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Abstract—Radio frequency identification (RFID) tag antenna 

based passive wireless sensors are receiving increasing attentions 
for structural health monitoring (SHM) in large-scale 
infrastructure. For permanently-installed monitoring, robustness 
to measurement variation including environmental conditions is a 
practical issue. This paper retrospects the communication 
principle of magnetic resonant coupling (MRC) for low frequency 
(LF) passive wireless RFID antenna sensors. The influence of 
communication is uncovered and essentially separated from 
sensing through two steps: sweep (source) frequency to capture 
the system behavior, i. e., resonance frequency range; multiple 
feature extraction, fusion, and selection in conjunction with 
normalization for the selected time-domain feature of peak to 
peak (P2P). By this way, the robustness of the low-cost RFID 
sensing system is enhanced. The proposed method is validated by 
the case study in open crack detection and characterization under 
varied measurement conditions. 
 

Index Terms—Magnetic resonance coupling (MRC), crack 
characterization, sweep frequency, radio frequency identification 
(RFID), structural health monitoring (SHM), time-frequency 
feature extraction. 
 

I. INTRODUCTION 
ON-destructive testing and evaluation (NDT&E) is widely 
used in industry for reliability and safety of structures. 

Cracks are common mechanical failures [1]. While small 
cracks may lead to inadequate serviceability, large cracks can 
result in structural failures [2]. Many structural health 
monitoring (SHM) techniques, such as ultrasonic wave and 
fiber Bragg strain sensors, are adopted for this purpose. An 
exponential increase of infrastructure demands a reduction in 
the cost and size of conventional sensing techniques for 
continuously monitoring in their life cycle. Reliable and 
passive sensors with small size and power harvesting capability 
are well on its way [3], which should be permanently installed 
and detect, locate, and quantify defects on-demand. This is a 
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major motivation for bridging NDT&E and SHM through the 
extension of NDT systems for in-situ online monitoring [4]. 

The pulsed eddy current (PEC) technique, that is composed 
of excitation and pickup coils [5], is widely used for NDT&E 
purpose. The step response received in the pickup coil has rich 
information than multi-frequency eddy current [6]. Similar 
sensing mechanism is found for antenna sensors. A sensitivity 
of 22.1 MHz/mm was achieved using a patch antenna for crack 
monitoring in the microwave region [7]; however, an accurate 
vector network analyzer (VNA) is required to obtain the 
reflection coefficient. The cost benefit of passive wireless 
antenna sensors enabling with radio frequency identification 
(RFID) technology has gained much attention in both academy 
and industry for potential monitoring applications in both 
structure health and environmental conditions [8]. Armed with 
unique identification (UID), this type of sensor is a good 
candidate for densely distributed sensing application [9]. 

In the ultra-high frequency (UHF) band, a patch antenna was 
used for strain and emulated crack monitoring, where the 
turn-on power was used as a sensing parameter in a distance of 
2.1 m between reader and tag antennas [10]. A sensitivity of 
–1.19 ×  104 ppm/mm can be achieved using the feature of 
resonant frequency shift. However, the installation of the large 
size antenna may affect the mechanical behavior of structure. In 
conjunction with backscattered phase measurement, two 
coupled RFID antenna sensors were developed for crack width 
characterization [11]. A sub-mm crack enlargement can be 
detected using a commercial UHF reader in a distance of 1.5 m. 
Nevertheless, the distance and orientation between reader and 
tag are not allowed to vary during the whole monitoring cycle 
because the phase measurement is dependent on the wireless 
channel. Recently, an ultra-wide band (UWB) chip-less 
antenna was developed for crack width monitoring, where 
backscattered power was measured with a distance up to 30 cm 
in an anechoic chamber [12]. Depending on the position of the 
crack orientation relative to the antenna, the sensor has a 
positive or negative coefficient in the feature of resonant 
frequency shift. Regardless the resolution is improved with 
scale down of wavelength as frequency increases, large crack 
depth may not be identified using a proximity coupling sensing 
mechanism because of the decrease in penetration depth [13]. 

