
IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 74, 2025 9508012

A Novel Multiparameter RFID Sensing
Characteristic Study Using Varactor Diode and

Digital Control Coding Method
Yaming Xie , Jiuyi Hao , Zhichong Wan , Guochun Wan , and Liyu Xie

Abstract— This article proposes a multiparameter radio fre-
quency identification (RFID) sensor with two controllable coding
structures. The sensor integrates the ability of strain and
humidity detection and is suitable for the field of structural
health monitoring (SHM). The sensor is equipped with three
S-shaped structures and one rectangular structure, two S-shaped
structures are used as encoding units, one S-shaped structure
is used as a humidity detection unit, and the rectangular
structure is used as a strain unit. These structures are made
on a Rogers RO3003 dielectric substrate. Controllable coding
is achieved by changing the capacitance value of the varactor
diode. A single coding unit can achieve a coding value of more
than 2 bits. Compared with the traditional coding structure, the
coding information capacity is improved, which is more suitable
for distributed SHM scenarios that require multiple sensors.
The digital control circuit is designed on the flexible printed
circuit (FPC), which has the characteristics of bendability. It is
mainly composed of a microcontroller, Bluetooth, varactor diodes,
and other components, and can realize the wireless control
function of the coding unit. A broadband antenna is further
designed to match the working frequency band of the sensor.
Experimental verification shows that the micro-strain of the
strain unit is linearly related to its resonant frequency, and the
humidity sensitivity is 193.92 kHz/%RH at a relative humidity
(RH) of 33.7%–81.2%. The two encoding units can be controlled
wirelessly to achieve 25-bit coding while having the advantages
of small size and low cost. In the future, this method can be
combined with self-powered devices and Internet of Things (IoT)
gateways to achieve long-term state control of multiple sensors,
providing a new method for SHM applications.

Index Terms— Humidity detection, radio frequency identifi-
cation (RFID), strain detection, structural health monitoring
(SHM), varactor diode, wireless digital control circuit.

I. INTRODUCTION

BUILDINGS, bridges, and other facilities will experience
deformation, cracking, and erosion over the years due

to environmental erosion and long-term loads [1]. In order to
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avoid the above-mentioned conditions leading to disasters that
threaten people’s lives and property safety, buildings need to
be maintained and repaired in a timely manner. If structural
health monitoring (SHM) can be performed on buildings and
targeted protection and management can be carried out, the
life of the buildings can be effectively extended. In the field of
SHM, traditional non-destructive detection mainly uses visual,
ultrasonic, and electromagnetic technologies [2], [3], [4]. How-
ever, most of these technologies are active wired systems.
Considering the size and complexity of large structures, the
deployment, maintenance, and debugging of these systems are
very cumbersome. At the same time, there are disadvantages
of high cost and long measurement time. In recent years,
chipless radio frequency identification (RFID) technology has
developed rapidly in the field of SHM. Compared with chip-
based RFID, chipless RFID has been more widely studied due
to its lower cost [5], [6]. This technology uses radio waves to
identify remote chipless tags and extract information such as
cracks and strains stored in the tag capture circuit structure
from the backscattered waves.

For RFID strain sensors, chip-based rectangular patch
antennas were initially used as strain sensors, which can
simultaneously detect stress and gaps on the surface of the test
piece [7]. There are many methods for chipless strain sensing.
Mita and Takhira [8] used a mechanical structure to design
a strain sensor that detects strain magnitude by stretching the
elastic bending of plastic materials, but it has the problem
of only storing peak strain values. Watanabe [9] used the
characteristics of the change in the tag resonant frequency
under different strain conditions to design a strain sensor
using a millimeter wave chipless RFID tag. The shape of the
strain sensor tag was optimized using the time-domain finite
difference method and microgenetic algorithm to maximize
the sensitivity of the resonant frequency to strain. Yi et al.
[10] designed a passive wireless RFID surface strain and
crack detection sensor by studying the sensitivity of the RFID
strain sensing antenna under changes in the dielectric constant,
thereby enhancing the sensitivity of strain detection.

