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 In this study, a compact and flexible chipless radio frequency identification humidity sensor 
with dimensions of 21 × 21 mm2 is realized. The resonator structure consists of a square open 
ring and a U-shaped ring on a Rogers TMM 4(tm) substrate. The Kapton relative permittivity is 
very sensitive to changes in ambient humidity, and the sensor is capable of detecting humidity 
when the resonator is covered with a Kapton film. The amplitude of the radar scattering cross 
section increases monotonically from −65.66 to −58.14 dB with an offset of 7.52 dB when the 
relative humidity (RH) increases from 40 to 90%. The chipless sensor designed in this study has 
a compact size of only 21 × 21 mm2 with good resonance characteristics, and with the Kapton 
thin film covering, the sensor exhibits an excellent sensitivity of 0.15 dB/% RH. It also has a 
wide humidity measurement range from 40 to 90%.

1. Introduction

 The Internet of Things (IoT) is an advanced information technology developing rapidly and 
significantly impacting several fields. It has already demonstrated great potential in our daily 
lives, social activities, manufacturing, and environmental protection. Radio frequency 
identification (RFID) is an indispensable technology in IoT, and microsensors are playing an 
increasingly critical role in modern society and are widely used in smart manufacturing, smart 
homes, disaster monitoring, and so forth.
 The RFID system generally includes three core parts: computer, tag, and reading device. The 
working principle of the system is shown in Fig. 1. The reader transmits the inquiry signal to 
activate the tag, then the tag reflects back the echo signal towards the reader. The echo signal is 
decoded by the reader and processed by the computer. The computer integrates the data decoded 
from the echo signal with other business systems to achieve automated data management and 
applications.
 Currently, the most commonly used environmental sensors include temperature and humidity 
sensors and pressure and chemical sensors for pollution monitoring.(1–3) These sensors are 
mostly based on wireless technology and are suitable for harsh conditions.(4–6) They are mainly 
based on chip technology and consist of integrated circuits, while the tags can derive energy 
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from the integrated circuits. The presence of chips makes them unsuitable for various 
commercial applications owing to their relatively high price, and the overall cost of the system is 
affected by the RFID tags used. Thus, expensive tags end up making the system expensive, 
which triggers the need for designing low-cost chipless RFID tags.
 Chipless RFID tags have attracted considerable attention from researchers owing to their 
advantages such as low cost and simple structure. Chipless RFID tags work on the principle of 
the backward scattering technique, where the reader emits an interrogation signal to the tag and 
then the tag reflects the encoded information to the reader.(7) Another module used along with 
RFID for IoT is the sensor. A sensor is a device used to detect and measure physical quantities or 
environmental parameters and is widely used in various fields such as IoT, intelligent control, 
monitoring data, medical devices, and the automotive industry. With the development and 
maturity of chipless RFID technology, the integration of sensors with chipless RFID technology 
is conducive to further realization of wireless sensing and the detection of physical parameters. 
 A tag based on a folded dipole resonator with a radar scattering cross section (RCS)(8) was 
designed to improve the coding capability of chipless tags by using different coding techniques. 
It was observed that the mentioned resonators were not able to achieve high bit density owing to 
their large size and reduced number of data bits used for encoding.(9) Capacitively loaded 
chipless RFID tag structures based on dipole resonators are reported in Ref. 9. Square-ring and 
crossed-ring resonator structures for chipless tags are also discussed. The reported structures are 
mainly designed to increase the bit density of the tags, but the overall bit density is estimated to 
be still low owing to their large dimensions of 17 × 68 mm2 and 40 × 40 mm2(10,11) and low bit 
capacity of 5 bits.(12) Therefore, they are considered unsuitable for data-intensive applications. In 
Ref. 13, a chipless tag based on a butterfly-shaped frequency selective surface with a 14 × 14 
mm2 footprint was implemented on a Rogers RT/droid/5880 substrate.(13) A 9-bit chipless tag 
structure consisting of circular grooves was designed, and its performance on flexible laminates 
was investigated. Another inverted m-shaped tag was designed as described in Ref. 14. These 
recently proposed chipless tags offer the best bit density, but they do not perform sensing. 
Therefore, they can only be used for identification without any additional services.(14)

