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Abstract—We present Surface Crack Antenna Reflectometric
Sensing or SCARS: a chipless RFID sensor that enables per-
vasive, wireless surface crack detection in structural materials.
We outline the sensor design and demonstrate how crack length
and orientation can be uniquely related to the backscatter signal
signature of the SCARS sensor. In doing so, design techniques
that improve sensor sensitivity and signal fidelity are presented.
Proof of concept is then demonstrated via numerical simulation
and the construction of a laboratory prototype. Finally, a perva-
sive health monitoring and data extraction strategy using these
sensors is also discussed.

Index Terms—Chipless RFID, transmission line, TDOA, crack
localization.

I. I NTRODUCTION

The formation and propagation of cracks in civil infras-
tructure compromises the integrity of load bearing structures
causing safety concerns. This has been evinced by several case
examples of crack-induced structural failure [1], [2]. When it
comes to sensor deployment, there is a two-fold motivation
for pervasive crack sensing. First, a large scale of sensor
deployment will maximize the likelihood of crack detection
[3] particularly in inhomogeneous materials like concrete.
Second, factors such as crack length and orientation cause
variations in the load bearing properties of structural materials
[4]. Pervasive sensor deployment would help us detect and
estimate these better.

In this paper, we present the design of a chipless RFID
tag antenna-based crack detection sensor. There has been a
lot of recent interest in using chipless RFID tags for object
identification purposes [5]. Chipless RFID tags can be mass-
produced at very low cost and offer several advantages over
competitive technologies, such as the bar-code, in terms of
non-line of sight operations, improved read range and au-
tomated inventory management. The opportunity to extend
this wireless communication medium for pervasive sensing
in structural health monitoring presents itself. We discuss
the sensor design and demonstrate how the position, length
and orientation of a crack can be related to a change in the
backscatter signal of the chipless RFID tag-sensor. We also
discuss how the sensor enables pervasive monitoring of the
surface of deployment for cracks.

The rest of the paper is organized as follows. Section II
discusses the common approaches to crack detection and
discusses the contribution of our approach. Section III presents
the design and working concept of the sensor. Section IV
then outlines the simulated performance of the sensor using
electromagnetic software [6], while Section V presents the
results of testing a lab prototype of the sensor. We examine
the effect of different crack lengths and orientations on sensor
performance. Section VI then discusses our envisioned data
extraction strategy for pervasive health monitoring. Finally,
Section VII presents a summary of the lessons learned and
outlines the scope for future work.

II. RELATED WORK

There have been several diverse approaches to surface crack
detection in structural engineering. For instance, Zhanget.al
have developed a smart film to detect the presence and location
of a surface crack [3]. Their technique consists of embedding
a mesh of conductive wires in a fabric that is bonded to
the surface of a structure. Surface cracking propagates to the
smart film and severs the corresponding wires in the mesh.
The length and location of the crack can then be determined
by detecting which wires have been severed. The authors
experimentally verify that the smart film can be reliably
used to detect crack length and position. In an extension to
their work [7], the authors also discuss how the smart film
technology can be fabricated using low-cost materials thus
enabling pervasive sensor deployment. Similar work using
capacitance changes [8] and the piezoresistive effect of carbon
nanotube impregnated composites [9] have been reported for
pervasive crack detection in the literature. However, these
pervasive crack sensing techniques make use of wiring for data
extraction. The placement and maintenance of large lengthsof
cabling wire is cumbersome.

