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Abstract—In this article, the frequency sensitivity of the
Coil-interdigital electrode (IDE) sensor in different integrated
topologies is studied. In particular, the expression of the
resonance frequency of the Coil-IDE sensor both in series
and parallel topological structure is derived. The sensitivity
of frequency to IDE capacitance was analyzed, and two
new results can be found 1) due to the existence of coil
winding capacitance and grounding capacitance, the Coil-
IDE topology circuit has been changed, which causes the
Coil-IDE parallel topology structure has a higher frequency
sensitivity than series and 2) not only the topology structure
but also the parameters such as coil inductance and IDE
capacitance have the regulatory effect on the frequency
sensitivity. After analysis, an experiment of a Coil-IDE
humidity sensor was applied to verify the presented results.
The parallel frequency of the Coil-IDE parallel structure

having a higher sensitivity was confirmed. The error of the
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parameters on frequency sensitivity was discussed. The error is as low as 7.57%, which shows the beneficial aspect
of the integrated design of Coil-IDE sensor both in topological structure and parameters.

Index Terms— Frequency sensitivity, humidity, inductance—capacitance (LC), parallel resonance frequency.

[. INTRODUCTION

NDUCTIVE-CAPACITIVE resonant sensor has also been
widely researched in the field of humidity sensing.
Feng et al. [1] produced a polyethylene terephthalate
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(PET)-based LC humidity sensor with a working frequency
of 157 MHz. The sensor has a sensitivity of 1804 ppm/%RH
in the humidity, with a range of 20%-90%. Dong et al. [2]
designed 30 MHz LC passive wireless sensors using graphene
oxide as humidity-sensitive materials, and these sensors show
a humidity sensitivity of 1244 ppm/%RH within the humidity
range of 15%-90%. Martuza et al. [3] proposed a 160 MHz
LC flexible passive wireless sensor and obtained a humidity
sensitivity of 562 ppm/%RH within the humidity range of
30%-90%. Deng et al. [4] reported a 140 MHz LC wireless
humidity sensor fabricated on flexible PET substrates and got
a high humidity sensitivity of 1000 ppm/%RH within the
humidity range of 20%-95%. Xie et al. [5] provided a 55 MHz
inductor—capacitor (LC) passive wireless humidity sensor and
achieved a high humidity sensitivity of 1161 ppm/%RH
within the humidity range of 15%-90%. Su et al. [6] applied
a 170 MHz LC wireless passive humidity sensor based on
MoS2 nanoflakes and obtained a high humidity sensitivity
of 447 ppm/%RH within the humidity range of 10%-95%.
Compared with other humidity sensors such as quartz crystal
microbalance (QCM) [7], interdigital electrodes-piezoelectric
quartz crystal (IDE-PQC) [8], or surface acoustic wave
(SAW) [9], the inductive-capacitive resonant sensor has some
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disadvantages as response time and etc.; however, it has some
advantages [10] in high sensitivity, easy integration, and low
cost. Furthermore, as the progress of micro/nanofabrication
technologies, the advantages of easy integration and low
cost are becoming more obvious [5], [11], [12]. Therefore,
it is widely applied in industry [1], agriculture [13], smart
homes [14], food safety, and human health monitoring [15].

Among those capacitive sensors, IDE capacitive sensor
has received attention due to its coplanarity, convenience in
manufacturing, and capacity controllability. Chen et al. [16]
pointed out the influence of capacitance parameters on
the frequency sensitivity of the IDE capacitive sensor.
Biswas et al. [13] proposed a method to trim the electric field
shape through the structure of the IDE. Then, the sensitivity of
the IDE capacitive sensor to the soil moisture can be enhanced
through the edge field effect.

As an integrated network of inductors and capacitors, many
integrated structures of the topological circuit have been
adopted in inductive-capacitive resonant sensors. It includes
LC in parallel [3], [17], LC in series [18], or a complex
combination of series and parallel [19]. The influence
of different schemes of the integrated inductive-capacitive
resonant sensor on frequency sensitivity needs to be analyzed.