At present, the focus of SHM is still on the changes
in mechanical and dynamic properties, such as strain [11],
crack [12], relative position [13], displacement [14], and
acceleration [15]. The monitoring of physical parameters of the
environment in which the structure is located, such as humid-
ity, pH value, and other parameters, has not been fully studied.
The working environment of large buildings is uncertain, and
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their structures are susceptible to damage from cyclic loads
and chemical corrosion. Damage to mechanical structures will
reduce the mechanical properties of load-bearing materials,
and the main feature of early structural damage is the degree of
structural strain [16]. Therefore, strain detection is important
for large infrastructures. In addition, environmental humidity
is one of the key reasons leading to structural degradation.
For metal structures, a long-term high-humidity environment
will aggravate the corrosion of the structures [17]. For wooden
buildings, a high-humidity environment will cause damage to
the wooden structures [18]. Therefore, it is much needed to
monitor the humidity while testing the mechanical parameters
of the structure. Liu and Chen [19] designed an RFID sensor
that integrates humidity and coding by combining polyvinyl
acetate film and flexible substrate, which provides a good idea
for the methodology of temperature and humidity monitoring.
Hu et al. [20] covered the sensor with Kapton film for humidity
detection, used polydimethylsiloxane that is insensitive to
humidity as the encapsulation layer of the coding bit, and
designed a 3-bit coded RFID humidity sensor, which reduced
the interference of humidity on the coding bit.

With the development of the civil industries, more sensors
are needed in the SHM field, so researchers have begun to
try to add coding functions to RFID sensors. Vena et al.
[21] proposed a new hybrid coding technology that combines
phase deviation and frequency position coding. Using five
resonators in small size can obtain a coding capacity of more
than 22 bits, exploring the coding capacity of coded RFID
tags. Chen et al. [22] designed a 4-bit coded multibranch
U-shaped RFID strain sensor, which improved the ability
to distinguish sensors, but had the disadvantage of fixed
coding and inflexible changes, making it difficult to apply
to large-scale sensor deployment scenarios. Wan et al. [23]
designed a 3-bit coded multiparameter reconfigurable RFID
sensor, using p-i-n diodes to reconfigure the coding unit,
improving the flexibility of coding, but there was a problem
with limited coding information. A single structure can only
encode “1” and “0,” multibit coding requires a larger size, and
the p-i-n diode consumes a large current, making it difficult
for the system to achieve low power consumption. Therefore,
the size and coding capacity of current RFID tags are the main
challenges.

At present, RFID sensors have problems with inaccurate
positioning and limited information in coding units. If wireless
digital coding control technology can be applied to the SHM
field, multibit coding is performed on a single coding unit,
and information is obtained by changing the coding value of
the sensor, it will significantly improve the sensor positioning
capability.

In summary, traditional RFID sensors have the disad-
vantages of single detection parameters and limited coding
information. At present, there is insufficient research on
multiparameter RFID sensors that can simultaneously detect
structural strain, humidity, and characterization coding in the
field of structural measurement and control. There is no
effective wireless control strategy for the frequency coding
function of multiparameter sensors. Therefore, this article pro-
poses a multiparameter RFID sensor that integrates low-cost

digital control circuits, coding, humidity, and strain functions.
In addition, a wireless dynamic control scheme is proposed,
which provides new ideas for the intelligent network control
scenario of multisensors.

A. Contributions

This article designs a novel RFID multiparameter sensor and
proposes a method for wireless digital control of frequency
coding. The main work is as follows.

1) A novel multiparameter RFID sensor was designed.
In this sensor, two S-shaped structures are used for fre-
quency coding units, one S-shaped structure is used for
the humidity sensing unit, and a rectangular structure is
used to implement the strain sensing unit. The coupling
between the units was reduced through optimization,
and the feasibility of the sensor and tag encoding was
verified by High-Frequency Structure Simulator (HFSS)
software.

2) The coding unit was optimized using varactor diodes,
which expanded the amount of information carried by a
single coding unit and greatly improved the flexibility of
coding. The varactor diode was modeled using HFSS,
and the working conditions of the coding structure under
different states of the varactor diode were simulated.

3) A wireless digital control circuit was designed on the
flexible printed circuit (FPC) to control the varactor
diode and complete the digital control of the sensor
frequency coding. At the same time, Bluetooth was used
to wirelessly control the antenna frequency coding.

4) Experiments were conducted on the strain and humid-
ity sensor to verify the feasibility of multiparameter
detection. The effectiveness of frequency encoding by
varactor diodes was verified through experiments.

II. RFID SENSOR BASED ON BAND-STOP FILTER

This section proposes an RFID multiparameter sensor based
on microstrip S-shaped and rectangular band-stop filters. The
sensor consists of four different parts: a rectangular unit that
measures strain by detecting the frequency shift caused by
deformation, two S-shaped frequency encoding structures with
varactor diodes, an S-shaped microstrip resonator structure
with polyimide (PI) film for humidity monitoring, and a digital
control circuit for receiving Bluetooth commands to control
the coding value of the frequency coding bits.

