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A Multibranch U-Shaped Tunable Encoding
Chipless RFID Strain Sensor for IoT

Sensing System
Lan Chen , Luyi Liu , Lei Kang , Zhichong Wan , Guochun Wan , and Liyu Xie

Abstract—Structural health monitoring (SHM) is essential for
modern large buildings and infrastructure. Radio frequency iden-
tification (RFID) widen a new paradigm for SHM in the Internet
of Things (IoT) era. This article introduces a low-cost intelligent
RFID monitoring system for future IoT applications. Through
adding a multiparameter sensing strategy to the passive RFID
tags that can be deployed on a large scale to form a sensor
network, which expands the coverage of IoT in key positions
health monitoring of buildings. In this work, a novel chipless
RFID strain sensing tag is designed to characterize the mag-
nitude and direction of metal surface strain, and a low-cost
detection method suitable for large mechanical structures is
proposed. The traditional strain antennas focus on identifying
the strain characteristics without the function of encoding, and
there are limitations, such as the rigid measurement methods
and the expensive measurement instruments. The tag designed
in this article integrates both strain sensing and encoding func-
tions, and has the advantages of small size, high data capacity,
and information reading is not easily affected by environmen-
tal noise. This article proposes an economical and flexible tag
spectrum extraction method, which realizes the intelligent col-
lection and transmission of tag data by connecting lightweight
vector network analyzer (VNA) with microcontroller. Combined
with the IoT, this method can be well applied to the security
assessment and damage detection of large infrastructure struc-
tures, which provides a new approach to modern building health
monitoring applications from integrated tag design to intelligent
detection and risk assessment schemes.

Index Terms—Chipless radio frequency identification (RFID)
tag, Internet of Things (IoT), multiparameter on-chip integra-
tion, strain sensing, structural health monitoring (SHM), tunable
encoding.
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I. INTRODUCTION

STRUCTURAL health monitoring (SHM) is a technol-
ogy that studies the current level of damage and strategy

implementation of structures by extracting data from sensor
arrays [1]. With the continuous development of modern large-
scale infrastructure, industrial, and transportation systems have
become more and more complex, and a large number of com-
plex metal structures, such as steel-frame buildings, pipelines,
wind turbines, power plants, aircraft, etc. will suffer wear
and tear once they are delivered [2]. Although these struc-
tures are designed to carry heavy loads and operate for a long
time, due to the uncertainty of the working environment, metal
materials are vulnerable to cyclic loads and chemical erosion,
resulting in deterioration phenomena, such as strain, corro-
sion, and cracks. Different degrees of damage of mechanical
structures will affect the change of mechanical properties of
load-bearing materials, and the main characteristic of struc-
tural damage in the early stage is the strain degree of the
structure [3]. Therefore, it is particularly important to respond
to catastrophic risks of large infrastructures as early as possible
through SHM.

The intelligent SHM system plays an indispensable role
in the development and construction of smart cities [4]. In
the past, in SHM systems, the structure of the facility was
regularly inspected by nondestructive testing (NDT), such as
visual, ultrasonic, and electromagnetic (EM) testing assess-
ment techniques [3], [5]. However, most of the SHM systems
used in industry are active wired systems. Considering the
volume and complexity of large structures, the deployment,
maintenance, and debugging of wired SHM systems are very
troublesome, meanwhile, the supporting monitoring instru-
ments are high cost, long flaw detection time, and short
data transmission distance, which restrict the further devel-
opment of the technology [6]. Therefore, a passive wireless
intelligent monitoring network for SHM system that can real-
ize long-distance and low-power data transmission is proposed,
which can greatly alleviate the current predicament. It is worth
noting that with the rapid development of the Internet of
Things (IoT) era in recent years, chipless radio Frequency (RF)
Identifier technology has opened a new paradigm, especially
the combination of information sensing and the IoT. It has
greatly stimulated the new potential in the SHM field [7].

The IoT is regarded as the future of the Internet, with
embedded and complex sensing and driving capabilities [8].
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As a key IoT implementation technology, RF identification
(RFID) plays an important role in the future development
of SHM systems. RFID was originally proposed as a sub-
stitute for optical barcodes, which modulates signals through
RF chips to form unique identifiers to identify objects and
information sensing [9]. In the field of SHM, the cost of RFID
system mainly depends on the cost of lots of deployed RFID
tags, so the existence of chips restricts the optimization space
of its cost [10]. Chipless RFID is a passive wireless, contact-
less automatic identification and tracking NDT solution with
lower cost and higher benefits. The technique uses RF waves to
identify remote chipless tags and extract encoded information
stored in the tag notch circuit structure from the backscat-
tered waves. Compared with chip RFID tags, chipless RFID
tags do not contain RF silicon chips and additional integrated
circuits in their structure, so no additional power supply is
required, and they can be effectively deployed in economically
underdeveloped places [11].

The chipless RFID tag sensor has been widely studied because
it does not require an additional power supply and can realize the
information sensing of the characteristic parameters through the
wireless layout in economically backward areas. The chipless
RFID antenna sensor can take advantage of the characteristic
that its resonant frequency shifts with its size deformation.
By detecting the changes of characteristic parameters under
RF excitation, the size changes and the strain received by
the antenna are calculated and estimated. In the initial period,
the rectangular patch antenna (RPA) with chip was used as
a strain sensor, which could be used to detect stress and gap
on the surface of the specimen at the same time. Yi et al. [12]
designed a slotted patch antenna with chip for strain and crack
sensing, and adopted RFID chip for signal modulation, and the
operating power of the RFID chip is obtained from the interro-
gation signal of the wireless reader. After that, Cho et al. [13]
made improvements and added a Schottky diode configuration
network to the antenna radiation surface, which removed the
limitation of the chip and reduced the mutual influence between
signals. Herbko et al. designed a variety of fractal structure
chipless RFID rectangular patch for performance comparison.
By setting the same strain sensing operating frequency, the
influence of the initial resonant frequency on the sensitivity
of the patch tag was eliminated. The results showed that the
higher the number of fractal iterations, the lower the sensor
sensitivity. Therefore, the regular rectangular microstrip patch
antenna has the best strain sensing performance [14]. When
the metal structure is exposed to the external environment for
a long time, in addition to the damage of the early strain, the
erosion of the climate environment will also cause the skin cor-
rosion of the metal structure, and even cause cracks of different
degrees [15]. In the context of SHM, if chipless RFID sensors
can be deployed to safety-critical areas of large structures on
a large scale, protection effects like smart skin can be formed.
Dey et al. [16] designed a waveguide-based split-box resonator
that can identify cracks in the structural areas of buildings
as well as moisture on the dielectric substrate. Sameir Deif
and other scholars in Canada designed a multiresonance chip-
less RFID array system for pipe coating defect detection and
corrosion prediction. By predicting corrosion before it occurs,

proactive responses can be taken to mitigate the possibility of
environmental disasters [17].