Recently, there has been interest in developing strain and
crack sensors using RFID tags. RFID tags have seen large-
scale, highly integrated deployment for object identification
particularly in the supply chain and apparel industry. As a
result of which RFID tags today can be mass produced at very
low costs. Furthermore, the communication protocols between



the RFID tag and the reader are standardized and efficient. As
a result of which RFID is an ideal wireless communication
infrastructure for pervasive sensing. Occhiuzziet.al present the
design of a meander line UHF RFID tag antenna that can be
reliably used to measure axial strain. The axial strain changes
the geometry of the antenna and this can be related to a change
in the backscatter power of the RFID tag [10]. The authors
present the design of three tag antennas offering trade-offs
between dynamic range and sensitivity. While the sensor is
well suited for axial strain measurements, the direct application
of this sensor to monitor cracking or bending strains in
structural members is not immediately apparent. Similarly, Yi
et.al demonstrate the design of an RFID patch antenna that
relates strain to a change in tag operating frequency [11].
The authors demonstrate that the sensor can be reliably used
to monitor strain correct to 50µǫ precision and over a read
distance of a few feet. However, the sensor is based on a
microstrip patch antenna design that makes use of vias to
connect the antenna copper trace to the ground plane. This
would increase the fabrication cost of the sensor as compared
to a planar dipole like structure.

In this paper, we present Surface Crack Antenna Reflec-
tometric Sensing (SCARS), a chipless RFID-based crack de-
tection sensor. We will demonstrate how our sensor enables
the pervasive monitoring of structural surfaces for cracksand
show how the length and location of a crack can be uniquely
related to a change in the backscatter signal response of the
tag-sensor. We demonstrate proof of concept using numerical
simulation and via development of a laboratory prototype.

III. T HE SCARSSENSOR DESIGN

This section details the design of the sensing system. The
sensor essentially functions as a chipless RFID tag, however,
the objective here is not to retrieve stored ID information but
to sense and localize the presence of structural failure on the
surface of a structure on which the sensor is deployed.

The operation of the system is illustrated in Fig. 1. It
consists of a reader unit and a chipless antenna based sensor.
The sensor consists of a broadband antenna and a meandering
segment of transmission line which is terminated with an open
(OC) or short (SC) circuit. The operation of the system is
similar to any time domain reflectometry (TDR) based chipless
RFID system, the details of which are discussed in [12], [13],
[14]. The reader unit transmits a broadband radio frequency
(RF) pulsex(t) and listens to the backscatter from the sensor.
Once the transmitted RF pulse reaches the sensor antenna, a
part of it is immediately reflected and another portion of the
RF energy is harnessed by the receiving antenna of the sensor.
This harnessed RF signal then travels through the meandering
transmission line segment until it experiences the abrupt
termination (OC or SC) of the transmission line. At this point
the signal gets reflected back towards the antenna of the sensor
and ultimately gets re-transmitted into the wireless medium.
The aforementioned interaction at the sensor gives rise to
two prominent RF echoes or backscatter which are directed
towards the reader unit: i.e. the initial reflection off the sensor

Fig. 1. System consisting of reader unit and a chipless antenna based sensor,
(a) system operation with a healthy sensor (b) system operation when a crack
has severed the transmission line of the sensor

metallic surface,y1(t) and the secondary re-transmission of
the harnessed energy,y2(t). The time difference of arrival
(TDOA) of these two echoes at the reader unit is determined
by the length of the meandering transmission line segment.
When a failure occurs in the structure on which the sensor
is deployed, causing crack propagation across it, as shown
in Fig. 1 (b), the transmission line gets ruptured causing an
open circuited termination. This causes the transmission line to
prematurely terminate without the full utilization of its length.
This premature termination of the transmission line changes
the TDOA between the two echoes received at the reader unit.
Therefore, the TDOA estimated at the reader can be used to
determine whether or not a crack is present in the structure
and also to localize it using the distance corresponding to
the TDOA. We highlight important features considered in the
design of the chipless RFID tag-sensor:

