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Abstract—A low cost and compact chipless Radio Frequency Identification (RFID) humidity sensor
with the size of 18 % 18 x 0.5 mm? is designed for environmental humidity monitor. The sensor consists
of a circular resonator and a rectangular substrate, which utilizes the polyvinyl alcohol (PVA) humidity
sensitive material for relative humidity (RH) sensing. The PVA humidity sensitive material covers
the sensor surface. The working principle of the sensor is that the change of environmental humidity
results in the changing of dielectric constant of PVA and thus shifting of the resonant frequency of the
sensor. The real-time humidity can be observed by monitoring the resonant frequency. The simulation
results show that the humidity sensing range of the designed humidity sensor is 21.9%RH ~ 52.5%RH,
corresponding to the resonant frequency range of the sensor from 2.76 GHz to 2.51 GHz with the total
offset 250 MHz. The maximum humidity sensitivity was 23.08 MHz/%RH within the monitoring range.
The designed humidity sensor has the advantages of low cost, compact and simple structure, which is
suitable for humidity monitoring in various complex environments.

1. INTRODUCTION

Thanks to the development of Internet of things technology, Radio Frequency Identification (RFID)
technology has been widely used. It is a very convenient technology. On the one hand, it can realize
two-way wireless communication, and on the other hand, it improves the reading efficiency and longer
reading distance of tags. Humidity sensors have been applied in many fields, such as logistics monitoring,
aerospace, medical field, and environmental monitoring [1]. According to the measurement principle
and method, the traditional humidity sensor can be divided into capacitance type [2—4], resistance
type [5, 6], gravity measurement type, and microwave type. Integrating sensing technology and RFID
technology, a new type of humidity sensor based on RFID is proposed as an important part of the
Internet of things [7].

At present, chipless RFID humidity sensor is widely favored by the market because of its simple
overall structure, low production cost, real-time monitoring of humidity changes, and low energy
consumption in operation. At the same time, the main research direction of researchers is to explore
more new humidity sensor structures [8-10] and humidity sensitive materials [11-13]. [14-16] have
successfully integrated the humidity sensing function in RF chip, which has the characteristics of good
stability and low power consumption, but there are problems such as high production cost and complex
manufacturing process of the chip. A slotted scattered structure was fabricated on an FR4 substrate by
slotted etching technique in [17], and the sensing unit for sensing humidity changes consists of silicon
nanowires deposited on the slit surface. In [18], a bending humidity sensing structure with a size of
20 * 17.6 mm? was proposed, and a thin polyimide material was used as the sensitive material. The
RFID tag was implemented on Taconic TLX-0 with a working bandwidth of 2.62 GHz. [19] designed
a dual-polarized sensing tag based on a ring slot antenna element, which worked at two closely spaced
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resonant frequencies and used PVA for humidity sensing at the same time, which can be used to monitor
the relative humidity in sealed packaged food. The humidity sensor proposed in [20] is used to monitor
the aging problem of building structure. It adopts MEGTRONG6 substrate and L-shaped resonant
unit, which has a simple structure but a large size. Similarly, in some literatures, the large size of
humidity sensor causes some difficulties in the use process, such as 42 * 17mm? [21], 29 * 29 mm? [22],
23 x 23 mm? [23]. It can be seen that the sensor will be developed in the direction of miniaturized and
low profile in the future.

With the development of printing technology, paper base has been paid more and more attention.
[24] printed a Logic Circuit (LC) structure on packaging paper to realize the production of humidity
sensor, and the frequency offset reached 16.6% within the test range. Although its sensitivity
performance was high, its working frequency was low, and the identification distance was short, which
has been the problem of this sensor. [25-27] also used paper as the substrate, mainly with the help of the
water absorption of the paper substrate. However, when the paper is in high humidity, this relationship
is nonlinear and will eventually affect the absorption peak in the Radar Cross Section (RCS) curve.

To sum up, the rigid substrate of humidity sensor has the advantage of not easy to be damaged. At
the same time, the circular resonant structure is applied to the monitoring of environmental humidity,
and the surface of the sensor is covered by polyvinyl alcohol to make wireless passive RFID sensor.
On the one hand, the application of this structure makes the maximum use of the substrate area. On
the other hand, the circular structure also makes the resonator compact. It solves the problems of
low sensitivity, large size, and poor resonance characteristics of the current humidity sensor. The size
of the humidity sensor is only 18 % 18 * 0.5 mm?, and the humidity detection range is from 21.9%RH
to 52.5%RH. It has the characteristics of mlmaturlzatlon low profile, and simple structure, and its
maximum sensitivity can reach 23.08 MHz/%RH, which has good humidity detection ability for the
target environment.