Despite the advantages of the chipless RFID technology for
SHM, it is still under intensive research. The size and encod-
ing capacity of chipless RFID tags is currently one of the main
challenges to reduce the cost of tags [18]. With the develop-
ment of the sensors and micromachining technology, sensors
are developing towards multifunctional applications, and sen-
sors with multiparameter integration have gradually become
a research hotspot [19]. Chipless RFID tags have the advan-
tage of being printable and embeddable, which makes it easier
to integrate sensors into materials. Another advantage is that
information can be encoded using resonance in a broadband
frequency range, and multiresonance can allow chipless RFID
to detect multiple physical variables simultaneously, which
incorporates more sensing functions into the frequency char-
acteristics of the sensor. When there are lots of sensors in
the environment, it is important to distinguish the identity
information of sensors. The identification of a single sensor
can be effectively realized by adding the ID coding function.
Many scholars have made exploratory attempts to perform
multifunctional integration of sensing and tag identification.
Abdulkawi et al. proposed a compact, high encoding capacity
resonator equipped with (k-1) arms within a U-shaped coupled
microstrip framework, where one isolated arm was designed to
individually connect the U-shaped framework to tune its res-
onant frequency, so each resonator can be tuned to a total of
k different frequencies. And then, Abdulkawi and Sheta [20],
[21] proposed a new microstrip coupled line resonator that
can simultaneously supports four-state ID data and additional
temperature sensing information. Marindra and Tian [22]
first proposed a 4-bit code-integrated strain sensor that
realizes the band-partitioned characterization of structural
strain and identity information, which provided an interesting
design idea for increasing the function of chipless strain
sensors.

The application of flexible strain sensors in human wear-
able electronic systems is a hot research topic. However,
most of the reports focus on the monitoring of human struc-
tural health [23]. If the design of flexible strain sensors can
be widely used in the field of SHM of infrastructure facili-
ties, using the soft and flexible characteristics of the sensor
to allow them to closely fit with curved structures, which
will greatly improve the engineering applicability of chipless
RFID antenna sensors. In actual engineering deployment, if
the size of the chipless tag is too large to fit on the com-
plex structure surface, it is a wiser choice to choose a flexible
substrate [24]. Pan et al. designed and fabricated a flexible,
stretchable, and compact split complementary resonant (SRR)
ultrahigh frequency (UHF) RFID antenna based on liquid
conductive materials, which is converted into the change of
structural stress parameters through the resonant frequency
shift of the antenna [25]. Chao et al. designed a micro-strain
sensor based on the interdigital capacitance structure, which
can be effectively attached to the surface of the structure and
can stretch or bend as the structure deforms, so that it can
detect small mechanical changes in the structure compared to
the original state, to facilitate real-time monitoring, a wireless
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system was also designed and implemented to integrate sen-
sors for remote SHM applications [26]. Although the literature
on chipless sensing tags have been widely reported, there is
still no convenient and efficient intelligent detection scheme.
Furthermore, the exploration of versatile chipless RFID sens-
ing applications is currently focusing on environmental climate
change monitoring sensors, such as temperature, humidity, and
gas sensors [27]. So far, there is not enough research on multi-
functional chipless RFID sensors that simultaneously examine
structural strain and characterize encoding in the field of SHM,
and no effective intelligent detection and wireless transmis-
sion strategy has been developed for sensor data extraction.
Therefore, designing and developing multifunctional chip-
less RFID sensors and their intelligent detection methods for
structural strain and information encoding is an engineering
problem worth exploring.

This article reports a novel passive RFID integrated sen-
sor for wireless interrogation and monitoring of strain in
metallic samples. The fabricated RFID sensors were tested
for strain sensing on commercial aluminum plate specimen.
Section II introduces the integration process of the RFID
tag, the 3-D electromagnetic model, and its parameter design
optimization. Section III tests the tag characterization of
multiple groups of aluminum specimen samples, compares
wired measurement and retransmission wireless measurement,
and verifies the feasibility of lightweight VNA testing engi-
neering strain. Section IV discusses the further integrated
application prospects of passive RFID tags and the possible
scheme for encoding electronic tuning. Section V presents
a low-cost chipless RFID tag intelligent detection scheme
applied to the IoT. Finally, the conclusion and the future study
directions are given in Section VI.

II. CHIPLESS RFID SYSTEM OPERATING PRINCIPLE

A. Chipless RFID System Communication Theory

A typical chipless RFID system communication as shown
in Fig. 1 includes: chipless RFID sensor, reader part, and
backend processing part. Its working principle mainly uses
RF signal as the medium to realize the identification and
detection of the target object. The reader transmits or con-
ducts RF signals to form a certain range of electromagnetic
fields in space [19]. When the chipless RFID tag enters an
area with a strong enough excitation signal, the tag receives
the excitation signal from the reader and generates energy.
The excitation signal is influenced by the special structure of
the tag to form a signal with specific characteristics and then
return to the reader. Finally, it is sent to the computer terminal
through the reader for serial processing and analysis of the
signal.

B. Chipless RFID Coding Theory

In recent years, stable and high-capacity chipless RFID
encoding methods have been researched and proposed. There
are two main types of data encoding for chipless RFID
tags: 1) time domain reflectometry (TDR)-based tags and
2) frequency domain (FD)-based tags. Chipless RFID tags

Fig. 1. Working principle of the chipless RFID system.

based on TDR send signals in the form of pulses from the
reader and receive the pulse echo sent by the tag to conduct
inquiry. A series of simple pulses can be created to encode
the data. The disadvantage is that the price is high, the design
is limited by its material properties, the further expansion of
the encoding capacity is restricted, and the reader has higher
requirements on the orientation and moving speed of the tag,
which is not conducive to the further development of mobile
detection methods. Therefore, most of the research on the
size of miniaturized RFID tags and the capacity of extended
data are based on FD systems [28].

In FD-based chipless tags, data can be encoded using res-
onators, each resonator absorbs part of the transmitted power
at a specific frequency, forming a corresponding band-stop fil-
ter on the frequency band, so each resonator can correspond
to a resonance in the spectrum frequency. The logic of the
code bit corresponding to the resonance frequency is defined
as “1” state, and when the corresponding work frequency band
has no band-stop filtering, the code bit logic turns to “0”
state.

Chipless tags based on the FD are generally classified into
two types: 1) backscatter and 2) retransmission. Backscatter-
based chipless tags rely on the self-resonance of multiple
resonators to generate spectral properties for encoding, with
the advantages of being small, easy to read, and no addi-
tional Tx/Rx antennas are required. However, the performance
of backscattering tags is strongly dependent on the specific
shape of the multiresonant elements, and when multiencoding
elements are added to increase the information capacity, the
significant coupling is introduced, while for chipless RFID
strain sensors, the tag is closely related to the coupling of
strain elements is a fatal flaw, which seriously affects the
reliability of strain information. The retransmission chipless
tag consists of two cross-polarized antennas and a mul-
tiresonator that stores data, and it can significantly reduce
interference between transmitted and received signals using
two orthogonally polarized transceiver antennas. According
to the polarization characteristics of the background scatter-
ing signal, the electromagnetic characteristics can be used for
calibration [29]. Most importantly, by adjusting the distance
between different resonant units, the coupling interference
between the units is basically eliminated. The working prin-
ciple of a chipless RFID strain sensor based on spectrum
signature is shown in Fig. 2. The sensor is composed of
a transmitting antenna, a receiving antenna and a chipless
RFID strain sensor. Among them, a chipless RFID strain sen-
sor constitutes a two-port network, which uses a notch circuit
to realize spectrum signature. It should be noted that the work-
ing range of broadband antenna is larger than the working
bandwidth of a chipless two-port network.
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Fig. 2. Working principle of the integrated strain sensor.

III. TAG ANTENNA DESIGN AND SENSING PRINCIPLES

In this part of this article, a retransmission-based multi-
state encoding strain antenna sensor is proposed. The sensor
is used for metal structure defect detection, and the bot-
tom of the tag is designed with a metal ground plate so
that the electromagnetic characteristics do not change sig-
nificantly when approaching metal [30]. Due to the use of
a main 50-� microstrip line, this tag can flexibly adjust the
distance between different resonant units, which reduces the
coupling interference between different resonant units. In addi-
tion, the orthogonally polarized transceiver antenna provides
a high degree of isolation between the received and trans-
mitted signals of the tag, which improves the accuracy of
reading data.

