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Abstract—This work presents a non-destructive wireless, con-
crete quality sensor based on chipless ultra-wideband radio fre-
quency 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 sev-
eral embedded tags in samples are shown. The composition of the
concrete blocks is remotely detected and classified.

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

I. INTRODUCTION

TRUCTURAL health of concrete-based civil structures is
S a major concern in today's society [1]. Unexpected events
such as earthquakes, hurricanes, or simply a material deterio-
ration 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 pre-
sented recently, with the aim of wirelessly sense these struc-
tures. 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 pre-
sented to detect the permittivity of lightweight concrete in [3].
The dielectric constant of concrete is obtained in [4] by mea-
suring the deflection and loss of electromagnetic waves in con-
crete blocks using a continuous wave (CW) radar.

This work aims to classify the mixture composition of con-
crete from its permittivity using chipless time-coded ultra-wide-
band (UWB) RFID tags [5]. UWB has good penetration in ma-
terials and UWB antennas, on the contrary to narrowband an-
tennas, do not suffer from critical detuning. Since chipless tags
do not require any electronics, the costs can be drastically re-
duced in large-scale applications, and their lifetime is very long.
The tags are partly embedded inside concrete, avoiding contact
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problems between the tag and the material, which could lead to
unreliable measurements (due to the material roughness).

The letter 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

A. Tag-Reader System

Fig. 1(a) 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
Z.. 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. 1(b)] and photographs [Fig. 1(c)]. 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. 1s the coupling from the reader Tx to Rx antenna
and Sciuster 1S the clutter from the scene. Both can be removed
by using a background subtraction technique. sst;. 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. There-
fore, 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. spiat. corresponds to the signal backscattered
at the metal plate, Sconcrete COrresponds to the reflection at the
concrete slab or wall. Finally, sT,, corresponds to the tag mode,
which depends on the load of the antenna (here an open-ended
delay line) s7a, is the part of p() that propagates inside the tag
and is reradiated to the reader with the information of the mate-
rial where the line is embedded.

The Vivaldi antenna has been chosen because it permits to in-
tegrate a long meander delay without having undesired effects.
Also, with other antennas such as UWB monopoles, increasing
the ground plane size (to fit a long delay) worsens their per-
formance [6]. Finally, with a Vivaldi antenna the gain is larger
than UWB monopoles and its boresight is perpendicular to the
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Fig. 1. (a) Scheme of the tag-reader system. (b) Scheme of the embedded de-
signed tag, top face. (c) Photograph of the embedded tag, back face. (d) Cut of
the concrete layer after fabrication.

concrete wall or slab. As shown in Fig. 1(a), the signals cor-
responding to ssty. and Sconcrete are unstable in time, because
of changes in angle or distance from one measurement to an-
other, and because of dispersion, respectively. Therefore, spiate
is used as reference, which also denotes the limit where the tag
should be embedded in concrete. The delay between spiate and
8Tag 15 addressed as 7. 7 depends on the delay line length L
and the propagation speed of the medium v, which, in turn, de-
pends on the effective permittivity of the medium eeg.. €efr, in
turn, depends on the permittivities of both the substrate (z,1)
and the concrete slab (g,.5). Finally, the term 2d/c accounts for
the distance between the tag and the reader, from which 7 is in-
dependent of.

B. Multilayer Microstrip Permittivity

Fig. 2(a) shows a scheme of the multilayer microstrip struc-
ture that models the situation. The RO4003C substrate permit-
tivity is £,1 = 3.55, and its height is A = 0.813 mm. The delay
line width is w = 0.7 mm (which corresponds to a characteristic
impedance Z¢o = 80 ) with the tag in free space). The permit-
tivity €,o corresponds to the concrete added on contact with the
delay line. Using the conformal mapping method proposed in
[7], the effective permittivity €. of the multilayer microstrip
structure can be obtained

1—q1)?
Eefr = Er141 + Ep2 ~ ( 1)

2
era(l—q1 — @)+ ¢ @

where ¢; and ¢, are the filling factors defined in [7]. In order to
study the effect of the concrete thickness, Fig. 2(b) shows &g,
as a function of €,.5 and h, (with a fixed h). €,z is swept from
1 to 5. It can be observed that, for heights greater than 8 mm,
€efy only depends on £,5. In civil engineering, the concrete layer
is thicker than 8 mm. Therefore, the concrete thickness is not
needed to be known in a real situation.
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Fig. 2. (a) Scheme of the multilayer microstrip structure. (b) Calculated
medium permittivity €.¢ as a function of the concrete layer permittivity &,z
and thickness (h> — h).
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Fig. 3. Theoretical and simulated effective permittivity of the multilayer struc-
ture.
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Fig. 4. Simulated time-domain signal of the tag for ..o from 1 to 5. (top) RAW
signal. (bottom) Signal after applying the CWT.