The inductive-capacitive resonant sensor, has the lowest
impedance at the series resonance frequency and is easy
to be extracted by the oscillator [20], [21], vector network
analyzer (VNA) [4], [22], [23] or impedance analyzer [3].
Therefore, the series resonance frequency is widely used as the
characteristic signal by colleagues and named as the resonance
frequency.

In this article, the frequency sensitivity of the Coil-IDE
integrated sensor is analyzed from two aspects of topological
structure and characteristic frequency. We would like to draw
the attention of colleagues to the characteristic frequencies
beyond the series resonance frequency of the Coil-IDE
integrated sensor. Both theoretical calculation and experiment
show that the parallel resonance frequency of Coil-IDE has a
higher sensitivity than the series resonance frequency, which is
generally considered as the resonance frequency. This is due
to the topological circuit change caused by the unavoidable
existence of lead capacitance and grounding capacitance.

We first analyze the evolution of the topological circuits
of inductive-capacitive resonant sensor, which considers the
winding capacitance of inductors and instrument grounding
capacitance. Second, the expressions of the resonance
frequencies both in LC parallel and LC series topologies are
given through the proposed inverse transform between the
inductive-capacitive resonant sensor and the Butterworth-Van
Dyke (BVD) model [24] of a piezoelectric crystal. Therefore,
the frequency sensitivity can be compared according to the
proposed formulas. Third, an inductive-capacitive resonant
humidity sensor integrating coil inductor and IDE capacitor
is given, and experimental data based on the regulatory
effect of humidity on capacitance is obtained. Finally, the
regulatory effect of the frequency sensitivity both on the
circuit’s topological structure and the electronic parameters of
the sensor will be discussed. Thus, the proposed formula will
be supported by the experimental data.

Cqmuml[ng

Co

I Ref [26-28]

Fig. 1. Coil-IDE resonant topological circuits considering winding,
coaxial, and grounding capacitance.

Ref: 29]

The article is organized as follows. Section II introduces
the proposed theory of architecture and derivation. Section III
respectively presents the analysis and a series of verifications
and results. Finally, Section IV summarizes the findings of the
work and concludes the article.

[I. METHODOLOGY

We would like to analyze the frequency sensitivity of
the Coil-IDE integrated sensor in two aspects: characteristic
frequency selection and topological structure.

For the characteristic frequency selection, the modification
of the characteristic frequency expression due to the existence
of the unavoidable existence of lead capacitance and grounding
capacitance has been derived, including the series resonance
frequency [25] and the parallel resonance frequency [24].
Through the expression, the sensitivity can be analyzed
mathematically and used as the theoretical criterion for
characteristic frequency selection.

For the topological structure, the influence of the Coil-
IDE topological structure on sensitivity has been analyzed,
including Coil-IDE in series and parallel topological structure,
respectively. Two topological structures and two characteristic
frequencies combine into four frequencies. They are the
series resonance frequency of the Coil-IDE series topological
circuit (fgs), the parallel resonance frequency of the Coil-
IDE series topological circuit (fsp), the series resonance
frequency of the Coil-IDE parallel topological circuit ( fps),
and the parallel resonance frequency of the Coil-IDE parallel
topological circuit ( f,p). By comparing the expression of the
four frequencies, both effects of the characteristic frequency
selection and topological structure on sensitivity will be
analyzed.

A. Modification of the Characteristic Frequency
Expression Due to the Topology Change Caused by
Distribution Capacitance

Considering winding capacitance [26], [27], coaxial cable
capacitance [28], and grounding capacitance [29], the topology
of the Coil-IDE sensor is shown in Fig. 1.

Our previous work [19] has proved that the topological
circuits in Fig. 1 are equivalent to the general electronic
topology of quartz crystal (BVD model) shown in Fig. 2.

Furthermore, The equivalent conversion relationship from
Figs. 1 to 2 is given as follows [19]:

Cy,=C+C
Co=Cy(1+Cy/C)
Ry = RC*/(C +C}))
Ly =LC*/(C +Cp)’.