A. Sensor antenna design

There is a two-fold motivation for designing a broadband
reader and tag-sensor antenna. First, since the crack sensor’s
transmission line will only have a length of several meters,
corresponding to the typical span of a structural element, it
can only introduce a propagation delay in the order of several
tens of nanoseconds, for the secondary echo,y2(t). Therefore,
in order to achieve accurate localization of a crack within this
length, an extremely short duration UWB pulse, lasting only
a few nanoseconds, needs to be transmitted and received by
the RFID reader. Short duration RF pulses in the order of
several nanoseconds enables very high resolution estimation
of distance to targets using TDOA methods [15]. Broadband
antennas at the reader and tag will enable these UWB pulses



to be transmitted and received.
Second, in addition to this broadband requirement, for the

proper operation of the system the time domain transient
response of the antennas need to decay quickly within a few
nanoseconds. These transients are a manifestation of the self
rejection of the transmitted pulse at the reader transceiver as
outlined in [16]. In order to clearly distinguish the echoes
y1(t) andy2(t) coming back from the sensor, these transients
should decay by the time they arrive at the receiving antenna
as shown in Fig. 2. If not, since these echoes are very weak
they will be overwhelmed by the magnitude of the antenna
transient response.

A coplanar monopole antenna having both these desirable
properties was designed for the RFID sensor. Fig. 3 shows
the dimensions of the broadband circular monopole antennas
used in the design of the sensor which provides acceptable
performance in the2− 5GHz frequency band.
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Fig. 2. Simulation result of the total signal received at thereader antenna
consisting of 1. antenna transients 2. initial echoy1(t) and 3. secondary echo
y2(t)

Fig. 3. Coplanar circular monopole antenna fabricated on Taconic TLX0
material (ǫ = 2.45 and tan δ = 0.0019) having a thickness of0.5mm with
a copper cladding thickness of0.017 um

B. Transmission line design

The transmission line, attached to the sensor antenna, intro-
duces a propagation delay to the secondary echo,y2(t) that
depends on the total length,L, of the transmission line. This
is the component of the sensor that is instrumental in sensing
cracks. Causing the transmission line to meander, as shown in
Fig 4, has a two-fold advantage. First, the meanders distribute
the total length,L, over a shorter distance,Leff , and this
introduces the same propagation delay over a shorter distance
along the structure. Thus the secondary echo,y2(t), obtained
from the same crack, located at a distancex as seen in Fig 4,
arrives at a much more later stage in time where the antenna
transients described earlier have fully decayed. Second, a
meandering structure increases the sensitive zone over which
the transmission line is susceptible to being affected by a
crack.

Fig. 4. The complete sensor consisting of a coplanar monopole antenna and
a transmission line of lengthL. (a) Straight transmission line (b) meandered
transmission line. (c) The expected response from a healthysensor the full
length L; an initial reflection,y1(t), followed by a secondary re-radiation,
y2(t), after a propagation delay of2L

ν
.

C. Development of a SCARS Envelope for Pervasive Crack
Detection

It is clear that the proposed sensor is capable of detecting
the presence of a failure and its location. However, a single
SCARS sensor by itself is not capable of providing crack
propagation information. Fig. 5 shows a surface envelope con-
sisting of multiple sensors laid in parallel in order to estimate
the propagation characteristics of a crack. Here, depending
on the way the crack is propagating and severing each of the
sensor transmission lines, it will produce a unique time domain
reflectometric signature which can be used to estimate the
length and orientation of the crack. For an envelope consisting
of N crack sensors the total secondary re-transmission,ỹ2(t),
will be a summation ofN secondary echoes produced by each
of the individual crack sensors, i.e,

ỹ2(t) =

N∑

i=1

yi
2
(t) , (1)



whereyi2(t) is the secondary echo produced by thei-th sensor.
This gives rise to the unique TDR signature for a particular
type of crack.

Fig. 5. The SCARS envelope consisting of multiple sensors for detecting
propagation of a surface crack: (Inset) Each sensor registers a discrete crack
point which can be used to estimate the length and orientation of the crack
pattern

IV. SIMULATED SENSORPERFORMANCE

We use the electromagnetic solver, CST microwave studio
[6], to estimate the performance of three sensors making up the
SCARS envelope. For the simulation, we assume the sensor
antenna and transmission line are made of copper cladding
with thickness18µm and are deployed on TLX-0 having a
thickness of0.5mm. We simulate the effect of different crack
orientations and examine the effect on sensor performance.
A modulated Gaussian pulse lasting approximately1.5 ns
and having a bandwidth from1GHz to 4GHz was used in
interrogating the sensor.