A. Principle of Bend Structure in RFID Sensor

The bent structure is composed of several bend units,
as shown in Fig. 1(a), where d is the length W is the
width of the structure, and the arrow is the direction of the
radiation current. The current flows in opposite directions in
adjacent conductor segments in the normal direction of the
bend, so their far-field radiation can cancel each other out.
The current direction in the tangential direction is the same as
the radiation direction, so when analyzing the radiation field
of the meander structure, it can be simplified to a straight wire
model, thereby reducing the difficulty of analysis.

Authorized licensed use limited to: Xinjiang University. Downloaded on March 20,2025 at 01:46:55 UTC from IEEE Xplore.  Restrictions apply. 



XIE et al.: NOVEL MULTIPARAMETER RFID SENSING CHARACTERISTIC STUDY 9508012

Fig. 1. (a) Bend structure. (b) S-shaped structure.

Fig. 2. Equivalent circuit of cascaded coding units.

The effective electrical length of a bent structure can be
approximated as the sum of all conductor segments. Therefore,
its effective electrical length is much larger than its radiation
equivalent of a straight conductor, which can significantly
reduce the overall structure size at the same resonant fre-
quency. Its resonant frequency expression is

fr =
c

2(L + 21L)
√

εe
(1)

where fr is the resonant frequency, c is the speed of light in
vacuum, L is the sum of the lengths of all conductor segments,
1L is the compensation length, and εe is the equivalent
dielectric constant of the dielectric substrate. In order to
reduce the size and maintain good band-stop characteristics,
this article proposes an S-shaped structure based on the bent
structure, which can better meet the above requirements. Its
structure and radiation current are shown in Fig. 1(b).

The designed frequency encoding method is as follows:
n encoding units are designed, and each encoding unit can
perform m1, m2, m3, . . . , mn-bit encoding. There is m =

m1 × m2 × m3 × · · · × mn-bit encoding in total, and the
encoding working band is divided into mall sub-bands. When
the resonant frequency of a tag falls into a sub-band, the
encoding position corresponding to the sub-band is “1”; when
the resonant frequency of no tag falls into the sub-band, the
encoding position corresponding to the sub-band is “0.” When
multiple encoding units are cascaded, they can be equivalent to
a series of LC circuits in series, thereby generating notches at
different resonant frequency points [24]. Considering that the
varactor diode has the characteristic of variable capacitance,
the equivalent circuit of multiple cascaded encoding units is
shown in Fig. 2.

Advanced design system (ADS) software is used for sim-
ulation. The sensor is set to have four units, one of which is
a coding unit that can perform 4-bit coding. The simulation
results of the encoding principle by changing the capacitance
value are shown in Fig. 3.

Fig. 3. Coding principle.

Fig. 4. S21 simulation results of S-shaped structures of different sizes.

Two encoding units are designed in this article, and each
unit contains a varactor diode. By controlling the capacitance
of the varactor diodes, the resonant frequency of the encoding
unit can be controlled. In order to achieve RFID encoding
and reduce coupling, appropriate sub-bands should be divided
and appropriate resonant frequencies should be selected for
each encoding unit. From (1), it can be seen that the resonant
frequency is related to the effective electrical length. The
shorter the effective electrical length, the higher the resonant
frequency. Therefore, by adjusting the size of the S-shaped
structure, different resonant frequencies can be obtained.

B. Multiparameter Sensor Design and Simulation

In order to integrate multiple S-shaped structures into one
sensor, this article designs multiple S-shaped structures into
different sizes so that the current propagation paths are differ-
ent, resulting in different resonant frequencies. The forward
transmission coefficient (S21) simulation results of S-shaped
structures in different sizes are shown in Fig. 4.

It can be seen from Fig. 4 that the resonant frequencies
of S-shaped structures in different sizes are different, and the
smaller the size, the higher the resonant frequency.

The structure of the multiparameter sensor was obtained by
combining a rectangular strain unit, two S-shaped frequency
encoding units, an S-shaped humidity sensing unit, and a
digital control circuit as shown in Fig. 5.

The digital control circuit is designed on the FPC board,
which is attached to the substrate as a whole, and the bottom
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Fig. 5. Multiparameter sensor structure. (a) Composition. (b) Dimensions of
the multiparameter sensor.

TABLE I
SENSOR STRUCTURE PARAMETERS

Fig. 6. S21 parameter simulation result of multiparameter sensor.

lead is connected to the pins of the two varactor diodes by
welding. The parameters of the sensor are shown in Table I.