An open-ended waveguide (OEWG) was used to interrogate 
a wireless passive sensor for monitoring temperature up to 
1000oC and it was experimentally validated to capture the 
resonant behavior of antenna sensor with a time-domain (TD) 
gating method in a distance of 30 mm [14]. Above all, the 
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design of low-cost interrogators are receiving increasing 
attentions to make sensing system practical. Rather than using 
an expensive but cumbersome VNA, a low-cost UWB radar 
was developed to interrogate with time-coded chipless tag 
sensors, where temperature was wirelessly obtained from the 
tag mode amplitude of the backscattered signals in a distance 
up to 1 m [15]. Based on a time-domain radar-based 
interrogator, a microwave dielectric resonator was designed to 
monitor the temperature up to 700°C in a distance of 1.2 m [16]. 
An interrogation system that was able to acquire the sensing 
signal in the far field was developed and the temperature up to 
280°C was wirelessly acquired in a distance of 60 mm [17]. 
Recently, a frequency modulated continuous wave (FMCW) 
radar was developed to interrogate antenna sensors [18], which 
is able to extract the resonant frequency in real time. 

Comparing with its UHF and UWB counterparts, the low 
frequency (LF) RFID uses non-radiative electromagnetic for 
communication, which is less influenced by wireless channel 
but at a sacrifice of the communication distance. The LF RFID 
tag coil has a better ability to read near metal or wet surfaces 
[19]. Also, the tag coil that always consists of N number of 
loops can be used for monitoring crack in any orientation. 
However, the response from the load modulation of the tag in 
the reader is dominated by the circuit and magnetic resonant 
coupling (MRC) between the reader and tag rather than eddy 
current induced by the tag only. The feature in the steady state 
is, therefore, influenced by the system behavior of MRC based 
wireless power transfer (WPT), such as quality factor and 
communication distance (or mutual coupling) between the 
reader and tag coils. In ubiquitous monitoring, the mutual 
coupling varies due to system characters. Hence, it is a practical 
issue for the LF RFID sensing system to adopt the variation. 

It is known that the influence from the lift-off distance can be 
partially removed in the PEC technique through normalization 
of the step response [20-22]. To improve the robustness of 
RFID sensing system is critical in defect monitoring, which can 
improve the system reliability and therefore reduce the false 
alarm or false dismissal. Monitoring resonant frequency of 
antenna sensor is a straightforward but effective way for defect 
characterization as above mentioned. In addition, a principal 
component analysis (PCA) method was proposed to mitigate 
the distance dependence of a high frequency (HF) RFID 
sensing system for corrosion monitoring [23]. However, the 
method requires a cumbersome VNA for accurate impedance 
measurement in the frequency domain. 

This paper aims to improve the robustness of low-cost 
passive wireless RFID antenna sensors for potential SHM 
through sweeping frequency to capture the system behavior and 
mitigate distance influence. This paper is organized as follows. 
Sensing mechanism and communication principle based on 
MRC are revisited in Section II, where the influence of mutual 
coupling is uncovered for the LF RFID sensing system. A 
feature extraction, fusion, and selection procedure is introduced 
to separate the communication from sensing in this section as 
well. Section III presents a case study to validate the proposed 
method. Finally, Section IV concludes the research findings. 
 

II. COMMUNICATION AND SENSING PRINCIPLES 
The possible types of interference for measurement include 

system configurations such as circuit bandwidth and 
communication distance, sample influences such as surface 
roughness or sample geometry, thickness, permittivity, and 
permeability, and environmental conditions such as operating 
temperature [24]. In a real environment, the defect and 
interference will behave as a combination of multiple types. 
The inversion for the RFID sensing system, therefore, is an 
ill-posed problem. This section first retrospects the sensing and 
then communication principles of LF RFID sensing system 
based on MRC. After that, a time-frequency feature extraction, 
fusion, and selection procedure is introduced to separate the 
influence of communication distance from sensing. 