A. Tag Antenna On-Chip Integration Geometry

As shown in Fig. 3, this article proposes an on-chip inte-
grated multifunctional tag antenna. This tag uses a U-shaped
band-stop resonator unit with multibranch, which has the
advantages of high Q-value, high spectral efficiency, high
encoding capacity, etc. Meanwhile, the tag additionally inte-
grates a strain sensitive RPA and the element is used to monitor
the strain of the structure. This integrated tag has strain sensing
and 4-bit compact encoding functions, and its main structure
includes: an upper radiating surface, a dielectric substrate, and
a ground plane for metal installation. Among them, the upper
radiating surface is composed of a main microstrip line con-
necting two-ports network, a rectangular patch resonant unit,
and four microstrip coupling multibranch U-shaped resonators,
and the dielectric substrate is Roger 5880 (εr = 2.2, h =
0.78 mm, and tan δ = 0.0009). In the integration of multiple
resonators on the tag, the priority should be to consider that
each element on the tag should be combined into a complete
structure. At the same time, in order to reduce the cost of the
tag, the size of the tag antenna should not be too big when
increasing the resonator unit. Therefore, the coupling effect
between the resonant elements should be minimized by rea-
sonable optimization of the layout. When the tag is subjected

Fig. 3. Geometry of the proposed tag antenna. (a) 3-D model. (b) Front
view.

Fig. 4. Fabricated integrated sensor tag. (a) Radiating surface. (b) Metal
mounting surface.

TABLE I
MAIN PARAMETERS OF THE INTEGRATED SENSOR

to structural strain, ideally, the strain measurement part should
be able to undergo linear frequency variation as theoretical rea-
soning, while the resonant frequency of the encoding unit part
remains stable.

The proposed integrated sensor is designed and optimized
in the high-speed RF simulation software ANSYS, and the
complete layout is shown in Fig. 3(a) and (b) is the front view
of the tag antenna. Some important parameter symbols are
marked in Fig. 3(b), and the recommended design dimensions
of the main parameter dimensions are given in Table I. The
overall size of the integrated sensor is 50 mm × 50 mm ×
0.78 mm.

Fig. 4 shows the physical picture of the tag, which obtained
by thermal transfer printing and printed circuit board (PCB)
etching under laboratory conditions. This tag uses a low
dielectric constant substrate Rogers5880. This high-frequency
laminate has excellent pressure resistance and can withstand
large forces, so it can ensure that the tag will not be torn at
large strain values. In addition, the substrate has low water
absorption and chemical resistance, which allows continuous
operation in humid and harsh environments and reduces the
loss of tag performance caused by climate factors. The mea-
surement of this tag is carried out with the PNA, and the
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Fig. 5. Simulate and measure responses of fabricated integrated sensor tag.

measurement results together with the simulation results are
shown in Fig. 5.

This tag can generate five resonant frequencies, which is
designed with a 4-bit encoding area and a 1-bit strain sens-
ing area. The S21 resonant frequency generated by the patch
antenna is 1.38 GHz, and the return loss is as high as −40 dB,
which is used for strain sensing function. Other resonant points
with higher frequencies are used to encode the tag’s iden-
tity information. There is an isolation of 1.17 GHz between
the working bandwidths of the two functional areas, and each
function is quantized within its own working frequency band
without interfering with each other.

B. Encoding Unit Design and Selection Criteria

The application of coded tags in RFID systems has pro-
moted the IoT developmentError! Reference source not found.
By adding encoding to sensors, sensor tags tracking in many
deployed sensor networks can be achieved. Fig. 6(a) is a cou-
pled U-shaped resonator, Fig. 6(b) is a coupled spiral res-
onator, Fig. 6(c) is the frequency response curve of U-shaped
resonator and its equivalent circuit model and Fig. 6(d) is the
frequency response curve of a spiral resonator and its equiva-
lent circuit model. Different notch curves are created by adding
these resonators to the microstrip transmission line and these
resonance curves indicate that the logical state of the data bit
carried by the chipless RFID tag is “0” or “1.”

The microstrip coupled U-shaped resonator is a resonant
structure with a high Q-value. Compared with the existing
spiral resonant structure, the U-shaped resonator has more
compact bandwidth, so more resonance unit can be settled
in the same frequency band. Fig. 6(a) and (b) marked the
main parameter dimensions of the U-shaped resonator and spi-
ral resonator coupled with microstrip lines. This work uses
Rogers 5880 as the dielectric substrate and is designed in
the RF simulation software ANSYS. Fig. 6(c) and (d) shows
the equivalent models of the lumped circuit elements corre-
sponding to the U-shaped resonator and the spiral resonator,
respectively. The simulation results show that the designed
coupled U-shaped resonator unit forms a good band-stop res-
onance curve at 2.72 GHz, and the transmission coefficient
S21 is about −16.6 dB. The spiral resonator produces two res-
onance frequencies with band-stop characteristics of −9.5 dB
at 1.65 GHz and −12.3 dB at 3.56 GHz. When the design
dimensions of the two resonators are close, the spiral resonator
unit has a longer microstrip line, so the resonance frequency
is lower than that of the U-shaped resonator. However, the

Fig. 6. (a) Geometry of U-shaped resonator (lu = 18.75 mm, hu =
6.875 mm, dgu = 0.35 mm, Wd = 1.25 mm, Wf = 2.4 mm). (b) Geometry
of Spiral resonator (lr = 18.75 mm, hr = 6.875 mm, dgr = 0.35 mm, Sr1
= 1.25 mm, Sr2 = 1.25 mm, Wf = 2.4 mm). (c) Frequency response curve
and equivalent circuit model of U-shaped resonator. (d) Frequency response
curve equivalent circuit model of spiral resonator.

winding microstrip line of the spiral resonator makes the res-
onant structure complicated, so the microstrips are easy to
mutual coupling interference, resulting in unnecessary reso-
nant frequencies. The resonant bandwidth of the U-shaped
resonator is about 14 MHz, which is smaller than the 19-
MHz bandwidth of the spiral resonator, so the notch curve
is more compact, and the return loss of the U-shaped res-
onator is higher, which is easier to be captured by the detection
equipment.

The band-stop resonance characteristics of the resonator can
be simulated by lumped circuit elements, where the L11, C11,
and R11 equivalent elements generate the resonant frequency
of the U-shaped resonator, and the L21, C21, and R21 equiv-
alent elements generate the resonant frequency of the spiral
resonator. The equivalent circuit parameters of the U-shaped
resonator can be determined by (1)–(3), which provides a ref-
erence for the design process of the resonant frequency of the
subsequent resonator [10]

C = ωc

2Z0(ω
2
0 − ω2

c )
(1)

L = wc

4π2f 2
0 C

(2)

R = 2Z0√
1

(S11(ω0))
2 −

(
2Z0

(
ω0C − 1

ω0L

))2 − 1

(3)

where ω0 is the angular resonance frequency, ωc is the
3-dB cutoff angular frequency, and Z0 is the characteristic
impedance of the microstrip line.

In recent years, the encoded tag antennas with multistate
coupled lines have gradually attracted the attention of schol-
ars. This type of tag can change the radiation characteristics of
resonator by flexibly combining microstrip lines. This method
is similar to “pruning and restoring branches in a tree.” In
a stable microstrip structure, adjusting the branch microstrips
of each part achieves the purpose of adjusting the frequency
shift of the resonator. The advantage is that the combination
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Fig. 7. Multibranch U-shaped resonator model.