Fig. 6 shows the S21 resonance response curve obtained by
optimizing the multiparameter sensor design in the RF simu-
lation software HFSS. There are four resonance frequencies,
0.958, 1.51, 2.05, and 2.594 GHz, respectively.

In Fig. 6, the four resonant frequency points are generated
by the resonance of two encoding units, one humidity sensing
unit, and one strain unit. The four resonant frequency points
are far apart, which can reflect a lower coupling degree.

C. Design of Digital Control Coding Part

The wireless digital control circuit system consists of a
control circuit, Bluetooth, and varactor diodes and its structure
is shown in Fig. 7.

The control circuit is designed on the FPC and has a
bendable feature, which does not affect the performance of
the strain sensor. The function of the digital control circuit is
to control the reverse dc voltage value output to the varactor
diode according to the command sent by Bluetooth, thereby

Fig. 7. Schematic of the wireless digital control circuit system.

Fig. 8. Digital control circuit schematic.

controlling the capacitance of the varactor diode. The 10 V dc
power supply outputs a 3.3 V voltage through a low dropout
(LDO) regulator to power the microcontroller unit (MCU) and
the Bluetooth module and is also connected to the collector of
the n-p-n transistor. The MCU outputs a voltage signal with
a peak-to-peak value of 3.3 V and an adjustable duty cycle
through a pulsewidth modulation (PWM) module, and then
raises the voltage to 10 V through an n-p-n transistor and
outputs a dc voltage through a low-pass filter. The output dc
voltage range is 0.1–10 V. The current-voltage output value
is stored in the Flash inside the MCU. When the circuit is
powered OFF and restarted, the output state before power
failure is read from the Flash to achieve protection of state
control.

The digital control circuit as a whole has the advantages of
small size, low power consumption, and low cost. The main
components include transistors, LDO, ARM Cortex-M0 core
MCU, crystal oscillator as well as resistors, capacitors, and
varactor diodes, with a total cost of approximately ten Chinese
Yuan (CNY). The circuit schematic is shown in Fig. 8.

In Fig. 8, the MCU communicates with Bluetooth through
the universal asynchronous receiver/transmitter (UART)
peripheral and receives the control signal from the mobile
phone. The function of capacitors C1, C2, and C5 is to filter the
power supply. Resistors R3 and C3 form a low-pass filter, and
R6 and C4 form another low-pass filter. D3 and D4 are both
varactor diodes, which are semiconductor devices made based
on the principle of variable capacitance between p-n junctions.
They are often used as variable capacitors in high-frequency
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Fig. 9. Reverse voltage and capacitance curve of varactor diode.

tuning, communication, and other circuits to achieve reconfig-
urable or tuning functions [25]. Varactor diodes are reverse-
biased diodes. Changing the reverse bias on their p-n junctions
can change the capacitance of the p-n junction. The higher the
reverse bias, the smaller the junction capacitance. The relation-
ship between reverse bias and junction capacitance is nonlin-
ear. This article uses a digital control circuit to apply different
reverse voltages to the varactor diode and uses the controllable
capacitance characteristics of the varactor diode to achieve
multifrequency encoding of a single-frequency encoding unit.

The varactor diode used is BBY5802, and its SPICE model
consists of one diode, one capacitor, and three inductors,
as shown in Fig. 9. According to the SPICE model of the
varactor diode, simulation is performed in ADS software to
obtain the relationship between the applied reverse dc voltage
and the capacitance and the fitting curve.

Within the voltage range of 0.1–10 V, the expression of
reverse voltage and capacitance can be obtained through
nonlinear fitting

Ct = 26.876 × e
−Vbias
1.796 + 1.99 (2)

where Ct is the capacitance on both sides of the diode, Vbias
is the input dc voltage, and the R2 of the fitting curve is 0.99,
which shows a good fitting effect. Then, the influence of the
varactor diode on the two frequency coding units is simulated
in HFSS. The varactor diode is simplified to be equivalent to a
series connection of a variable capacitor and a resistor, where
the resistor value is 0.25 �. The S21 parameter results of the
multiparameter sensor under different capacitance values are
shown in Fig. 10.

Fig. 10 shows that different capacitance values have a
greater impact on the frequency of the encoding unit, and
a smaller impact on the strain unit and humidity detection
unit. The capacitance value of the varactor diode is con-
tinuously adjustable, so the corresponding reverse voltage
is also continuous. Substituting different capacitance values
into (2) to obtain the corresponding reverse voltage and
extracting the resonant frequency values corresponding to
different capacitances from the HFSS simulation results, the
corresponding values of capacitance, reverse bias voltage, and
resonant frequency are shown in Table II.