A. Sensing principle 
The theory behind using a tag coil to detect metal with defect 

(i.e., target) can be equivalent to the complex image method 
[25]: the magnetic field created by the sensor (H1) induces eddy 
currents in the target, which in turn generates a secondary 
magnetic field (H2) opposing the initial one. As a result, a 
magnetic coupling (represented by the mutual inductance M12) 
appears between the tag coil and target. 

The principle of RFID antenna sensor based on the tag coil 
can be described in [26]. For a straight wire of length l, height h 
above a perfectly conducting screen, the mutual partial 
inductance is [27] 

/ 0
12 ln 1

2
wire screen
p

lM l
h




       
,    (1) 

where the approximation is good for l >> h. Applying complex 
image method for a conductive slab, h can be replaced by h + D, 
where the second term is determined by the penetration depth, 
i.e., =  2⁄ . Therefore, the partial impedance of the 
wire can be represented as  

 / /
1 11 12

wire slab wire wire slab
p p p pZ R j L M   .    (2) 

Where  is the self-inductance of the wire. The sensing 
information is contained in the mutual inductance of ⁄ .  is the loss of the wire, and it also includes the 
eddy current induced loss. 

When the target moves away, the mutual inductance decays, 
leading an increase of self-inductance of the tag coil [28]. At 
the same time, the parasitic series resistance of the tag coil 
slightly decays. This can be explained by Lenz’s law: moving 
the target away implies a smaller secondary magnetic field and 
hence a smaller amount of eddy current or less dissipated 
energy (i.e., equivalent coil resistance lowers) [29]. Typically, 
the change in  is negligible when compared to the inductive 
variations as the target moves away. 

B. Reader and interrogation method 
Communication and sensing are a contradiction in the LF 

RFID sensing systems. Both of them are in the near-field region 
while the former is based on MRC and the latter is relying on 
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Fig. 1.  WPT with an SP topology for LF RFID sensing system (a) system 
configuration, (b) equivalent circuit, and (c) reader impedance. 
 
the magnetic inductive coupling. To improve the efficiency of 
WPT, the quality factors of the reader and tag coils are the 
higher, the better. However, from the communication point of 
view, the high quality factor leads a very narrow bandwidth and 
therefore limits the achievable data rate. The similar trade-off 
can be found in UHF RFID sensing system [30] and also in 
simultaneous wireless information and power transfer (WIPT), 
which is originally developed for 5G cellular network [31]. 

The topology for WPT in the LF RFID sensing system is 
equivalent to a series-parallel (SP) structure. The research in 
WPT can be in general divided into five categories [32], among 
which the allowance of no magnetic coupling (k = 0) is desired 
for sensing purpose. The power transfer efficiency (from source 
to load) is one of the more widely investigated performance 
characterizations of non-radiative WPT [33]. When the link is 
loosely coupled (k << 1) [34], the power transfer efficiency is 
low. For a long communication distance, due to the free of 
frequency splitter in a strong coupling [35], a critical coupling 
is an objective to maximize the power transfer efficiency [36]. 

In this paper, a sweep-frequency reader has been used to get 
the system resonance behavior. The interrogation method is 
described in Fig. 1(a), where L2 and R2 are the self- inductance 
and resistance of the tag coil. The operating frequency of the 
RFID sensing system can be changed by varying the frequency 

of the AC source ( ). The equivalent circuit of the system is 
shown in Fig. 1(b). In parallel connected with a capacitor and 
two resistors, the inductor of the tag coil can form an RLC 
parallel resonance, whose quality factor can be written as 

0 2

tag
tag

S

R
Q

L
 .         (3) 

The resistance  is determined by the three parallel resistors: 
power demand of the tag, i.e., , the switched one connected 
into load modulation, i.e., , and the loss of the coil, i.e., = ⁄ , which is originally connected in series with 
the tag coil. The subscript x represents the on and off states for 
the load modulation [37]. The sensing information is reflected 
in the tag coil’s inductance ( ) and lossy resistance ( ), as 
indicated in (2). The system resonance behavior is depicted in 
Fig. 1(c). It can be observed that the resonant frequency has a 
negligible dependence on the mutual coupling (or 
communication distance) between the reader and tag in under 
coupling condition. 