Fig. 8. Multibranch addition process and its corresponding frequency
response.

is flexible and the resonance state can be adjusted with-
out making major shape changes to the resonator, which is
different from the traditional method of generating different
resonance frequencies by changing the radiation length of
the spiral microstrip. Since the encoding state of the chipless
RFID tag based on the coupled U-shaped resonator is single,
this article proposed a multibranched resonator based on cou-
pled U-shaped microstrip frame. By connecting branch arms
inside the U-shaped resonator, n frequency shifted states, and
(n + 1) resonant frequencies for a single resonator are realized.
Fig. 7 shows the improved multibranch U-shaped resonator
model, which has the characteristics of small size and large
encoding capacity.

When a metal branch arm K1 is connected to the U-shaped
microstrip groove, the resonant frequency of the original res-
onator will be shift to a certain degree. With the continuous
increase of branches, more states can be generated so that each
resonator has a larger encoding capacity. The length of the two
arms of the coupled U-shaped groove is Lu, the dimension of
the bottom is Wu, the width of the groove is Wd, the length
of the bottom of the branch in the U-shaped groove is Lk,
the dimension of the arms is Wk, and the distance between
adjacent branches is dk. These three parameter dimensions in
(4) mainly determine the shift of the resonator frequency

{
fn = f (dk, Lk, Wk)
�f = f0 − fn

. (4)

Designing the dimension of branch K, where Lk =
3.95 mm, Wk = 1.05 mm, and dk = 0.55 mm. The simulation
is carried out in ANSYS software, and the distance dk between

TABLE II
POSSIBLE RESONANT FREQUENCY STATES OF A SINGLE RESONATOR

adjacent branches is kept equal. With the increase of branches,
the state of n = 1 to n = 7 presents good frequency shift
characteristics and the resonant frequency gradually decreases.
However, when increasing to seven branches, the resonant
frequency of the corresponding n = 8 state does not decrease
continuously, and it can be observed that the branch spacing
parameter dk can be adjusted to achieve the desired resonant
frequency. Therefore, this work achieves more branch configu-
rations by adjusting the dimension of the parameter dk, thereby
realizing more frequency shift states of the resonator, and fur-
ther expanding the code capacity that the resonator can carry.
Fig. 8 shows the process of adding branches in the coupled
U-shaped resonator and the resonance response curves under
different n states are obtained by simulation.

When the configuration of branches in a single coupled U-
shaped resonator unit reaches a larger number, the effect of
the frequency shift will be reduced. The resonator has a high
current distribution at the bottom of the U-shaped groove, so
as the branches gradually increase and close to the bottom
of the U-shaped groove, they will be affected by the cou-
pling. Adjusting the distance between adjacent branches can
optimize the effect of the coupling on the frequency shift.
The frequency characteristics of a single resonant unit obtained
after optimization in ANSYS are summarized in Table II. This
scheme can give full play to the advantages of the high Q-value
of the U-shaped resonator, achieve the maximum utilization of
the spectrum in a small working frequency band, and at the
same time the physical space occupied by the resonator will
not increase.

In this work, the proposed 1-bit chipless RFID tag has
ten frequency position encoding capabilities in the working
frequency band, and the encoding mode is flexible. There are
C8

10 (45) options in a single resonant unit that can be used
for 3-bit binary information encoding. If there are N resonant
units, the amount of encoding data that may be reach 10N .
The proposed technology allows this resonator to carry higher
bit encoding capabilities in the same tag dimension. In addi-
tion, expand or shrink the dimension of the tag can also obtain
a different resonant frequency.
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Fig. 9. Geometry of RFID patch antenna.

C. Rectangular Patch Strain Sensing Unit Design

In the emerging field of SHM, chipless microstrip
antenna strain sensors based on the RFID technology have
become a research direction due to their low cost and large-
scale deployment characteristics. Chipless microstrip sensors
do not require additional power supplies and can be flexibly
attached to large structural components under test in under-
developed areas. When the stress is transmitted to the sensor,
the structural deformation changes the geometry of the tag
resonant unit, thereby affecting the corresponding resonant
frequency change.

The RFID RPA has the characteristics that the resonant
frequency changes with the dimension. The degree of change
in the size of the patch antenna can be characterized by the
degree of resonant frequency shift of the patch antenna, and
then the degree of deformation of the measured object can be
characterized. Fig. 9 shows the transmission line model of the
rectangular patch. The main body of the rectangular microstrip
patch antenna has two main parameters, length b and width a,
and its dimensions can be calculated, respectively, as follows:

a = 1

4fr
√

μ0ε0

√
2

εr + 1
= c

2fr

√
2

εr + 1
(5)

b = 1

2fr
√

εe
− 2�L (6)

where fr is the initial resonant frequency of the antenna, μ0 is
the magnetic permeability in a vacuum, c is the speed of light
in a vacuum, ε0 is the dielectric constant in a vacuum, εr

is the relative permittivity of the dielectric substrate, and εe

is the equivalent dielectric constant of the dielectric substrate
electric constant, �L is the compensation length.

The relationship between resonant frequency and
antenna length can be deduced in (7) as follows:

fr = c

2(b + 2�L)
√

εe
. (7)

It can be seen that the resonant frequency of the rectangu-
lar patch is mainly related to the dimension of parameter b,
thereby the patch antenna has higher sensitivity in the longi-
tudinal direction. This work designs an RFID RPA as a strain
sensor applied in the SHM field. Its principle is to use the char-
acteristic parameters of RFID antenna will change with the
change of its dimension and calculate the dimension change

Fig. 10. Geometry of disc monopole antenna.

Fig. 11. Geometry of reader antenna.

and the strain of the antenna by detecting the evolution of the
characteristic parameters under the radiofrequency excitation.

D. Ultra-Wideband Transceiver Antenna Design

The RFID communication between the chipless reader and
the tag antenna can be realized by designing the corresponding
ultrawideband (UWB) transceiver antenna. The design band-
width of the UWB antenna should cover the entire encoded
spectrum to obtain the many frequency signatures required
for the high capacity of data bits carried by the sensor. As
shown in Fig. 10, the designed UWB monopole antenna is
used to connect the two-port network of the tag sensor to send
and receive signals. With the advantages of omnidirectionality
and easy flat printing, this UWB monopole antenna can be
integrated with the proposed tag sensor flexibly.

However, the traditional disc monopole antenna has the
shortcomings of low gain and short wireless retransmission
distance, which limits the application of the sensor in engi-
neering. Therefore, in order to increase the reading distance
of chipless readers, it is necessary to design a high gain
directional antenna for the RFID reader, Fig. 11 shows the
geometry of the proposed Vivaldi antenna [31].

In general, the two UWB antennas often interfere with
each other during operation bandwidth. In order to over-
come the problem of communication crosstalk, the linearly
polarized antenna used in this article can effectively alle-
viate this problem by placing it orthogonally. Orthogonal
cross-polarization can act as an isolation mechanism between
the interrogation signal sent by the chipless reader and the
tag response signal received by the chipless reader, enabling
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Fig. 12. Integrated sensor strain transfer process. (a) Transverse process interpretation. (b) Tag installed to metal surface. (c) Compression process interpretation.

TABLE III
MAIN PARAMETERS OF THE UWB TRANSCEIVER ANTENNA

efficient transmission of the tag’s characteristic spectral sig-
natures. In addition, the main parameter dimensions of UWB
antenna are given in Table III.