The rest of the paper is organized as follows. In Section 2, the working principle of the humidity
sensor is introduced, and the advantages of the circular ring resonator are analyzed. At the same
time, the distribution of the current on the surface of the sensor and the characteristics of PVA are
described in detail. In Section 3, the method used in the simulation experiment is simply explained.
The simulation results are elaborated, and the simulation data are analyzed. Section 4 summarizes the
results of the paper and introduces future research directions and application scenarios.

2. SENSOR DESIGN

2.1. Humidity Sensor Structure

In this paper, a chipless RFID humidity sensor based on a circular ring resonant structure is proposed.
The circular ring resonant structure is on a Rogers RO4003 dielectric substrate, and the substrate
surface is covered with a humidity sensitive material PVA film to realize the humidity detection function.
Fig. 1 shows the profile structure of the humidity sensor with three layers. The white layer at the top
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Figure 1. Profile of humidity sensor structure. Figure 2. Working principle of RFID system.
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is composed of PVA film with a thickness of h;. The intermediate layer below uses copper as the RF
conduction part of the resonator, and the thickness is h. Copper is widely used as a cheap and easy to
work metal. The bottom layer uses the common Rogers RO4003 as the base, with a dielectric constant
of 3.38 and a thickness of hs.

Figure 2 shows the working principle of the RFID system and some key system components, mainly
composed of RFID reader, sensor, and computer system. When the reader’s transmitting antenna
transmits electromagnetic waves to the surface of the sensor, at the same time, the receiving antenna will
receive electromagnetic waves reflected from the surface of the sensor with a specific resonant frequency.
Data processing and analysis are carried out with the help of computer processing systems [28].

2.2. Circular Ring Resonator

The tag antenna of humidity sensor adopts a circular resonant structure, which has two main advantages.
1) In terms of structure, the ring resonator is simple and symmetrical, easy to process, can maximize
the use of substrate area, and can easily change its resonance value by adjusting the line width and
radius of the ring structure. 2) In terms of performance, the current distribution of the ring resonator is
concentrated and has good resonance characteristics [29], which can meet the performance requirements
of the humidity sensor. Fig. 3 is the top view of the humidity sensor, in which the substrate width is
represented by L, the ring linewidth represented by W, and R is the radius of the outer circle.
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Figure 3. Top view of the humidity sensor. Figure 4. Current distribution of circular ring
resonator.

When the circular ring structure distributed on the substrate is excited by electromagnetic waves,
the resonant current appears on the metal surface and is symmetrically distributed, and the current
direction flows from top to bottom. Fig. 4 shows the current distribution diagram of the circular ring
resonator. At this time, the two open circuit points on the ring form a standing wave form, which
can be regarded as two half wave dipoles bent in parallel. In [30], an important factor affecting the
circular ring resonator was studied: the width w of the circular ring structure. On the one hand, the
appropriate width w is selected to obtain the best resonance; on the other hand, the inner space of the
ring is rationally arranged. At this time, formula (1) can be used to calculate the resonant frequency

of the ring resonance [31].
c [ 2
= 1
Jr 2-m-R Ve +1 (1)

Here, ¢ represents the speed of light in vacuum, f, the resonant frequency of the tag, R the outer radius
of the ring, and e, the relative dielectric constant of the substrate. According to [31], this formula
temporarily ignores the thickness of the substrate.

Usually, quality factor @ is used as one of the performance indicators of the sensor. The general
rule is that the sharper the trough or peak of the resonance is, the greater the quality factor @ is,
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which represents the better reliability of the sensor. The quality factor @ of the sensor is calculated as
follows [32]:

1
= 2

@d tan § 2)

1 1 1 1

= 3

e et &

Copper is a good conductive metal, so copper conductor also has low conduction loss (1/Q.) and
very low radiation loss (1/Q,). From formula (2), it can be seen that the tangent value of loss is inversely
proportional to the quality factor @4, that is, the smaller tané is, the larger Qg is. Rogers R0O4003
(e = 3.38, tand = 0.0027) microwave board has a smaller loss tangent value than the commonly used
FR4 (¢ = 4.6, tand = 0.025) and paper (¢ = 3, tand = 0.0707), theoretically, a larger value of quality
factor ) which can be calculated from formula (3).