From reader point view, the effect of magnetic coupling with 
a tag coil can be represented as an equivalent impedance value 
called reflected impedance, i.e., =  [38]. The 
input impedance of tag ( ) is 

2
2 2

1 1 1 1 1
tag S L M S

j C
Z j L R R R




 
     

 
.   (4) 

Here, the mutual inductance between the reader and tag coils is  = . The influence of the communication distance 
can be modeled as coupling coefficient of k in the frequency 
domain [39]. The input impedance in the reader ( =+ ) can, therefore, be detailed as 
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Unlike that of its parallel-resonant counterpart, we can see from 
(5) that the output voltage of the series-resonant reader is 
sensitive to coupling variation [38]. The tag’s loaded-Q and the 
reader’s inductance should be large in order to obtain high 
reflected resistance under a given coupling coefficient. 
However, the parameters of the series resonance in the reader 
side influence the extraction of tag’s sensing information. 

When both reader and tag coils resonate, the voltage input to 
the envelope detector can be written as 

 0 1dem SL S totV V jQ R R   ,     (6) 
where  is the amplitude of the AC source, and  is the 
quality factor in the reader, which is determined by the loss in 
the reader coil as well as the resistance in the tag coil as 

0 1SL totQ L R .         (7) 
Here, 

2 2
1 1 2
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. 

In this case, the power transfer efficiency from the source to the 
tag can be written as 
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Fig. 2.  Procedure of time-frequency feature extraction, fusion, and selection procedure. 
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When < = 50Ω , the reflected resistance increases 
with the coupling coefficient, leading an increase in the power 
transfer efficiency. 

C. Feature extraction, fusion, and selection 
The basic principle of LF RFID sensing system is to detect 

changes of the capacitance, resistance, or inductance of the tag 
coil in response to the parameter of interest (e.g., crack). This 
detection procedure can be realized by monitoring the shift in 
the resonant frequency, input impedance, or quality factor of 
system behavior through tag’s response in the reader [40]. 
However, the shift may be caused by variations of system 
configurations, environmental condition, or defect. 

In general, the features of ZMx, Q, f can be extracted from 
the tag’s response in the reader to characterize the physical 
parameter of interest. Here,  represents the variation in system 
characters, including the communication distance or crack 
defect. The variations of impedance and quality factor are 
dependent on k, which means the communication distance 
may influence their sensitivities in the signal acquisition. 
However, f can be used to mitigate the influence of the 
distance, which is relying on L, C, R or equally the 
perturbation of defect in the inductance, capacitance, or 
resistance of the tag coil. 

The procedure of the time-frequency feature extraction, 
selection, and fusion proposed in this paper is displayed in Fig. 
2. First, the frequency of the reader is swept to trace the system 
resonance behavior. The tag’s response in the time domain is 
wirelessly captured in the reader. The feature of ZM = ZM1 − 
ZM0 can be indirectly measured through peak to peak (P2P) of 
the envelope in tag’s response when the amplitude of the source 
voltage is fixed. The extraction for the time-domain feature of 
P2P can be found in [41]. To suppress the influence of the 
coupling coefficient as well as the noise, P2P is firstly fitted 
using the polynomial curve fitting technique and then 
normalized to its maxima (resonant frequency point) over the 
swept frequency range. The normalization is followed by a 
fusion procedure, where the differential is taken on both sides 

of the resonant frequency point. A feature of resonant 
frequency will also be extracted from the time-frequency 
feature representation using the normalized P2P (NP2P). The 
performance of the extracted features will be analyzed and 
selected in the following section. 
 