(D
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Fig. 2. General electronic topology of quartz crystal (BVD model).

So, the inverse conversion of the above equivalent
conversion is not given. In this article, the inverse conversion
is proposed, and it can be shown as follows:

2
R=R, (1 + Co/Cg)

2
L =Ly (1+Co/Cy)

2
C=C;/(Cq + Co)
Cy = (C¢Co)/(Cq + Co).
The series resonance frequency (f)) in Fig. 2 is

defined [24], [30] as the low-impedance of the resonance
frequency and can be expressed as

1 1

fs=51c 3)

The parallel resonance frequency ( fl/,) in Fig. 2 is
defined [24] as the high-impedance of the resonance frequency
and can be expressed as

1 1 1

= [—=+— 4
2\ IC T Ic @

fy
Because topological circuits in Fig. 1 and topological
circuits in Fig. 2 are equivalent, they will have the
same frequency response curve and the same characteristic
frequency, but the characteristic frequency will be expressed
by different parameters.
Therefore, bring (2) into (3), and get the series resonance
frequency (f;) of the topological circuits in Fig. 1 as

1 1
P gy U — 5
5= L1 (Cy + Co) ©)

Bring (2) into (4), and get the parallel resonance frequency
(fp) of the topological circuits in Fig. 1 as

1 1
T 27 LiCo’

fr (©)

Comparing (3)-(6), it can be found that the frequency
defined by 1/27+/LC represents the series resonant frequency
for piezoelectric crystal in Fig. 2 but represents the parallel
resonant frequency for the Coil-IDE sensor in Fig. 1.

The series resonant frequency is easy to be extracted
from the resonant circuit, which is considered by most
colleagues as the resonance frequency. The above derivation
indicates that the resonant frequency (the series resonant
frequency) cannot be described by 1/27+/LC in the Coil-
IDE resonator. Instead, another characteristic frequency (the
parallel resonance frequency) can be described by 1/27+/LC.

For f,, the total capacitance is Ci = Co. For fi,
the total capacitance is Cio1 = Cg + Cp. By comparing

Fig. 3.  Electronic topology of Coil-IDE sensor in different topological
structures in: (a) parallel and (b) series.

form (6) to (5), it can be found that the variation rate of
total capacitance caused by the variation of Cq is bigger
in (6) than in (5). In other words, the parallel resonance
frequency will be more sensitive to the variation of the
capacitance Cy.

B. Expression of Characteristic Frequency Under
Different Topological Structures and Its Frequency
Sensitivity Analysis

Next, consider the impact of the topological structure of
the Coil-IDE sensor on sensitivity. Two topological structures
are considered. They are Coil-IDE in series and Coil-IDE
in parallel, respectively, shown in Fig. 3. In Fig. 3, The
capacitance effect of the IDE sensor is simplified as a capacitor
at the high frequency [16].

In Fig. 3(a), the series resonance frequency of the Coil-IDE
series topology circuit (fg5) should be

f 1 1
Y- C,C :
SN2 (Cs+cgg + CO)

)

The parallel resonance frequency of the Coil-IDE series
topology circuit (fsp) should be

fsp:i ! . ®)
2n\ L1Cy

In Fig. 3(b), the series resonance frequency of the Coil-IDE
parallel topology circuit ( f,s) should be

1 1
fps:ﬁ\/Ll (Co+Co+Cy) ©)

The parallel resonance frequency of the Coil-IDE parallel
topology circuit (fpp) should be

1 1
Joo = 27\ Ly (Co+Cy)

The sensitivity of frequencies to the capacitance of the IDE
sensor can be judged by the derivative of the frequencies
to Cs.