2.3. Hygroscopic Mechanism

The chipless RFID humidity sensor consists of a label and a humidity sensitive material covering the
surface. The working principle of the humidity sensor is as follows: when the relative humidity in the
environment changes, the dielectric constant of the humidity sensitive material covering the surface of
the substrate changes accordingly. When the electromagnetic wave is used to stimulate the humidity
sensor, regular deviation of the resonant frequency is observed. Therefore, the one-to-one correspondence
between the environmental relative humidity and the resonant frequency of the sensor is established, and
the corresponding environmental relative humidity can be known by identifying the resonant frequency
of the sensor.

PVA (polyvinyl alcohol) is selected as the humidity sensitive material of the chipless RFID humidity
sensor. Fig. 5 shows the molecules of PVA. A large number of hydroxyl groups are the main reason for
its water absorption. Water molecules are rapidly diffused into the polymer matrix by PVA film through
chemical adsorption and physical adsorption. At this time, the real part of the dielectric constant of
PVA film ¢, will correspondingly decrease or increase with the change of ambient humidity [33]. Finally,
it will change the real part of the effective dielectric constant ,.; of the humidity sensor structure,
where .. can be calculated by formula (4) [34]:

Ereff = 1+ q1(5sub - 1) + Q2(5r - 1) (4)

where ¢; and g9 are constants related to the structural parameters of the resonator, and e4,, and €, are
the relative permittivity of the substrate and PVA film, respectively.
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Figure 5. PVA molecular formula. Figure 6. Simulation model of humidity sensor.
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Water molecules are rapidly diffused into the polymer matrix through adsorption and absorption.
Compared with hydrophobic polymers such as polyimide, the PVA based humidity sensor has higher
sensitivity and faster response time [35]. In [36], it is pointed out that the permittivity of PVA is
about 1.6 in a low humidity environment, but it can rapidly increase to about 80 in a high humidity
environment. In [37], the dielectric constants of PVA at different humidities in the 1-10 GHz frequency
band were calculated, and the dielectric constants of PVA at 2 GHz and 3 GHz were shown in Table 1.

Table 1. The electrical constant of PVA varies with different relative humidity.

%RH 219 29.1 356 44.7 525 64 69.5 804 909 94
2GHz 5.06 5.08 5.18 538 6.2 7.7 86 15 29 41
3GHz 5.12 5.14 521 541 6.18 75 84 14 2T 38

3. SIMULATION ANALYSIS

Combined with the above conclusions, the radio frequency simulation software HFSS is used to model
the humidity sensor. A perfect magnetic conductor (PMC) boundary is set on the surface perpendicular
to the X-axis, and a perfect electric conductor (PEC) boundary is set on the surface perpendicular to the
Y-axis. The two boundary surfaces are perpendicular to each other. Finally, the electromagnetic wave
propagates along the Z-axis direction. Then the humidity sensing mechanism of the humidity sensitive
material layer is simulated. A thin layer of 0.2 mm is added to the dielectric substrate to approximate
the humidity sensing process of PVA, and the value of the dielectric constant of the sensitive layer is
changed to replace the change process of the relative humidity in the environment. The simulation
model of humidity sensor finally constructed is shown in Fig. 6.

The width of ring resonator affects the resonant frequency dramatically [30]. Different from [30],
the proposed sensor consists of a ring resonator covered by PVA material. Thus, the simulation between
the width and resonator frequency is given in Fig. 7. It is clearly shown that the resonant frequency
shifts largely with increasing the width beyond 12mm and relatively small among 14-20mm. It is
demonstrated that the resonator frequency can be adjusted by the width of the ring.

Figure 8 shows that the PVA dielectric constant parameter is set to 5.06 (21.9%RH), 5.08
(29.1%RH), 5.18 (35.6%RH), 5.38 (44.7%RH) and 6.2 (52.5%RH). The simulation curve shifts regularly
in the frequency range of 2.51 GHz ~ 2.76 GHz. When the permittivity of PVA is 5.06, the resonant
frequency is 2.76 GHz. When PVA dielectric constant is 6.2, the resonant frequency is 2.51 GHz. The
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Figure 7. The width of ring w versus Ss;. Figure 8. Variation of sensor resonant frequency

under different dielectric constants.
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width of the ring is w = 1.5 mm, and the radius of the outer circle is R = 4mm. The simulation results
show that the dielectric constant of PVA increases; the resonant frequency shifts regularly to the left;
and the total offset reaches 250 MHz. The resonant frequency offset of the designed humidity sensor is
obvious, and the resonant amplitude is basically the same, which is conducive to identifying the change
of relative humidity in the environment. The water absorption of PVA film under different humidity
conditions was measured in [36]. The experiment proved that the water absorption capacity of PVA
film under low humidity conditions was far less than that under high humidity conditions, which was
also the reason that the resonance frequency offset in Fig. 8 gradually increased.