Fig. 1.  RFID system workflow diagram.
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 In addition to identifying tags, smart RFID tags offer the benefit of ubiquitous sensing of 
various meteorological data, such as temperature and humidity. Chipless RFID sensor tags can 
utilize the loading of sensitive materials in the internal structure of the tag for the desired 
sensing purpose. To this end, diverse chipless tag designs have been reported in the literature, 
applying some sensitive materials such as paper.(15,16) In Ref. 16, a biodegradable paper substrate 
with dimensions of 44 × 59 × 0.54 mm3 was used to fabricate RFID sensors, which had a read 
range of 4.57 m. In Ref. 17, a 16-bit extended c-shaped RFID sensor tag with silicon nanowires is 
proposed for sensing.(17) The size of the sensor is large (70 × 25 × 2 mm3), so its manufacturing 
cost is high. In Ref. 18, a chipless wireless sensing sensor is introduced for humidity sensing by 
printing LC circuits on an FR4 substrate with a size of 85 × 53 mm2, a humidity measurement 
range of 20 to 80%, and a sensitivity of 2.6 kHz/% RH when the distance between the reader and 
the sensor is 5 mm.(18) In addition, a 15-bit chipless tag with a size of 20 × 10 mm2 was 
demonstrated, and the performance of humidity sensing was investigated to realize the concept 
of green electronics.(19) The aforementioned chipless tags use a paper substrate to sense humidity, 
which has several drawbacks. There is a strong relationship between the sensor parameters and 
the sensor response, which is nonlinear and ultimately affects the absorption peaks in the RCS 
curve when the paper is at high humidity levels. In addition, the paper may suffer from many 
structural deformation states and therefore compromise reliability.
 The application of chipless RFID sensors in the field of intelligent packaging is the focus of 
research at this stage. Various perishable products (e.g., fruits and vegetables) must be kept fresh 
under certain humidity, temperature, and pH conditions,(20) and these types of sensor can be 
applied to these products. In 2020, Athauda et al. designed a chipless RFID pH sensor for smart 
packaging.(21) The sensor consists of four split rings, which are spaced from each other and can 
be considered capacitors, and for cheap pH sensing, these rings are covered with chitosan 
hydrogel. Experimental analyses showed that the chitosan hydrogel shows changes in frequency 
characteristics in both alkaline and acidic environments, which can be relied upon to determine 
the pH of the environment.
 In this study, a humidity sensor consisting of an open-ring resonator and a U-shaped 
resonator as the sensor structure, Rogers TMM 4(TM) as the substrate, and a Kapton film as the 
sensitive material is designed. The sensor employs a backscattering technology to measure the 
humidity by covering the sensitive material on the resonator, where a change in humidity causes 
a change in the relative permittivity of the sensitive material, which in turn causes a change in 
RCS amplitude at the resonance point. The designed humidity sensor has the advantages of 
small size, high sensitivity, large measurement range, high operating frequency, and low 
production cost compared with other sensors.

2. Sensor Design

 Microwave backscattering technology (MBT) is a wireless communication technology that is 
mainly used to achieve the automatic identification and tracking of objects. When a microwave 
signal is irradiated onto the surface of a target object, the irregular shape, texture, or material 
properties of the target object’s surface will lead to the scattering phenomenon of the microwave 
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signal. The scattered signal is the signal scattered back by the microwave signal and has 
information related to the surface characteristics of the target object. By receiving and analyzing 
the microwave signal scattered back from the surface of the target object, some relevant 
information can be obtained. This information includes the intensity, phase, time delay, and 
other characteristics of the reflected signal. By processing this information, the state information 
of the target object can be inferred.
 MBT is commonly used in radar, wireless sensor networks, and RFID applications. It can 
achieve noncontact, long-distance, real-time target detection and monitoring, and is widely used 
in object recognition, motion tracking, obstacle detection, and other fields.