IV. SENSOR STRAIN SCENARIO SIMULATION AND

TENSILE EXPERIMENT

A. Strain Characteristic Analysis of Integrated Sensors

To evaluate the strain characteristics of the integrated sen-
sor to be designed, some simulation analyses are required.
According to the previous derivation, (7) shows that there
is a certain relationship between the size of the rectangular
microstrip patch and the resonant frequency. When the sensor
is strained, the thickness of the substrate plate and the width
of the radiation patch also change when the longitudinal strain
increases due to the Poisson effect [32]. Taking the Poisson
effect into account, it is possible to further calculate the rela-
tionship between the resonant frequency shift of the antenna
and the strain.

The effect of force on the strain of the integrated sensor is
simulated in ANSYS. The transverse strain stretching of the
sensor is shown in Fig. 12(a), the sensor deployed on the
surface of the metal structure is shown in Fig. 12(b), and
the transverse strain compression of the sensor is shown in
Fig. 12(c). The sensor is tightly attached to the surface of the
metal structure by using high-performance adhesive. When
the metal is deformed by strain, this effect is synchronized
to the tag’s substrate, and at this time, the sensor starts to
work. When the substrate is transversely strained, the force
is along the x-axis horizontal direction, when the substrate is
longitudinally strained, the force is along the y-axis horizontal
direction, and the variation direction of the substrate thickness
is consistent with the z-axis.

Assuming that the rectangular microstrip patch is deformed
in the transverse direction, the patch will be strained along
the x-axis direction, and the length along the x-axis direction
is changed from the initial length a0 to as, and the degree
of deformation is set as ϕa, ϕa = (as − a0)/a0. However,
considering that the actual change is not in a single direction,
according to the Poisson effect, when stretching along the x-
axis direction, the y-axis and z-axis directions will also be
compressed to a certain extent. The thickness of the substrate
is much smaller than the length and width of the rectangular
patch, so its influence is ignored here. The strained relationship
in the y-axis direction of the rectangular patch is given in (8) as
follows [33]:

br = b0(1 − νϕb) (8)

where bs is the length of the rectangular microstrip patch after
straining, b0 is the initial length before straining, and v is
Poisson’s ratio constant, which is set to 0.3. Substitute the
strain and Poisson formulas into the calculated (8) for the res-
onant frequency of the rectangular patch that has been derived,
and simplification can be obtained in (9) as follows:

fr(ϕa) = f0(1 + νϕa) (9)

where f s is the rectangular patch’s frequency shift after the
strain of ϕa, and f 0 is the initial frequency. It is also possible
to calculate the frequency shift after the rectangular microstrip
patch is deformed in the longitudinal direction in (10) as
follows:

fs(ϕb) = f0(1 − ϕb). (10)

Therefore, theoretically, when the RPA is subjected to trans-
verse or longitudinal strain, its resonant frequency will shift
linearly. The resonant frequency increases with increasing
force during transverse stretching. The resonant frequency
decreases with increasing force during longitudinal extension.
On the contrary, the resonant frequency decreases with the
increase of force in transverse compression and the resonant
frequency increases with the increase of force during longitu-
dinal compression. Therefore, the linear by analyzing change
of resonant frequency, the strain magnitude and direction of the
antenna can be inferred. Then, the strain of the measured struc-
ture attached to the antenna can be calculated, which provides
theoretical guidance for the following simulation verification.
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Fig. 13. (a) S21 curve of the RFID sensor after transverse strain. (b) S21 curve of transverse strain frequency shift in enlarging part. (c) Linear fitting line of
transverse strain frequency shift. (d) S21 curve of the RFID sensor after longitudinal strain. (e) S21 curve of longitudinal strain frequency shift in enlarging
part. (f) Linear fitting line of longitudinal strain frequency shift.

To verify the above inference, variable Ku as a strain fac-
tor is set in ANSYS software to represent strain degree, and
Poisson’s ratio constant is set to 0.3. Setting the variation
range of Ku as (−0.10, 0.10) in the overall integrated sen-
sor simulation model, and set 0.02 as step size to simulate the
strain situation in both longitudinal and transverse directions.
In addition, Ku is positive to simulate the strain stretching
degree, Ku is negative to simulate the strain compression sit-
uation, and Ku = 0 means that there is no strain action. The
initial resonant frequency of the rectangular microstrip patch
is about 1.38 GHZ and considering the Poisson effect, the
obtained strain simulation results are shown in Fig. 13.

When the RFID integrated sensor is subjected to stress, the
antenna size will change, so the sensor units will change to
different degrees. It can be observed in Fig. 13(a) and (d),
the resonant frequency with the most minor is the response
corresponding to the strain sensing unit and the other higher
frequency regions are the resonant frequencies of the encod-
ing units. After the simulating strain in ANSYS, the resonant
frequency of the rectangular microstrip patch has a signifi-
cant shift, which is consistent with the previous theoretical
conclusion. By contrast, the resonant frequency shift of the
encoding units is very small, which has strong stability and
anti-interference. Fig. 13(b) and (e) shows the frequency shift
of the integrated sensor strain sensing unit after enlarging
part, and the pink area marked in figure is the 1.38-GHz
initial frequency. The resonant frequency of the rectangu-
lar patch varies linearly and uniformly with the increase of
strain degree. To verify and calculate the resonant frequency
shift characteristics of the strain sensing unit, the frequency
shift of the strain unit was fitted by linear normalization, and

the fitting result was shown in Fig. 13(c) and (f). Among
them, Fig. 13(c) is the fitting line of transverse strain reso-
nant frequency change of the rectangular patch part of the
integrated sensor and Fig. 13(f) is the fitting line of longitu-
dinal strain resonant frequency change. Therefore, the fitting
lines show that the variation trend of the resonant frequency
of the rectangular patch part and the strain in different direc-
tions is approximately linear. In Fig. 13(c), the fitting line has
an intercept of 1.39636 GHz, which has a certain deviation
from the initial frequency of 1.38 GHz, and then the strain
factor was converted into micro-strain units with a sensitivity
of 1.00273 kHz/με. The fitting line in Fig. 13(f) has an inter-
cept of 1.37982 GHz, which is basically equal to the initial
resonant frequency, and then the strain factor was converted
into micro-strain units with a sensitivity of 1.90909 kHz/με.
The corresponding fitted linear can be calculated as follows:

Fre−X = 1.00273Ku + 1.37982 (11)

Fre−Y = −1.90909Ku + 1.39636. (12)

In this work, the strains performance of the integrated sen-
sor is evaluated comprehensively by analyzing the resonant
frequency variation trend of the rectangular microstrip patch
and the 4-bit coupling encoding resonators. The simulation
shows that considering the Poisson effect, when the inte-
grated sensor is subjected to unidirectional tension or pressure,
the longitudinal strain will also cause the transverse strain,
and the sensitivity of the longitudinal strain is higher than that
of the transverse strain. Finally, based on the transmission line
model, using the basic resonant frequency of the antenna sen-
sor with rectangular radiation patch, the fitting curve of the
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Fig. 14. Surface current distribution at different operating frequencies.

Fig. 15. Strain detection experiment scene. (a) Strain magnitude and orien-
tation detection. (b) Wired measurement. (c) Wireless measurement based on
retransmission.

relationship between the resonant frequency shift and the strain
of the antenna is derived.

Fig. 14 shows the surface current distribution of the inte-
grated sensor under different operating frequencies. It can
be observed that at the operating frequency of the rectan-
gular patch strain sensing unit, the current on the surface
of the coupled U-shaped resonant coding unit is very weak.
Therefore, the coupling effect of each part of the structure
is small, the strain sensing function is only quantified in the
defined frequency band, the strain, and coding unit functions
are clearly divided without interference and the optimization
parameters of the integrated sensor are reasonable.