Fig. 10. S21 parameter simulation results under different capacitances.

Fig. 11. Relationship between the voltage and resonant frequency of the
coding unit. (a) Low-frequency coding unit. (b) High-frequency coding unit.

Fig. 12. Relationship between the number of codes and the resonant
frequency.

The reverse voltage and resonant frequency values of the
low-frequency and high-frequency coding bits in Table II are
fit, and the fitting curve is shown in Fig. 11.

For the low-frequency coding unit, the fitting curve is
Freq = 1.334194 + 0.0513 Vbias, the R2 is 0.99355, which
satisfies the linear relationship. The fitting curve of the
high-frequency coding unit is Freq = 2.44955 + 0.04485 Vbias,
the R2 is 0.98857, which also satisfies the linear relationship.
According to the relationship between the reverse dc voltage
and the resonant frequency of the coding unit, different voltage
values can be used to control the coding value. The relation-
ship between the number of codes and the resonant frequency
is shown in Fig. 12.

Where fs and fe are the minimum and maximum values of
the encoding unit resonant frequency, respectively, Bm is the
bandwidth of the selected single code. The maximum number
of codes m for a single coding bit satisfies the following
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TABLE II
RELATIONSHIP BETWEEN VOLTAGE, CAPACITANCE, AND RESONANT FREQUENCY OF VARACTOR DIODE

Fig. 13. (a) Patch antenna transmission line model. (b) Strain unit structure.

expression:

m = ceil
(

fs − fe

Bm

)
+ 1 (3)

where ceil() is the upward rounding function.

D. Strain Sensing Unit Analysis and Simulation

This section uses a rectangular microstrip patch antenna
sensor as a strain sensing unit and derives the normalized
antenna resonant frequency offset based on the transmission
line model. The HFSS simulation shows that the strain is
linearly related to the frequency, which provides a theoretical
basis for subsequent experimental verification. Fig. 13 shows
the transmission line model diagram and circuit model of the
rectangular patch.

The resonant frequency of the rectangular patch antenna in
TM10 mode is

fr =
c

4(L t + 1L t )
√

εe
(4)

where c is the speed of light in a vacuum and εe is the effective
dielectric constant of the medium. Since there is air above
the metal patch and a medium below it, its electric lines will
pass through different dielectric materials, causing a deviation
between the theoretical size and the actual geometric size. The
difference is the compensation length 1L t , which is calculated
as follows:

1L t = 0.412h
εe + 0.3

εe − 0.258
×

w/h + 0.264
w/h + 0.813

. (5)

When the antenna is subjected to stress in the length
direction, it will be stretched or compressed, and strain εL

will be generated. The width of the metal patch and the
thickness of the medium will change. When Poisson’s ratio of
the metal patch and the medium is the same, after the stress
generates strain εL , the ratio of the width and thickness of the

metal patch is approximately equal to that before the strain is
generated, which is a constant.

From (7), we can see that when εe and the ratio of width to
thickness do not change, 1L t is only related to the thickness
h of the dielectric substrate, and the two are linearly related.
Stress will cause the length L and thickness h of the antenna
to change. Let the antenna length before the change be L0,
and the thickness of the dielectric be h0, then the length and
thickness of the metal patch after stress become

L1 = L0(1 + εL) (6)
h1 = h0(1 − vsεL). (7)

The Poisson’s ratio of the dielectric substrate is vs , and the
relationship between the strain εL and the resonant frequency
offset 1 f is

1 f
fr

= −
L0 + C2h0

L0 + vsC2h0
∗ εL . (8)

It can be seen from (10) that the resonant frequency offset
1 f is linearly related to the strain εL . Let K be the antenna
sensitivity, which represents the degree of frequency offset
under each microstrain. The relationship between 1 f and εL

can be simplified as follows:

1 f
fr

= K εL . (9)

The derivation in TM01 mode is similar to the previous one.
When the excitation position is different, the working mode
of the patch is different. It can be seen from (11) that the
partial normalized antenna resonant frequency offset of the
rectangular patch is linearly proportional to the strain, and
due to the Poisson effect, the coefficient is negative. Based on
the above theoretical derivation, a simulation experiment was
carried out in the simulation software HFSS. The strain factor
k was used as the variable parameter to scan the designed inte-
grated sensor for reference to simulate strain stretching. The
simulation results are shown in Fig. 14. It can be seen that the
resonant frequency of the strain unit decreases monotonically,
which is consistent with the theoretical derivation. In Fig. 15,
the data are linearly fit to obtain Freq = 959.98–382.27k, R2

=

0.99396.