2.1 Humidity sensor structure

 The humidity sensor designed in this study consists of three parts, i.e., substrate, resonator, 
and sensitive material, and the shape of the sensor is schematically shown in Fig. 2.
 Chipless RFID sensor substrates enable object identification and detection, as well as the 
acquisition of object-related environmental parameters through the integration of sensors and 
RF antennas. RFID substrates are often made of different materials to meet their different 
performance and manufacturing requirements, and the following are a few common RFID 
substrate materials: FR-4, Flexible Substrates, FR-1/FR-2, Rogers Series, and Metal Substrates. 
The sensor substrate material designed for this study is Rogers TMM 4(TM), with a relative 
permittivity of 4.5, a loss angle tangent of 0.002, and dimensions of 22 × 22 × 1.5 mm3. This 
material has a low relative permittivity and a low dielectric loss, making it suitable for high-
frequency and high-speed signal transmission applications. It has a wide range of applications in 
the RF, microwave, and millimeter wave fields such as satellite communications, radar systems, 
antenna design, and wireless communication equipment.
 A resonator is a physical device or system capable of producing a resonant phenomenon at a 
specific frequency. When the external excitation frequency is close to or matches the intrinsic 
frequency of the resonator, the resonator can reach its maximum amplitude or response. The 
specific resonant frequency and performance characteristics of resonators make them an 
important component of electronic systems. The resonator designed in this study consists of a 

Fig. 2. Profile of humidity sensor structure.
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square open-ring resonator and a nested U-shaped ring, as shown in Fig. 2. The overall 
dimensions of the resonator are 20 × 20 mm2, where the outer edge of the square open ring is 20 
mm long, the inner edge is 19 mm long, the width of the gap at the openings is set to be 2 × d, the 
width of the sides of the U-shaped ring is w, and the length of the outer edges is 2 × L. The design 
of the resonator in this study is based on the design of a square open-ring resonator and a 
U-shaped ring.
 Sensitive materials are those that are sensitive to the external environment and can be 
measured, detected, or responded to. These materials typically exhibit observability or 
measurability about changes in the environment, such as changes in temperature, pressure, 
humidity, light, and chemicals. In this study, a humidity-sensitive material, Kapton film, is used, 
completely covering the resonator, with a size of 20 × 20 mm2. It is a hydrophobic organic 
material with hydroxyl groups in its molecules, which absorbs water from the surrounding 
space. From the data on the dielectric properties of Kapton given in Ref. 22, the relative 
permittivity varies linearly with RH, which can be expressed as

 3.05 0.008 %r RHε = + × . (1)

2.2 Moisture-sensitive principle

 Kapton is a high-performance polymer material with good thermal and chemical stabilities. 
When polyimide absorbs liquid or moisture, the adsorbed material enters the voids of the 
polyimide molecules or interacts with intermolecular forces, increasing the relative permittivity. 
In the absence of adsorbed substances, the relative permittivity of polyimide is usually low. 
However, when adsorbed substances enter the interior of a polyimide material, they occupy the 
intermolecular voids, increasing the polarization effect within the material and causing the 
electric field to interact with the adsorbed substances as it propagates through the material, 
thereby increasing the relative permittivity.
 The detection parameter of MBT is mainly the radar scattering cross section (RCS). When 
using the RCS measurement, it is necessary to process the data through the spectrum to obtain 
the identified information, which can be detected in some more complex electromagnetic 
environments. In resonant circuits, the relative permittivity of the circuit elements will directly 
affect the resonant frequency and amplitude of the circuit. When the relative permittivity 
changes, the ability of the electric field to store and release energy in the capacitor also changes. 
Specifically, when the relative permittivity of a capacitor increases, it means that the electric 
field can be better stored and the capacitor’s ability to respond to the electric field is enhanced, 
leading to an increase in RCS amplitude. Conversely, a decrease in relative permittivity leads to 
a decrease in RCS amplitude, which can be used to measure air humidity by linking relative 
humidity (RH) to the RCS amplitude through the relative permittivity.