B. Experimental Verification of Sensor Strain Behavior

Building an integrated sensor strain detection system to
test the performance of the RFID strain sensor tag. The
entire detection platform includes the designed RFID sensing
tag, VNA, disc monopole UWB antenna, stretching machine
(SJV-30000, Siwei Instrument Company, Ltd., China), and
aluminum plate to be tested.

The strain experiments in this section were carried out in
a tensile manner, which used the SJV-30000 tensile machine.

Fig. 16. Fabricated tags and superglue transfer to aluminum plate.

According to Saint Venant’s Principle, in order to ensure the
uniform force on both ends of the tag’s strain sensing unit
that adsorbed on the aluminum plate, the aluminum plate to be
tested should be as long as possible, so a cuboid test specimen
with a dimension of 350 mm × 50 mm × 1.5 mm was used,
and its two ends were fixed on the chuck of the stretching
machine, and the tensile force was applied to the aluminum
plate through the change of the position of the chuck at both
ends of the stretching machine. The tension value is displayed
by dynamometer in real time.

The experimental scene is shown in Fig. 15, and
Fig. 15(a) shows the strain magnitude and orientation detec-
tion platform based on chipless RFID tags, Fig. 15(b)
and (c) shows two methods of wired measurement and wireless
measurement based on retransmission are designed, respec-
tively. As shown in Fig. 16, in the test process of the
experimental scene, in order to make the sensor and the alu-
minum plate fit well, the surface of the aluminum plate needs
to be cleaned and slightly polished. The rough surface is eas-
ier to make the superglue and the sensor closely fit on the
aluminum plate. Both ends of the aluminum plate were fixed
to the stretching machine, and the sensor was connected to
a lightweight VNA (SYSJOINT, SV4401A) with RF cables.

In this experiment, the initial resonant frequency of the
sensor was measured and uploaded at the beginning of this
experiment. Then, starting from 0 kN, a tensile force with
a span of approximately 2 kN is applied to the aluminum
plate, and the actual tensile force value is recorded after the
dynamometer reading is stable. Considering the influence of
objective reasons, such as laboratory manufacturing process,
test, and experimental instrument accuracy, there are inevitable
errors in the experimental test process, and the initial reso-
nance frequency of the tag’s strain unit is also bit different
from the simulation dimension. Therefore, this article focuses
on the variation trend of strain resonance frequency.

The experimental measurement results record the strain
data of the lightweight VNA and the conventional VNA under
the wired measurement, respectively. Meanwhile, in order to
compare the loss in the wireless detection, this work also
records the strain data of the lightweight VNA under the wire-
less measurement based on retransmission. In an ideal case,
the amount of strain generated under tension can be calculated
as follows:

εt = Ft

Eeff × A
(13)
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Fig. 17. Linear fitting line, (a) wired measurement of transverse tensile strain frequency shift based on conventional VNA, (b) wired measurement of
longitudinal tensile strain based on conventional VNA, (c) wired measurement of transverse tensile strain frequency shift based on lightweight VNA, (d) wired
measurement of longitudinal tensile strain frequency shift based on lightweight VNA, (e) wireless measurement of transverse tensile strain frequency shift
based on lightweight VNA, and (f) wireless measurement of longitudinal tensile strain frequency shift based on lightweight VNA.

where Ft is the tensile force, εt is the tensile strain, Eeff is the
elastic modulus of the aluminum plate (Eeff = 70 Gpa), and
A is the cross-sectional area of the aluminum plate, which is
1.5 mm × 50 mm.

As the strain mechanism of the stretching machine has a cer-
tain hysteresis, it cannot accurately stay at the expected value
in the stretching behavior, and the step size of the force can
only be close to the standard value. Therefore, to improve the
reliability of the experiment, it is necessary to test multiple
groups of controlled experiments. In the experimental measure-
ment process, six groups of tests are performed, respectively,
and each measurement was repeated three times to reveal the
average errors of means. Finally, the measured strain value and
the corresponding shift frequency are linearly fitted in Fig. 17 to
obtain the actual strain sensitivity of the tag.

It is worth noting that the experiment is limited by the mea-
surement range of the stretching machine and the material
properties of the aluminum plate, so in fact the tag is subject
to a limited range of strain values. Under the force of small
strain, the dimension of the tag will change slightly, result-
ing in a small change in the resonant frequency shift, and the
strain sensitivity will be further reduced because of the high-
frequency region, so the resonant frequency of the strain unit
should not be too high at the beginning of the design, which
also requires the VNA to have higher sampling points and
higher frequency band test performance. This experimental test
is not completed in an anechoic chamber. When the UWB
antenna is used for wireless measurement and communica-
tion, the interference of the surrounding structure will generate
corresponding microwave noise. Meanwhile, metal equipment,
such as stretching machines and fixing clips will have certain

effects on the wireless detection system. Therefore, when per-
forming a small strain measurement, the data needs to be
collected more precisely, and the wireless strain measurement
scenario requires a more demanding test environment.

In this work, a lightweight VNA is used to replace the tradi-
tional large VNA for strain measurement. Although it is not as
good performance as traditional VNA in the number of sam-
pling scan points and resolution, the lightweight VNA has the
advantages of mobility, lightweight, and high efficiency, which
makes it has a very broad prospect in engineering applications.
The focus of this work is to test the sensitivity of the chip-
less tag’s strain sensing based on lightweight VNA, and to
verify that the lightweight VNA can be used as a lightweight
alternative to traditional VNA under the condition of certain
accuracy.

C. Strain Behavior of Tags Based on Flexible Substrates

With the maturity of the flexible circuit board process-
ing technology, the planar flexible RFID antenna produced
in batches based on this substrate can be easily applied to
SHM. The flexible substrate allows RFID tags to be placed
on the complex surface of objects, providing more flexible
placement measures. Therefore, in this part of the work, we
use Rogers 3003 (εr = 3, h = 0.75 mm, tan δ = 0.0013) with
similar performance to Rogers 5880 (εr = 2.2, h = 0.78 mm,
tan δ = 0.0009) as the flexible dielectric substrate. As shown
in Fig. 18, a flexible integrated tag with multiencoded resonant
units is fabricated and studies its strain sensing characteristics,
which provides a solution for applying the RFID technology
to complex mechanical structure health monitoring.
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Fig. 18. Fabricated flexible integrated tags.

Fig. 19. Model diagram of a cantilever beam.

As shown in Fig. 19, a more simplified model was used in
this study to measure the flexural strain. We set up a system
consisting of a standard cantilever beam made of aluminum
material to characterize the change in the resonant frequency
of the tag under bending tension and compression. One end of
the aluminum cantilever beam is fixed at a height of 0.75 m,
and the other end carries the load. The sensor is super glued
to the top of the cantilever surface, 40 mm from the fixed
end. When weights are gradually added to the load end of
the beam, the bending of the aluminum plate is used to apply
force to the strain sensor, so that the strain experienced by the
strain sensor can be calculated by (14) through elastic bending
theory and Hooke’s law [34]

εk = 6Fc(Lc − kc)

Eeffbct2c
(14)

where Fc is the load applied at the free end, Lc = 450 mm is
the length of the aluminum plate, kc = 60 mm is the distance
from the center of the sensor to the fixed end of the aluminum
plate, and bc = 50 mm and tc = 1.5 mm are the width and
thickness of the aluminum plate, respectively. Eeff is the effec-
tive elastic modulus of the aluminum plate with a determined
value of 70 Gpa. Therefore, for every 100-g weight applied to
the heavy end of the aluminum plate, the deformation of the
strain sensor increases by about 0.0297%.