III. CRACK DETECTION AND CHARACTERIZATION 

A. Experimental setup 
An LF RFID reader with adjustable source frequency has 

been utilized to perform the experimental work. Figs. 3(a-b) 
show the experimental setup to capture the system resonance 
behavior. A signal generator was used as a tunable source to 
prove the concept. In fact, the signal generator can be replaced 
by a voltage controlled oscillator (VCO) with a μ-controller as 
an integrated device [42]. The reader coil used was 90 mm in 
diameter with parameters of Rr = 10.45 Ω and Ls = 732 μH. 
The tag used was 231 Volcano LF RFID tag, which resonates at 
125.0 kHz [43]. The tag was programmed with an ID consisting 
of ‘1’ with a 50 % duty cycle at a data rate of one 32nd of source 
frequency. The signal from the reader coil was demodulated by 
the internal circuitry to obtain the envelope of tag’s response. 
The demodulated signal was then sampled using 14-bit Adlink 
2010 DAQ. The data acquisition was controlled in the 
LABVIEW platform. For each test, the output of the reader was 
sampled at 1 MHz for a period of 0.01 s, i.e., 10,000 samples 
per test. To improve the signal to noise ratio, the tag’s response 
in the time domain was divided into bits and then averaged. 

The material of the defect sample is aluminum with a 
conductivity of 25.0 MS/m. The sample has five artificial 
cracks with an identical width of 3 mm. For reference 
convenience, the five defects are represented as d1 =3 mm, d2 = 
5 mm, d3 = 7 mm, and d4 = 9 mm. Here, d0 = 0 mm is tested for 
calibration and reference of the healthy state. The tag was 
directly placed on the surface of the sample without any gap. To 
study the influence of distance variation, the experiment was 
performed at three communication distances: L1 = 20 mm, L2 
= 30 mm, and L3 = 40 mm. 

B. Results and discussions 
Fig. 4 shows the tag’s responses when it is directly placed on 

different cracks. It can be easily observed from Fig. 4(a) that the 
cracks have a significant influence on tag’s performance, which 
can be wirelessly captured in the reader. The reader coil has a 
low quality factor; therefore, the overshoot due to the limit 
bandwidth is not apparent for the tag’s response. The envelope  
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(a) 

 
(b) 

 
Fig. 3.  Experimental setup for crack detection & characterization based on LF RFID sensing system (a) setup and (b) block diagram. 

 
Fig. 4.  Envelope of tag’s response at 135 kHz in a variation of crack depth when the communication distance is fixed to L2 = 30 mm (a) before normalization and 
(b) after normalization. 
 
needs to be normalized to suppress the influence of the mutual 
coupling, the result of which is shown in Fig. 4(b). However, it 
can be found that the feature of the rising edge is difficult to be 
used for crack monitoring after normalization. 

The time-frequency feature representations of P2P versus 
swept-frequency range are displayed in Figs. 5(a-c). 

Comparing with the case in the air, we can find that a presence 
of metal leads to an approximate 14.0-kHz increase of the 
resonant frequency. The increase of the communication 
distance has a negative influence in P2P but a negligible 
influence on the resonant frequency. The growth of crack, 
however, will constantly improve the coupling coefficient 
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Fig. 5.  Time-frequency feature representation of P2P in the time-domain measurement over the swept-frequency range when the communication distances are L1 
= 20 mm, L2 = 30 mm, and L3 = 40 mm, respectively (a-c) before normalization and (d-f) after normalization. 
 

 
Fig. 6.  Crack characterization at three communication distances: L1 = 20 mm, L2 = 30 mm, and L3 = 40 mm with and without feature fusion and selection (a) 
SNP2P1 (solid line), SNP2P2 (dash line), and SNP2P3 (dot line), (b) DNP2P, and (c) resonant frequency. 
 
between the reader and tag coils, or the magnetic flux 
penetrating into the tag coil. As a result, an apparent increase in 
P2P is observed. Meanwhile, the growth of crack will reduce 
the resonant frequency, which is contributed to the increase of 
self-inductance of the tag coil. It is worthy to mention that the 
curve shape of the time-frequency feature representation is 
determined by the quality factors of the reader and tag coils. 