To validate the theory, the S parameters of a multilayer mi-
crostrip transmission line of width w = 0.7 mm on RO4003C
have been simulated with Agilent Momentum. The structure fol-
lows the scheme of Fig. 2(a), where the concrete layer height is
hy — h = 10 mm and £, is swept from 1 to 5. Fig. 3 shows a
comparison between the theoretical [from (2)] and simulated ef-
fective permittivity of the multilayer structure. A nearly-linear
behaviour is obtained with both theory and simulations.

III. RESULTS

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 (,2) 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 €, are shown for representation
convenience. The metal plate fixes the time reference, while the
tag mode varies depending on £,.5.

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 measure-
ments, as well as the CWT [5]. In the case of concrete walls, the
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Fig. 5. Measured time-domain response of the tag embedded in three concrete
blocks and on air after applying the CWT.

TABLE 1
CONCRETE BLOCKS COMPOSITION AND PERMITTIVITY

Block %C %S 7 (ns)=c Meas.e;  Ref e, (CRR)
4 25 75 5.000 3.56 351
B 50 50 5.070 3.98 4.07
C 100 0 5.125 431 424

% C: Percentage of Concrete, % S: Percentage of Sand, 6 = 30 ps

tags are embedded and cannot be removed, and then the back-
ground 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 7 [see Fig. 1(a)] be-
tween the reflection at the perpendicular metal plate and the tag
mode can be modeled as

T=70+ 2Leﬁ\/ Eefr/C (3)

where 79 accounts for a constant delay offset between the
metallic plate and the delay line, ¢ is the speed of light in
vacuum and Leg is the equivalent electrical delay line length.
Ty and L.g are unknown, and have to be experimentally deter-
mined as first-step calibration parameters. To do so:

a) The tag is measured in free space (£,2 = 1) and with
an attached 10 mm PTFE slab (known stable material,
€p2 = 2.2), using background subtraction and CWT.

b) The equivalent €.s, for free space and PTFE are obtained
from the theoretical (or simulated) curve of Fig. 3.

¢) Using the measured delays from a), equivalent permittiv-
ities from b), and (3), Leg = 0.27 m and 7y = 1.571 ns
are obtained. These parameters are stored as calibration,
can be measured outside of the construction field, and they
work at any distance between tag and reader.

In order to experimentally validate the sensor tag, three con-
crete blocks (A, B and C) are fabricated, embedding an iden-
tical tag in each block. The blocks are composed by a mix-
ture of portland concrete and sand. The compositions are de-
picted in Table I. The blocks have been dried in still air for
four weeks before measuring them. Three sets of 100 measure-
ments have been performed at a 40 cm tag-reader distance. A
block without any tag embedded is used to emulate the real-case
background (portion of wall without tag). Fig. 5 shows the mea-
sured time-domain response of the blocks. The mean delays 7
between the metal plate and the tag modes are shown in Table L.
The tag mode amplitude is reduced when the tag is embedded
in concrete but the peaks and the time difference can still be

perfectly detected. Using (3) with the calibration parameters
(Leg = 0.27 m and 79 = 1.571 ns) and 7 from Table I, .
can be obtained, and ¢4 is derived by inverting Fig. 3.

The permittivity of dry sand is between 2.5 and 2.75 [8]. The
permittivity of concrete is around 5 [3], [4]. Therefore, the es-
timated £,o falls within the expected range for the mixtures.
To validate these measurements, the permittivities of the sam-
ples are also measured using a microstrip circular ring resonator
(CRR) [9] and an Agilent E8364C Vector Network Analyzer.
These results are also shown in Table I. A good agreement is ob-
served. It is important to note that, because of the radar time res-
olution (%30 ps), there is an error in £,0 about £0.1. As shown
in (3), the permittivity depends on a square root term. Therefore,
there is more sensitivity for smaller permittivities, i.e., when
the part of sand increases. In comparison with the chip-based
UHF RFID systems proposed in [2], [3], the tag does not use
a chip, which would reduce costs in a large-scale application;
however a background subtraction is required, which is not re-
quired in chip-based systems. In comparison with [4], the sensor
proposed here permits to measure the permittivity without pre-
viously knowing the concrete slab depth. Also, it is not required
to detect a metal on the other side of the slab or wall, which
could be difficult for very thick walls due to loss.

IV. CONCLUSION

This work has presented a chipless concrete mixture com-
position sensor based on UWB RFID. It is based on the de-
pendence of the permittivity of concrete on the mixture com-
position. The results show that it is possible to remotely de-
tect the mixture of concrete and sand in a concrete block by
using UWB technology for classification purposes and long-
term quality evaluation.
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