The strain characterization test based on the cantilever beam
setup is shown in Fig. 20. It is worth noting that the com-
pressive strain is measured by subverting the position of the
tag on the downwardly inclined cantilever beam. To verify
the reliability of the measurement system and reduce random
errors, multiple cycles of repeated measurements were under-
taken, and their mean were used for sensitivity calculations.
In the experimental test process, a lightweight Lite-VNA is
used to connect the personal computer (PC) for real-time
data transmission and collection and to keep the aluminum
beam working within its elastic range, the load of the weight

Fig. 20. Strain characterization test based on cantilever beam setup.

is limited to within 600 g. For purpose of counteracting the
instability caused by the oscillation of the aluminum plate at
each loading of 100 g, and each strain measurement needs to
be collected after the cantilever is stationary. In addition, we
used the conventional high-precision VNA for measurement
and comparative analysis.

The normalized magnitude of resonant frequency shift �Fre
(ppm) in percentage can be represented in (15) as follows:

�Fre =
(
f initial
o − f shift

n

)
f initial
0

× 106. (15)

The experimentally measured tensile and compressive strain
results in different directions are present in Fig. 21, and the
measured results are consistent with the derived strain theory.
When the longitudinal tensile strain increases, the resonance
frequency of the RPA unit decreases, and with the longitudi-
nal compression increases, the resonance frequency shifts to
a higher direction. When the transverse tensile strain increases,
the resonance frequency of the RPA unit increases, and with
the transverse compression increases, the resonance frequency
shifts to a smaller direction. In contrast, the number of scan-
ning points of the traditional VNA is four times that of the
lightweight Lite-VNA in the same frequency band measure-
ment range, but scanning more sampling points will bring
more noise, and the resonance curve needs to be further
optimized.

In this work, the spectrum of fabricated flexible tags was
extracted using traditional VNA and lightweight VNA, respec-
tively. It is worth noting that the tags based on the flexible
substrate can be easily bent with the bending of the aluminum
plate, and within a small strain range, the tags can be recy-
cled. During the experimental measurement, it is found that
the resonance frequencies of encoding units of the tags also
create different degrees of shifting, which are greater than the
value under the plane strain condition. However, compared
with the RPA unit, the frequency shift effect of the encod-
ing units is smaller, and is linearly irregular. Therefore, the
resonance frequencies of the encoding units can be quantized
within a predetermined frequency band.
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Fig. 21. (a) S21 curve shift of the strain unit after transverse strain based on Lite-VNA. (b) S21 curve shift of the strain unit after longitudinal strain based
on Lite-VNA. (c) Linear fitting line of transverse strain frequency shift based on Lite-VNA. (d) S21 curve shift of the strain unit after transverse strain based
on conventional VNA. (e) S21 curve shift of the strain unit after longitudinal strain based on conventional VNA. (f) Linear fitting line of longitudinal strain
frequency shift based on conventional VNA.

D. Temperature Dependent Analysis

The antenna tag proposed in this article has good strain
shift characteristics and flexible design for SHM application,
since engineering applications require the tags to working
in a climate varying environment, so testing the temperature
dependence of the tag is helpful to improve the detection accu-
racy and robustness of the strain integrated sensor. As shown
in Fig. 22, we attach the tags of two different substrates on
the temperature-controlled heater, and the temperature sensi-
tivity of its resonance frequency with temperature change was
tested. In this work, temperature measurement did not exceed
120 ◦C, and the test results showed that the tags based on
the Rogers3003 flexible dielectric substrate was little affected
by temperature changes, and the frequency shift was less
than 1 MHz. On the contrary, the overall resonance frequency
response of the tag based on the Rogers5880 dielectric
substrate increased with temperature increases.

The Influence of the tag by the external temperature on
the strain characteristics is not the mainly focus of this study,
therefore no further analysis was performed.

V. PROSPECT FOR TUNABLE ENCODING STRAIN TAG

In this article, the proposed chipless RIFD integrated tags
can be installed in remote areas as well as large-scale appli-
cations in economically developed areas. Passive RFID elec-
tronic tags are easy to print and further integrate, so they can
be flexibly embedded in active sensing systems and deployed
in areas where economic conditions permit.

Fig. 22. Temperature dependence test of resonance frequency of tag antenna.

The spectrum resources of sensing tags are very limited, so
it is a key feature to maximize the spectrum usage of the tags
while reducing the cost. In general, the encoding information
carried by the chipless RFID sensor are unchangeable after
fabricating. However, in the case of easy access to power, by
integrating an RF switch with electronic control characteristics
on the encoding resonators, the frequency reconfigurability of
the encoding units of the tag can be achieved, which expand
the application scenarios of the proposed tags [35].

The encoding characteristics of the electronic tag can
be controlled by an embedded microcontroller unit (MCU)
connected to all RF switches. MCU as the core control
multichannel switch ON/OFF processing. At the same time,
the MCU can be configured with multiple input/output (IO)
interfaces for easy connection to other digital or analog elec-
tronic sensors. When there is a large amount of data to
be processed, the ordinary MCU is often not easy to meet
the requirements for multichannel analog-to-digital (A/D)
control and data processing due to the influence of the
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Fig. 23. Schematic of electronically tunable strain tags sensing system.

Fig. 24. Surface current distribution of a single encoding resonator. (a) ON
state. (b) OFF state.

Fig. 25. Tuning state of integrated sensor encoding. (a) 1010 state.
(b) 0101 state.

instruction cycle and processing speed of the MCU itself.
Therefore, field programmable gate array (FPGA) can be
used to replace MCU to improve the efficiency of multisignal
processing [36].

In Fig. 23, we propose a schematic of the integrated design
of electronically tunable strain tags for SHM coverage in eco-
nomically developed regions. We use FPGA to reconfigure
the encoding capacity of the tag and use the Bluetooth com-
munication module for intelligent interaction with the users.
Users can complete the configuration of the coding capacity
of the tag through the mobile APP. FPGA can connect other
electronic sensor through the IO interface to realize real-time
monitoring of various sensing parameters. In addition, a micro-
controller with a chipless reader is used to extract spectral
data between the strain antenna tag array. The microcontroller
sends the collected spectrum data to the users.

To simulate the controllability of the encoded tags printed
on the dielectric substrate, this work sets up the lumped cir-
cuit elements of an equivalent PIN diode (SMP1340-079LF)
in ANSYS software [37], which as a low loss RF switch. The
RF switch is set in the middle of the bottom of the U-shaped
slot. The characteristics of the coupled band-stop filter are
adjusted by controlling the ON/OFF state of the RF switch.
Each coupled multibranch U-shaped resonant unit is repre-
sented by an inductor L, a resistor R, and a capacitor C in
parallel. In the ON state, they act as conductors, and current

is carried across the interconnect, making the structure a com-
plete coupled band-stop filter. In the OFF state, the switch acts
as an insulator, cutting off the current in the resonator.

The band resistance variation of the filter can be explained
by the surface current distribution, as shown in Fig. 24. Ideally,
when the RF switch is turned on, the current flows in the
whole U-shaped groove, and there is also some current on
the branches inside the groove. The configuration of branches
changes the electrical length of the U-shaped resonator, so
the frequency of the resonant unit will be shift. On the con-
trary, when the RF switch turns off, the current cannot pass
through the upper part of the U-groove. At this time, the length
of the U-groove electrical radiation changes significantly, the
resonant frequency will produce a large shift, and the orig-
inal resonant frequency disappeared, to achieve the purpose
of encoding reconfigurable. In the actual welding, due to the
U-shaped resonator coupling connection, no additional bias
circuit is required to isolate the dc signal, which can reduce
the complexity of electronic tuning integration.