Figure 9(a) shows the relationship between the permittivity of polyvinyl alcohol and the resonant
frequency of the sensor. The resonant frequency points and the permittivity in Fig. 8 are extracted, and
the relationship between the resonant frequency and dielectric constant is monotonically decreasing.
According to [37], the variation of permittivity of polyvinyl alcohol with relative humidity is shown in
Fig. 9(b). The data in Fig. 9(a) and Fig. 9(b) are associated with extracting relative humidity and
resonant frequency, as shown in Fig. 10. In order to match the good linearity of the sensor, linear fitting
of the sensor is carried out in two working frequency bands, and the final fitting formulas are as follows:

RH,, = 161.27 —43.33f (2.51 < f < 2.69) (5)
RH,y = —2.5% 10" + 1.87 + 101 f — 3.49 % 103 % (2.69 < f < 2.76) (6)

where f represents the resonant frequency of the sensor, and RH,1 and RH .o respectively represent the
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Figure 9. (a) Relation between resonant frequency and dielectric constant; (b) Relationship between
dielectric constant and relative humidity.
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relative humidity at the corresponding frequency. It is known that the monotone decreasing relationship
between the relative humidity and resonant frequency of the sensor is shown in the two frequency
bands, which indicates the feasibility of the working principle of the chipless RFID humidity sensor and
proves that monitoring the resonant frequency of the sensor can realize the monitoring of the ambient
temperature.

In order to characterize the performance of the humidity sensor, the concept of average sensitivity
n [37] is introduced. The mathematical meaning of average sensitivity is the absolute value of the
reciprocal slope of the relative humidity curve changing with the resonant frequency. As shown in

formula (7)
n = |f1 — fo

= 172 7
|RH, — RH,| @

In Formula (7), the relative humidity values of the adjacent phase are expressed as RH; and
RH s, respectively, and the frequencies corresponding to the humidity are f; and fs. The final average
sensitivity calculation results are shown in Table 2. Analysis showed that the sensitivity was low when it
was lower than 35.6%RH, and gradually increased with the increase of relative humidity, which increased
from 44.7%RH to 52.5%RH, and the calculated sensitivity reached 23.08 MHz/%RH.

Table 2. 12.3%RH-52.5%RH humidity sensitivity 7.

%RH 219 29.1 356 44.7 525
i - 1389 3.077 4.396 23.08

Table 3 shows the performance comparison between the humidity sensor in this work and other
passive and chipless humidity sensors. Although the sensing range of the humidity sensor in this
paper is only 21.9%RH-52.5%RH, its smaller size and greater sensitivity have good performance. The
backscattered signal of the reference signal and the sensing signal are integrated into the antenna, which
is one reason for the smaller size of the tag.

Table 3. Comparison of humidity sensor parameters.

Fabrication Sensitive Sensitivity
Reference technology materials Area/cm? /(MHz/%RH) Range/%0RH
This paper Patch PVA 3.24 23.08 21.9 ~ 52.5
Ref. [17] Etch Si nanowires 16 3.58 30 ~ 90
Ref. [18] Patch Kapton 3.52 2.14 30 ~ 100
Ref. [19] Etch PVA 7.55 - 33 ~ 85
Ref. [24] Print Paper 16 - 20 ~ 90

4. CONCLUSIONS

This paper carried out an in-depth research in the field of humidity sensor and designed a chipless RFID
humidity sensor based on a circular ring resonant structure. Circular metal copper is distributed on the
surface of the square substrate and covered by PVA humidity sensitive film.

1) The development status and wide application requirements of the current humidity sensor are
expounded. The working principle of the RFID humidity sensor and the water absorption principle of
PVA film are introduced. The current characteristics of the ring resonator are analyzed.

2) HFSS is used to complete the overall simulation work. By changing the dielectric constant
of PVA film and the change process of environmental humidity, it is proved that there is a linear
relationship between relative humidity and resonant frequency: relative humidity increases; resonant
frequency decreases; and the piecewise fitting formula is calculated.
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3) The sensor realizes low cost and miniaturized design. The overall size is 18 * 18 * 0.5 mm?; the
relative humidity monitoring range is 21.9%RH ~ 52.5%RH; the corresponding resonant frequency
offset is 250 MHz; and the humidity sensitivities under different relative humidities are compared.
The maximum humidity sensitivity 1 can reach 23.08 MHz/%RH, which has good humidity detection
accuracy and can realize humidity detection in complex environments.

The key research direction in the future is how to expand the humidity sensing range and explore
the influence of humidity sensing film thickness on the sensitivity so as to improve the performance of
humidity sensor.
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