E. Humidity Sensing Unit Analysis

When a large structure is in a high-humidity environment
for a long time, the moisture in the environment will corrode
the building materials, causing the building structure to be
distorted or even collapse, shortening the life of the building
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Fig. 14. Simulation results of S21 parameters under different strain factors.

Fig. 15. Simulation results and linear fitting line. (a) Simulation results after
amplification. (b) Linear fitting of strain factor and resonant frequency.

structure. Therefore, humidity detection in a high-humidity
environment is necessary in SHM.

PI is the abbreviation of PI, which has a series of imide rings
on its main chain. Imide is a covalent compound containing
a carbonyl group and an imide group formed by connecting
an acyl group and an imide group through a double bond or
a single bond. This conjugated system makes the imide have
strong molecular polarity and hydrophilicity. Therefore, PI has
humidity-sensitive properties. When the ambient humidity is
low, there are fewer water molecules bound to the imide, and
the dielectric constant of the PI film is relatively stable. As the
ambient humidity gradually increases, the number of water
molecules in the environment increases, and the probability of
binding to the imide also greatly increases. Therefore, a large
number of water molecules will be adsorbed onto the PI film
to form an electric dipole-like structure, which will increase
the dielectric constant of the PI film.

Based on the S-shaped structure, a humidity sensor for
high humidity conditions is designed. The sensor part is made
of Rogers RO3003 substrate with a thickness of 1.524 mm.
The substrate is slightly affected by humidity. Based on
the humidity-sensitive characteristics of PI, PI film can be
used as a humidity-sensitive material to cover the surface
of the humidity sensing unit. Since the electromagnetic wire
of the humidity sensing unit will pass through the PI film,
when the ambient humidity changes, the dielectric constant
of the PI film changes, resulting in a shift in its resonant
frequency. As the ambient humidity increases, the dielectric

TABLE III
ANTENNA PARAMETERS

Fig. 16. Antenna structure. (a) Front view. (b) Back view.

constant of the PI film increases, and the resonant frequency
of the humidity sensing unit decreases. The resonant frequency
is calculated as follows:

fh =
c

2Lh
√

εhe
(10)

where c is the speed of light, Lh is the effective electrical
length of the humidity sensor unit, and εhe is the equiv-
alent dielectric constant derived from the three dielectric
constants [26]. The bending structure at the top of the S-shaped
structure increases the transmission time of the RF signal,
further improving the sensitivity of the humidity sensor unit
to water molecules.

III. EXPERIMENTAL VERIFICATION OF SENSOR

A. Broadband Transceiver Antenna Design

The multiparameter sensor designed in this article has an
operating frequency band of 0.96–2.6 GHz. A broadband
antenna based on a circular ring shape is proposed for the
transmission of wireless signals in this frequency band. The
antenna has the advantage of good directivity. The substrate
material is FR-4, and the thickness is 1.524 mm. Through
iterative design of the inner circle radius, outer circle radius,
and the overall size of the antenna, the final structure is shown
in Fig. 16, and the antenna dimensions are shown in Table III.

The Input Reflection Coefficient (S11) results of the
designed antenna by the network analyzer (vector network
analyzer (VNA), Rohde and Schwarz ZVL, 9k–3 GHz) and
simulation results are shown in Fig. 17. During simulation,
the S11 parameters of the antenna are all below −10 dB in
the 0.875–3 GHz frequency band. In actual measurement, the
S11 parameters of the antenna are all below −10 dB in the
0.912–3 GHz frequency band. The measured result meets the
requirement of the working frequency band.

B. Wireless Measurement Experiment

Both ends of the sensor are connected to the ultra-wideband
(UWB) antenna designed in this article through the Sub
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Fig. 17. S11 parameters of the designed antenna under simulation and
measurement.

Fig. 18. S21 parameters of sensor underwired and wireless measurement.
(a) Wireless detection system structure. (b) Experiment platform. (c) Experi-
mental Results.

Miniature Version A (SMA) interface, and the antenna is
universally connected at both ends of the VNA to verify the
feasibility of contactless reading. The test environment and
results are shown in Fig. 18. The receiving frequency of the
sensor is accurately detected within a distance of 20 mm. At a
distance of 25 mm, the result deviation is large, indicating that
the effective receiving distance is less than 25 mm.