The simulation of the encoding units of the integrated sensor
sets four PIN diode switches, D1, D2, D3, and D4, respec-
tively. Due to the coupling feeding, the structure is only used
for the encoding resonance unit and has no effect on the
main transmission line and the subsequent strained rectangu-
lar patch. The S21 response curve in the ANSYS software is
shown in Fig. 25, Fig. 25(a) shows that D1 and D3 are turned
on, D2 and D4 are turned off, and the corresponding coding
state is 1010. Fig. 25(b) shows that D2 and D4 are turned on,
D1 and D3 are turned off, and the corresponding coding state
0101 is reached. It can be seen that the encoded resonance
units have good tunability, but the resonant frequencies of the
four encoding units have a certain frequency shift effect after
RF switch is set. Considering that the size of the resonator
is reduced after the integration, but the size of the simulated
PIN diode switch is copied according to the real PIN diode
model, the setting of the open slot reduces the radiated elec-
trical length of the antenna to a certain extent, thus causing
a certain shift, so it is necessary to use a smaller RF switch
for simulation.

Herein, we propose a new strategy to fabricate strain
tags with good flexibility and tunable encoded information.
Compared with traditional NDT-based strain patches sensors,
this work designs a high capacity with tunable encoded strain
tag, and proposes a more simplified and more smart detection
method, which has lower power consumption requirements and
efficient multisensor data transmission modes.

VI. POSSIBLE LIGHTWEIGHT DETECTION STRATEGY

The chipless RFID tag antenna can be regarded as a sensor
module when detecting structural strain, and the physical quan-
tity of the characteristic to be measured is coupled with the
geometric structure and effective radiation electrical character-
istics of the tag antenna. The main challenge of the RFID metal
strain integrated sensor proposed in this article is the balance
between resistance to metal interference with the sensing com-
munication performance. In addition, it is equally important to
develop a portable reader for chipless RFID tag detection.
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Fig. 26. Wireless measurement based on retransmission.

Fig. 27. Low cost testing methods. (a) Wireless transmission test for chipless
RFID tag. (b) PC control side. (c) Low cost reader device interface. (d) Low
cost reader front view.

In engineering structures, complex environments will pro-
duce different degrees of electromagnetic interference, which
will increase the difficulty of extracting characteristic param-
eters of the tags. As shown in Fig. 26, the RFID tag uses
the transmission coefficient (S21) based on retransmission to
replace the backscatter technology, which has more stable
communication performance in complex background noises.
To achieve a longer wireless transmission distance, we design
the high gain wideband Vivial antenna as a transceiver
antenna matched to the VNA. Moreover, SHM is typically
targeted at public infrastructure, such as high-rise steel frame
buildings, large bridges, communication towers, and large
wind power towers. Sensors need to be deployed in differ-
ent locations, usually in cascades, to cover a larger structural
area. Consider the above factors, it is extremely difficult for
a reader placed in a fixed position to accurately communicate
with so many sensors. In sensor networks, the extraction and
classification strategies of sensor data are also highly required,
which needs to transmit massive sensor data to the server for
further processing over a long distance.

In order to realize a more economical and flexible detection
method, this article proposes a novel sensing tag detection
strategy that using the lightweight chipless RFID reader com-
bined a the microcontroller, which communicates the micro-
controller with the lightweight reader, the real-time extraction

Fig. 28. Wireless measurement based on retransmission.

of the transmission parameter (S21) of the chipless RFID tag
can be realized. The microcontroller can also control the work-
ing state of the lightweight reader, and use the communication
module to realize the flexible network access mechanism,
realize the intelligent extraction and wireless transmission of
sensing data, and provide a means to solve the problem of
short reading distance of chipless technology.

In Fig. 27, the whole process of chipless RFID tag param-
eter wired extraction and wireless transmission. First, the PC
sends a work command, and the microcontroller receives the
command to wake up the lightweight VNA and provide power
for it. The sensor is wired to the VNA through a copper
coaxial cable. The VNA extracts the S21 parameter of the
tag and transmits it to the microcontroller. Then, the high-
sensitivity radio transceiver LoRa module (SX1276, Semtech)
that equipped with microcontroller send the data to the PC
for analysis and processing. Finally, the PC restores the spec-
trum information of S21 parameters of the sensor. Fig. 27(b)
is the display interface of real-time receiving tag S21 ampli-
tude information on PC. Fig. 27(c) and (d) are a lightweight
VNA (SV4401A and SYSJOINT), whose size is 190 mm ×
130 mm × 30 mm and working frequency range from 50 kHz
to 4.4 GHz and the transmission parameter dynamic range is
greater than 50 dB. The LoRa module can stalely transmit
data for a long distance beyond 1 km.

Although the traditional large microwave network analyzer
has many advantages in measuring accuracy and integration of
various functions, it has limitations, such as large size, heavy
weight, and high detection cost. Thus, the intelligent detection
method based on lightweight VNA is more economical and
flexible method with application value in IoT and SHM.

In contrast, there are also many reports and applications
about low-cost detection methods based on universal software
radio peripheral (USRP) [38], but the lightweight detection
method proposed in this article possibly has more potential.
In Fig. 28, we connect the microcontroller to the lightweight
VNA and install it on a movable pallet trolley to collect charac-
teristic parameters from the fixed sensor. The lithium battery in
the pallet trolley supplies power to the entire detection device.

In this work, the microcontroller and lightweight VNA can
be further embedded and integrated, work without a high
power supply, and freely switch between working and sleeping
states, while the USRP consumes a high power due to the large
number of algorithms and programs that need to be processed.
Therefore, the chipless RIFD detection method proposed in
this article focuses on data acquisition and transmission, which
cannot process and analyze massive data in real time.
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Fig. 29. Possible low-cost wireless strain sensing systems for SHM.

In the future, Drones can carry this low power consump-
tion and networkable detection device, flying to any location
the user wants to interrogate the SHM sensors in real time as
shown in Fig. 29. Users extract their health status information
by scanning the deployed sensors network, and simultaneously
analyze the encoded information carried on the sensors to
assist the unmanned aerial vehicle (UAV) in positioning and
tracking. All collected data can be sent to the cloud server for
data processing and sharing, and administrators can also access
the cloud server for further flexible processing to achieve the
purpose of dynamic monitoring.

VII. CONCLUSION

In this article, a novel chipless RFID system with high
capacity encoding and strain sensing is presented in SHM
application. To realize large-scale commercial deployment on
key position of metal structures, a novel RFID strain integrated
tag and its low-cost intelligent detection method are designed.
The integrated tag can set more compact resonant encoding
in the working frequency band. A U-shaped resonator with a
high Q value and multistate coupling line is designed, which
effectively increases the encoding capacity by flexibly adjust-
ing its internal metal branches. Meanwhile, rectangular patches
with well-normalized frequency shift characteristics are used
for strain measurement of metal installed. Furthermore, the
proposed passive tag possesses flexible-strain properties and
is easy to print and embed, so it can be further integrated in
active sensing systems to realize RFID wireless strain sensing,
which is crucial for the IoT and this integrated tag is a good
product for large-scale deployment in SHM. Finally, based
on the tag design, a low-cost RFID mobile detection scenario
is proposed, the feature parameters of tags are extracted by
wireless measurement based on retransmission and wireless
data transmission for long distance, which verifies the great
prospect of this smart RFID system in SHM engineering appli-
cation, and provides a new cost-effective IoT nondestructive
detection strategy.
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