A. Healthy sensors

Fig. 6 shows the simulated backscatter response for several
use cases. Considering an uncracked SCARS envelope, the
initial reflection y1(t) appear at the3 ns mark and is much
stronger than the echo that follows it. The secondary echo
ỹ2(t) (the echoA1 in Fig. 6 (b)) of the transmission line
appears at the20 ns mark and is a result of the transmitted
wave propagating all the way down the transmission line
(corresponding toL1 = L2 = L3 = 56 cm in Fig 5).
The TDOA between the initial echoy1(t) and secondary
retransmissioñy2(t) is thus 17 ns. The echoA1 is a result
of the constructive addition of three distinct echoes coming
from three separate healthy sensors as expressed in eq. (1).

B. Cracked sensors

The time domain reflectometric signatures for cracks prop-
agating at different angles is also shown in Fig. 6. For a
straight crack that severs all the sensors, whereL1 = L2 =
L3 = 30 cm in Fig 5, the echoes corresponding to each
of the cracked sensors arrive at the same time instant and
are synchronized. Therefore, they combine constructivelyto
produce a large echo (B1 in Fig 6 (b)) which appears around
11 ns, giving a TDOA of8 ns.

For a crack propagating at an angle, the echoes from each
cracked sensor arrives at a different time instant. The echoes
C1, C2 andC3 in Fig. 6 (b) corresponds to the case where each
sensor is ruptured at a different point due to the propagating
crack; i.e.L1 = 16.2 cm, L2 = 27.4 cm, andL3 = 39.9 cm.
This causes the TDOA for each individual echoCi to vary
depending onLi, i = 1, . . . , N . Also, it is observed that echo
C2 is larger thanC1 andC3. This is because the simulation
was performed with the transmit/receive antenna directly in
front of the sensor that produces the echoC2. This has caused
the receiving antenna of that sensor to capture more energy
compared to the other two sensors causing the echoC2 to be
stronger.
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Fig. 6. Time Domain Reflectometry (TDR) signatures for the three sensors
comprising the SCARS envelope

V. RESULTS OFLABORATORY TESTING

This section details the laboratory experiments conductedto
validate the principle of operation of the proposed SCARS sen-
sor. The sensor was fabricated on a Micarta G-10 Glass/Epoxy
Sheet having a dielectric constantǫ = 3.8 and loss tangent of
0.025. Adhesive copper tape having a thickness oft = 40µm



was used in constructing the sensor. For the ease of fabrication
we have considered a coplanar sensor having a straight rather
than meandered transmission line. Measurements were taken
in a laboratory environment using an Agilent E8362B vector
network analyzer (VNA) with a transmission power of8 dBm,
where the sensor was placed15 cm away from the reading
antenna. The TDR signatures corresponding to the sensors
were obtained by converting the frequency domainS1,1(f)
measurements that were taken using the VNA to the time
domain and convolving with the transmission pulse shape. Fig.

Fig. 7. Single crack sensor based on coplanar microwave theory. Cracks in
the structure are emulated by truncating the transmission line atL1 = 36, 51,
and66 cm.

7 shows the crack sensor used in the experiment. The sensor
has a total lengthL of 81 cm. Cracks were emulated, every
15 cm, by truncating the transmission line. Fig. 8 shows the
measured TDR signatures corresponding to these cracks. It
is observed from the figure that the initial reflectiony1(t) of
all the TDR signatures coincide and that only the secondary
echo,y2(t), shows a dependence to the distance to the crack,
which validates the simulation results presented in Section
IV. Clearly, as the distance to the crackL1 reduces the
corresponding TDOA betweeny1(t) andy2(t) proportionally
reduces. The operation of the SCARS envelope was tested
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Fig. 8. Measured TDR signatures of cracks emulated by truncating the
transmission line of a single sensor for different distances L1.