Through normalization to the maxima in the time-frequency 
feature representation, we can get the results of NP2P in the 

swept-frequency range, which are presented in Figs. 5(d-f). By 
comparing d0 in L3 and L1 at the frequency point of 132 kHz, 
we can find the variation of P2P is from 0.08 to 0.25 V (3.1 
times) before normalization. After normalization, the variation, 
however, is from 0.58 to 0.66 (1.1 times). Therefore, the 
influence of the communication distance can be essentially 
suppressed through normalization. Due to the resonance, we 
can find that the NP2P in the frequency lower than the resonant 
point has a positive coefficient with crack growth. Inversely, 
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the NP2P in the frequency higher than the resonant point has a 
negative coefficient with crack growth. 

Three types of features are extracted, fused, and selected for 
comparison. The first three features, represented as SNP2P1, 
SNP2P2, and SNP2P3, are NP2P at the single frequency point 
of 133.0 kHz, 137.0 kHz, and 141.0 kHz, respectively. The 
fused feature of DNP2P is the second type, which is the 
differential of the first and third features, i.e., DNP2P = 
SNP2P1− SNP2P3. The third feature extracted in this paper is 
the resonant frequency. 

Fig. 6(a) displays the results of first three features using 
single frequency. There exists a vague region near the transition 
point of negative and positive coefficients, in which the 
influence of crack cannot be discriminated by using NP2P, e.g., 
at a fixed frequency point of 137.0 kHz. Through feature fusion 
using DNP2P, the influence of the communication distance can 
be suppressed. This is verified in Fig. 6(b). As a result, the 
robustness of crack characterization is essentially enhanced. 
However, the resonant frequency at the presence of metal needs 
to be pre-determined for the feature selection. From Fig. 6(c), 
we can find that a variation of crack depth from 0 mm to 9 mm 
corresponds to a variation of resonant frequency from 135.5 
kHz to 139.0 kHz, indicating a sensitivity of 0.39 kHz/mm. An 
mm resolution can be achieved using the LF RFID sensing 
system in conjunction with the resonant frequency extracted 
from time-frequency feature representation. 

The detection results in this work are in accordance to the 
PEC results of the same sample [44]. Because of a presence of 
tag between reader and defect, the RFID sensing system has a 
comparable sensitivity than the PEC technique even when the 
communication distance between the reader and tag is larger in 
an order of magnitude than the lift-off distance between the 
PEC probe and defect. It is worthy to mention that the change 
of communication distance is mathematically equivalent to the 
change of their orientation angles. 
 

IV. CONCLUSIONS AND FUTURE WORK 
This paper studies the behavior of LF RFID sensing system 

at a presence of metal with defect. The influence of the mutual 
coupling between the reader and tag coils mixes with defects in 
the time-domain feature of P2P and therefore affects robust 
defect detection and characterization. A sweep-frequency 
reader is developed for proof-of-concept study to coping with 
the mutual coupling variation. The resonant frequency is 
extracted from the time-frequency feature representation and 
used to separate influence of communication from sensing. The 
robustness of the LF RFID sensing system are enhanced. 

It can be expected that the proximity of metal leads to a 
resonant frequency shift of the tag coil to the higher frequency 
region. This fact will reduce the quality factor of the tag coil as 
well as the mutual coupling between reader and tag coils, 
therefore, leading a reduction in the communication distance. 
This paper indicates that the crack growth will decrease the 
resonant frequency of the tag coil and improve the coupling 
between the reader and tag coils. That is to say, there is an 
increase in both self-inductance of the tag coil and mutual 

inductance between the reader and tag coils as crack grows. 
For comprehensively evaluating the sensing performance of 

LF passive wireless RFID antenna sensors, a variety of cracks 
with different types and shapes will be investigated using the 
proposed method. The readout circuit with automatic resonant 
frequency tracking ability will also be developed to improve the 
response time and long-term repeatability and stability of the 
LF RFID sensing system. 
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