constant delay offset between the
metallic plate and the delay line, c is the speed of light in
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IV. CONCLUSION
This work has presented a chipless concrete mixture
composition sensor based on UWB RFID. It is based on the
dependence of the permittivity of concrete on the mixture
composition. The results show that it is possible to remotely
detect the mixture of concrete and sand in a concrete block by
using UWB technology for classification purposes and longterm quality evaluation.
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