(10)
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The derivatives of the four frequencies to the Cs are

df 1 [1 [ ¢c T 2
s o —(i-i-co) —gz (11)
dCy 4 Cs +Cq (Cs+Cg)
d
Yo _ (12)
dCq
dfps -1 1 3

= Co+Co+C 13
ac. L, (Cq+Co+Cy) (13)
dfyy -1 |1 S
—— = — [ —(Co+C5)2 . 14
AC, ~ an Ll( 0o+ Cs) (14)

Formula (12) indicates that f;p is not sensitive to Cs.
Therefore, (11), (13), and (14) need to be compared.

First, compare (13) with (14). Because of existence of
(Cq + Co + Cs) > (Co+ Cy), we can get

d d
abs ﬁ < abs ﬂ .
dC, dC,

Second, compare (11) with (14). It is difficult to compare
the two formulas intuitively. The limit of dfs/dCy when Cg
approach infinity will be

= —\/7((30 C)
abs (df”) < abs (dfpp) .
dcC, dC,

It can be seen from (15) to (17) that the parallel resonance

frequency of the Coil-IDE parallel topology circuit (fpp) has
the maximum sensitivity to the sensing capacitance (Cy).

5)

iy s
Cy—o00 dCy

fPP

(16)

Therefore,

a7

C. Regulatory Effects of Electronic Parameters on the
Sensitivity of the Parallel Resonance Frequency of
Coil-IDE in Parallel Topological Structure

In the previous part, it can be noted that f,, has the highest
sensitivity. Next, the regulatory effects of electronic parameters
on the sensitivity of fpp will be analyzed.

First, the influence of the inductance value of the coil will be
analyzed. Formula (10) shows that the smaller the inductance,
the higher the sensitivity. For the same capacitance variation,
the relationship between the frequency variation of inductance
L1y and inductance Ly is K12 = «/L12/L11.

Second, the influence of the capacitance value of IDE
sensor will be analyzed. Formula (10) shows that the smaller
the capacitance, the higher the sensitivity. For the same
capacitance variation, the relationship between the frequency
variation of capacitance Cs; and inductance Csp is Kpp =
V(Cso + Cp)/(Cs1 + Co). Considering that Cy < Cyo,
Co < Cy1. It will be Kyp ~ /Cy,/Cy.

After the above analysis, in Section III, an experiment with
the Coil-IDE humidity sensor will be applied to verify the
presented results.

5). Characteristic Parameters

O O
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3). Data
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Fig. 4. Schematic of the experimental platform.

[1l. EXPERIMENTAL PLATFORM AND SENSORS
In this experiment, we would like to first verify the influence
of the Coil-IDE topological structure on frequency sensitivity.
Then, the regulatory effect of inductance parameters and
capacitance parameters on the frequency sensitivity of the
sensor will be discussed. Finally, the performance of the
sensor, including sensitivity, humidity reciprocation, time

repeatability, and response/recovery time, will be tested.

A. Experimental Platform

The schematic of the experimental platform is shown in
Fig. 4. It contains five parts: humidity variation generation,
humidity sensor, data measurement, data feature extraction,
and characteristic parameters.

1) Humidity Variation Generation: The humidity variation is
generated by the saturated solution [7], [16]. The saturated
solutions are K»SO4, KCl, NaCl, NaBr, MgCl,, and LiCl,
respectively. The fixed humidity points produced by the
saturated solutions are 97.3%, 84.3%, 75.3%, 57.6%, 32.8%,
and 11.3% at 25°, respectively. The experiment was carried
out at room temperature (about 25°).

2) Humidity Sensor: Humidity sensing is realized by the
effect of humidity on the capacitance of IDE. Resonance can
improve the sensitivity and signal-to-noise ratio of the sensor
information extraction. Therefore, LC resonance is used to
extract the variation of the IDE sensor in this article. It includes
two topologies: Coil-IDE in series and Coil-IDE in parallel.

3) Data Measurement: The sensor signal will be shaped
by the conditioning circuit and measured by the VNA. the
magnitude-frequency response of the forward transmission
coefficient ($21) will be measured as raw data.