C. Digital Control Coding Experiment

The coding principle was simulated above. This section will
explain the experiment and results. The experimental platform
structure and sensor structure are shown in Fig. 19. The exper-
imental platform consists of VNA, dc power supply, sensor
with coding control circuit, and mobile phone. The function
of dc power supply is to provide power to the Bluetooth
module and coding control circuit. When the mobile phone
sends instructions via Bluetooth, the coding control circuit
obtains the sent instructions through the Bluetooth module
and controls the reverse voltage value across the two varactor
diodes according to the instructions, thereby controlling the
equivalent capacitance value of the varactor diode. In order
to simplify the experimental process, the amplitude of the
output voltage to the two varactor diodes is set to be the same
each time. VNA is used to measure the S21 parameter, and

Fig. 19. Wireless control experiment of multiparameter sensor. (a) Overall
structure of the experimental platform. (b) Physical picture of the experimental
platform. (c) Sensor structure.

Fig. 20. S21 parameter results of digital control coding experiments.

Fig. 21. Resonant frequency and voltage fitting curve of the frequency coding
unit. (a) Low-frequency coding unit. (b) High-frequency coding unit.

the relationship between the voltage and the S21 parameter is
shown in Fig. 20.

The voltage values and resonant frequency values of the
low-frequency and high-frequency encoding units are fit,
respectively, and the results are shown in Fig. 21. There
is an obvious linear relationship between the resonant fre-
quency and the reverse voltage, which is consistent with
the simulation results. In the experiment, considering the
resistance value at the connection of the varactor diode and
the manufacturing error of the encoding unit structure, the
frequency offset per voltage is smaller than the simulation
result. For the low-frequency encoding unit, the determination
coefficient R2 is 0.96512, the frequency offset is 27.78 MHz/V
when the voltage changes from 0.004 to 7.955 V. For the
high-frequency encoding unit, R2 is 0.9643, the frequency
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Fig. 22. Five typical encoding results of low-frequency coding unit and high-frequency coding unit. Both coding results are (a) “10000,” (b) “01000,”
(c) “00100,” (d) “00010,” and (e) “00001.”

Fig. 23. (a) Strain experiment platform. (b) Sensor connected to the aluminum
plate. (c) Weight.

offset is 24.79 MHz/V when the voltage changes from 0.004 to
7.955 V.

For RFID sensors, the traditional coding structure does not
have a fixed bandwidth limit. It mainly considers the distance
between the coding unit and the adjacent resonant frequency
point to reduce the influence between different units. The two
coding bits designed in this article are quite different from the
adjacent resonant frequency points to avoid mutual influence.
For a single coding bit, the bandwidth is set to 50 MHz, and
the two designed coding structures can perform up to 5 × 5 =

25 bits of encoding. Five typical encoding results are shown
in Fig. 22.

In Fig. 22, five frequency bands are divided in the frequency
range of 1370–1620 MHz and 2470–2720 MHz, and the
bandwidth of each frequency band is 50 MHz. When the
resonance point falls into a certain 50 MHz frequency band,
the coding value of the bit is “1,” and the coding value of other
bits is “0.” Taking Fig. 22(a) as an example, the low-frequency
coding value is “10000” and the high-frequency coding value
is also “10000.”

D. Strain Experiment Design

The strain experimental platform constructed is shown in
Fig. 23.

The experimental platform includes the designed multipa-
rameter RFID sensor, VNA, aluminum plate to be tested, and

Fig. 24. (a) S21 parameters measured under different strain. (b) S21 curve
of the enlarged section.

weights. It contains six 50 g weights and two 100 g weights.
In the strain experiment, the multiparameter sensor was glued
to a cantilever beam made of aluminum plate. The cantilever
beam was fixed at a certain height from the ground, and the
other end was suspended in the air. A weight is hung on the
other side of the aluminum plate, and the aluminum plate will
deform, thereby applying stress to the strain sensor. When the
mass of the weight at the suspended end increases, the stress
also increases, causing the strain sensor to be stretched and
the resonant frequency to change. The sensor is connected to
the VNA via a radio frequency cable for data observation and
recording. The stress on the strain sensor is [27]

εk =
6 mg(Lc − dc)

EeffWct2
c

(11)

where m is the total mass of the weight at the suspended end.
g is the acceleration due to gravity. Lc is the length of the
aluminum sheet, which is 450 mm. dc is the distance from
the midpoint of the strain sensor width to the fixed end of the
sheet, which is 45 mm. Wc is the width of the sheet, which is
35 mm. tc is the thickness of the sheet, which is 1.5 mm. Eeff
is the effective elastic modulus of the sheet, which is 70 GPa.

In the experiment, weights were gradually added to the
suspended end, and the results were recorded using VNA after
stabilization. According to (11), for every 50 g increase in the
total weight, the strain increased by about 0.2204‰. The S21
parameters under different strains are shown in Fig. 24.