using two sensors as shown in Fig. 9. Crack propagation was
emulated by truncating the transmission lines of individual
sensors where both a straight crack atL1 = L2 = 51 cm and
an angled crack withL1 = 51 cm andL2 = 36 cm was tested.
The measured TDR signatures are shown in Fig. 10. Due to the
presence of a larger metallic surface consisting of two sensors
the initial reflectiony1(t) has become larger. The secondary
echoỹ2(t) corresponding to the straight crack coincides with
the echoA3 in Fig. 8 produced by a crack atL1 = 51 cm but

Fig. 9. Laboratory experiments performed to emulate (a) straight and (b)
angular crack propagation by truncating the transmission lines of individual
sensors at distancesL1 andL2.

its amplitude is larger compared to the single sensor case. This
is due to the fact that̃y2(t) is produced by the constructive
addition of two echoes from the two individual sensors. The
echo due to the angled crack spans a wider duration in time
than the echo corresponding to the straight crack. This is due
to the fact that it coincides with both echoesA4 andA3 in
Fig. 8 where the echoes produced by each individual cracked
sensor arrive at a different moment in time.
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Fig. 10. Measured TDR signatures for a straight and angular crack
propagation in a SCARS envelope consisting of two sensors.

VI. TOWARDS PERVASIVE SURFACE CRACK SENSING

Section V served to illustrate proof of concept of the
SCARS sensor. However, it is also important to discuss our
health monitoring and data extraction strategy, given the large
number of concrete structures and surfaces in urban environ-
ments that require monitoring. We motivate a possible strategy
using a use case described in Fig 11. The figure illustrates
the underside of one span of a concrete bridge instrumented
with a SCARS envelope. The reader unit can be deployed
on an appropriatedata mule [17] such as a vehicle that
periodically passes under the bridge — a delivery van or public
transportation bus for instance. Health monitoring can then
be conducted everytime the vehicle passes under the bridge.
Structural conditions do not change fast enough to warrant real
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Fig. 11. Data Extraction using the SCARS Technique

time monitoring and so a daily or weekly monitoring interval
is sufficient. Furthermore, this will reduce the amount of data
that is required to be collected and stored. From the data mule,
the health monitoring data can then be conveyed to the cloud
where it can be accessed by transportation safety agencies,
academic instituitions, maintainence crew and other interested
parties.

VII. C ONCLUSION AND FUTURE WORK

In this paper, we introduced Surface Crack Antenna Reflec-
tometric Sensing (SCARS) — a chipless RFID-based crack
detection technique. Through numerical simulation and via
the construction of a laboratory prototype, we demonstrated
that the concept is feasible and can be used to detect the
length and orientation of a surface crack. We also examined
why the sensor design benefits from a broadband antenna and
discussed the benefits of using a meandering line transmission
line sensing component. We also presented our approach to
data extraction and how it could be used to enable a pervasive
sensing methodology.

The next steps involve examining how we can take this
sensing concept from the laboratory to a health monitoring
solution that can be deployed in the field. In doing so, we
emphasize three broad areas of research and development.
The first addresses sensor manufacturing issues. For large
scale deployment, we require that the SCARS envelope be
manufactured in mass quantities at low cost. This requires
the use of low-cost construction materials. The laboratory
prototype used in this paper made use of copper tape for the
antenna transmission line and ground plane. However, in bulk
quantities, this would increase the cost of the sensor. It is
important to see how this cost can be lowered — perhaps by
using aluminum foil for the ground plane and transmission line
trace. At the same time, the effect of lower-grade materialson
sensor performance must also be examined so as to optimize
the trade-off between sensor cost and performance.

Second, any crack developing on the surface of the structure

has to propagate through and sever the transmission line trace.
This implies that the yield stress of the substrate materialused
in the design of the SCARS sensor should be less than the
yield stress of the structural material.

Finally, we conducted the tests in this experiment for a
reader-tag separation of 15 cm. However, it is important to
examine the maximum read range that can be expected from
this sensor and, if necessary, devise techniques to boost it.
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