3. Simulation Analysis

 The structure shown in Fig. 2 is modeled in 3D using HFSS electromagnetic simulation 
software, and the simulation model is shown in Figs. 3(a) and 3(b).
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 When the overall dimensions of the sensor are fixed, the main factors affecting the 
performance of the whole sensor are the structural parameters of the resonator as well as air 
humidity, so when the structural parameters of the resonator are determined, air humidity can be 
analyzed. The control variable method is used to achieve optimization by adjusting three 
parameters, namely, the gap width d, the side width w, and the outer edge length L of the 
U-shaped ring. The relative permittivity of the Kapton film was set to 3.37, 3.45, 3.53, 3.61, 3.69, 
and 3.77, corresponding to RHs of 40, 50, 60, 70, 80, and 90%, respectively, to simulate the 
humidity change by changing its relative permittivity. The effects of gap width d, U-ring edge 
width w, and outer edge length L on the RCS amplitude are  shown in Figs. 4(a)–4(e), 5(a)–5(e), 
and 6(a)–6(e), respectively.
 It can be seen from Fig. 4(b) [same as Figs. 5(a) and 6(e)] that as the relative permittivity 
increases from 3.37 to 3.77 (i.e., RH increases from 40 to 90%), its RCS amplitude gradually 
increases, with the amplitude increasing by 7.52 dB from −65.66 to −58.14 dB, and thus the 
external ambient humidity can be measured.
 Through a series of simulations, taking into account the RCS amplitude of the sensor as well 
as the resonant frequency, the following geometric parameters of the temperature sensor model 
proposed in this paper are determined: d = 1.1 mm, w = 0.1 mm, and L = 8.9 mm.

4. Results

 Figure 7 demonstrates the variation between the relative permittivity and the RCS amplitude, 
and the relationship between RH and the relative permittivity is plotted through Eq. (1), as 
shown in Fig. 8. By relating the relative permittivity between Figs. 7 and 8, the relationship 
between RH and the RCS amplitude was obtained, as shown in Fig. 9.
 As shown in Fig. 9, when the ambient humidity changes from 40 to 90%, the RCS amplitude 
increases from −65.66 to −58.14 dB, with an offset of 7.52 dB. The amplitude change is obvious, 
and the overall change is close to linear, with a sensitivity of 0.15 dB/%RH.

(a) (b)

Fig. 3. (Color online) HFSS model of the sensor: (a) sensor model and (b) sensor in an air box.
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Fig. 4. (Color online) RCSs for different d values: (a) 0.1, (b) 1.1, (c) 2.1, (d) 3.1, and (e) 4.1 mm.

Fig. 5. (Color online) RCSs for different w values: (a) 0.1, (b) 1.1, (c) 2.1, (d) 3.1, and (e) 4.1 mm.

(a) (b)

(c) (d)

(e)

(a) (b)
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(c) (d)

(e)

Fig. 6. (Color online) RCSs for different L values: (a) 4.9, (b) 5.9, (c) 6.9, (d) 7.9, and (e) 8.9 mm.

Fig. 5. (Continued) (Color online) RCSs for different w values: (a) 0.1, (b) 1.1, (c) 2.1, (d) 3.1, and (e) 4.1 mm.

(a) (b)

(c) (d)
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5. Conclusions

 In this paper, a chipless RFID-based humidity sensor is proposed, which itself does not 
require an external power supply, and consists of a square open-ended ring combined with a 
nested U-shaped ring as the resonator structure, Rogers TMM 4(TM) as the substrate of the 
sensor, and a Kapton film as the sensitive material. In this study, we analyzed the effect of 
resonator size on the performance of the sensor and carried out HFSS simulation to simulate the 

(e)

Fig. 7. Relative relative permittivity 
versus RCS amplitude.

Fig. 6. (Continued) (Color online) RCSs for different L values: (a) 4.9, (b) 5.9, (c) 6.9, (d) 7.9, and (e) 8.9 mm.

Fig. 8. Relative humidity versus relative 
permittivity.

Fig. 9. Relative humidity versus RCS amplitude.
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optimal resonator size in the frequency range of 4.5–5.5 GHz with a humidity measurement 
range of 40–90% and a sensitivity of 0.15 dB/% RH. The sensor designed in this study has the 
advantages of small size, low cost, high sensitivity, and large measurement range.
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