In Fig. 24(a), the values of the two coding units are “00010”
and “00010,” respectively. As the strain changes, the coding
values remain unchanged. The result of fitting the tensile data
in the width direction is shown in Fig. 25.

In Fig. 25, there is an obvious linear relationship between
the resonant frequency and the strain value. The fitting curve
is Freq = 941.377–7.4242 × 10−4µε, and the R2 is 0.97832,
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Fig. 25. Fitting relationship curve between strain and resonant frequency.

Fig. 26. (a) Components in the humidity chamber. (b) RH experimental
platform.

indicating that the linear fitting effect is good, thus proving
the feasibility of strain detection.

E. Humidity Experiment Design

In order to detect relative humidity (RH), the humidity
sensing unit is covered with a PI film so that the sensor
has humidity-sensitive characteristics. The PI film is pasted
on the designed S-shaped humidity sensing unit with adhe-
sive. The experimental equipment includes VNA, humidifier,
hygrometer, calcium chloride anhydrous (CaCl2) powder, and
a sealable foam box. The specific experimental platform is
shown in Fig. 26. Use the foam box to build a sealed humidity
space, and punch holes in appropriate locations to allow the
VNA data line, hygrometer probe, and humidifier power line
to pass through. Then, change the humidity in the container
through the humidifier, and after the hygrometer displays a
stable value, measure the S21 parameter results under different
humidity conditions. The powdered CaCl2 is used to slow
down the change of humidity, ensure that the PI film fully
absorbs moisture, and avoid the humidity change too fast to
affect the experimental test.

The measured S21 results of RH and resonant frequency
are shown in Fig. 27.

In Fig. 27, as humidity increases, the resonant frequency
of the humidity sensor unit decreases. At the same time, the
code values of the two coding units are not affected, which
are “10000” and “01000,” respectively. The fitting result of
the resonant frequency and humidity is shown in Fig. 28.

In Fig. 28, in the RH range of 33.7%–81.2%, the resonant
frequency and RH change linearly, and the humidity sensitivity
is 193.92 kHz/%RH, which shows the feasibility of the sensor.

Fig. 27. (a) S21 parameters measured under different humidity. (b) S21
curve of the enlarged section.

Fig. 28. Fitting relationship curve between RH and resonant frequency.

TABLE IV
COMPARISON OF CODING CHARACTERISTICS WITH OTHER STUDIES

F. Encoding Ability Comparison

Table IV illustrates the literature on different RFID sensors
with encoding functions. Compared with traditional encoding
methods, the single encoding unit in this article has more
encoding values and has an adjustable function.

When testing with a p-i-n diode, a single coding unit
consumes about 10 mA of current when it is turned on at
0.85 V forward voltage. The varactor diode always works
in the reverse state, and a single coding unit consumes less
than 0.1 µA of current at 8 V reverse voltage. Therefore, the
method of using a varactor diode has lower power consump-
tion.
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G. Discuss

This study integrated the coding, humidity, and strain func-
tions by combining new organic materials, wireless digital
control circuits, and varactor diodes, and designed an RFID
sensor that can monitor strain parameters in building structures
while acquiring coding and humidity data. The digital control
circuit can control the capacitance value of the varactor diode
through voltage, switch the coding value, and realize multifre-
quency coding on a single structure. The reverse voltage across
the varactor diode is generally linearly related to the resonant
frequency of the frequency coding structure. Increasing the
coding value of the unit coding unit helps to provide more
accurate sensor information, providing a feasible method for
realizing multiparameter detection and reconfigurable func-
tions in the SHM field.

The current integration is limited to two coding structures,
resulting in limited capacity, but compared with the traditional
single-structure 2-bit coding method, the number of codes has
been greatly improved. Future optimization work can be to
increase the number of structures, improve the coding capacity,
and use multiple RFID sensors combined with software radio
technology to build a large-scale SHM Internet of Things (IoT)
system.

IV. CONCLUSION

This article designs a multiparameter RFID sensor for
SHM, which realizes the integration of digital coding control,
humidity, and strain detection functions. At the same time,
a broadband transceiver antenna matching the working fre-
quency band is designed. Experiments have shown that the
change in the resonant frequency of the rectangular patch of
the strain part is linearly related to the degree of strain; the
humidity sensor can effectively detect RH. The frequency cod-
ing unit can realize multiple codes on a single coding structure
through the control of varactor diodes and a digital control
circuit, which improves the space utilization and information
capacity of the sensor. Overall, the simultaneous monitoring
of mechanical parameters and environmental parameters in the
structure is achieved.
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