4) Data Feature Extraction and Characteristic Parameters:
The series resonance frequency (f;) and parallel resonance
frequency (f,) will be extracted for the magnitude-frequency
curve of S21. The series resonance frequency (fy) is the
maximum point of the magnitude-frequency curve. The
parallel resonance frequency (f)) is the minimum one [24].

5) Characteristic Parameters Data: It contains four kinds
of characteristic data: the series resonance frequency of the
Coil-IDE series topology circuit ( fgs), the parallel resonance
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IDE sensor

giiduction coil

Fig. 6. Flexible humidity sensor of Coil-IDE in parallel.

frequency of the Coil-IDE series topology circuit (fsp), the
series resonance frequency of the Coil-IDE parallel topology
circuit (fps) and the parallel resonance frequency of the Coil-
IDE parallel topology circuit ( fpp).

B. Sensor Fabrication

In order to compare the frequency sensitivity of series
and parallel topology, we fabricated the separation devices of
inductance (coil) and IDE. The humidity response of Coil-
IDE with series topological structure and parallel topological
structure will be measured, respectively. The printed circuit
board (PCB) coil and IDE sensor are shown in Fig. 5.

In order to study the regulatory effect of inductance on the
frequency sensitivity, two types of inductors are fabricated and
shown at the bottom of Fig. 5. The inductances of the two
inductors are 0.2 and 1.02 uH, respectively.

In order to study the regulatory effect of capacitance on
the frequency sensitivity, two types of Coil-IDE sensors are
fabricated and shown in Fig. 6. The IDEs of the sensors are
15 and 20 fingers respectively. The parameters of the IDE
sensors are: width of the finger is 150 um, the space between
fingers is 150 pum, the length of the finger 7 mm, and the
distance between the two electrodes is 130 um.

The space and length of lead wire will caused distributed
capacitance [19]. Considering that the lead spacing is difficult
to maintain high-precision consistency in separate devices,
we integrate coil and IDE together and adopt the same coil
parameters and lead parameters. In addition, the parameters of
the coils are: the radius is 10 mm, the number of turns is 3.5,
and the wire diameter is 0.2 mm.

C. Sensitive Material of Humidity
In this article, cellulose nanocrystals (CNCs) and polyvinyl
alcohol (PVA) are used as the humidity-sensing materials [31].
The PVA liquid was purchased in Deli Group Company
Ltd., China. The CNCs powder was prepared by sulfuric acid

acidified microcrystalline cellulose (MCC) according to our
previous report [31]. Dispersed 90 mg of CNCs powder in
30 mL of deionized water by magnetic stirring for 30 min,
and then sonicated for 2 h to form a stable CNCs suspension
with a concentration of 3 mg/mL. First, it deposits a layer of
PVA on the surface of IDE and lets it to dry naturally for
6 h. Second, it deposits 10 mL. CNC on the surface of the
PVA and dries it naturally overnight to form the humidity-
sensitive film. All materials were used directly without any
further processing.

IV. RESULTS
In this section, the four frequencies of the Coil-IDE series
structure [in Fig. 3(a)] and parallel structure [in Fig. 3(b)] will
be compared, and the sensitivity of the four frequencies will
be discussed.

A. Frequency Sensitivity Comparison of Coil-IDE Series
and Parallel Topology Structure

In this experiment, the coil is a PCB coil with 1.02 uH
shown in Fig. 5. The IDE sensor is also shown in Fig. 5.

First, the fss and f;, of the Coil-IDE series structure were
measured. The Mag of S21 as a function of humidity in the
Coil-IDE series topological structure is shown in Fig. 7(a).
As can be seen from the Fig. 7(a), fys varies with humidity,
while fip has less variation. The data of fis and fgp is shown
in Table I.

Second, the f,s and fpp, of the Coil-IDE parallel structure
were measured. The Mag of S21 as a function of humidity in
Coil-IDE parallel topological structure is shown in Fig. 7(b).
The data of fss and f;p is shown in Table I.

Third, the data in the Table I is converted into frequency
variation and visualized. The frequency shift trimmed by
humidity levels for the four frequencies are shown in Fig. 7(c).

In Fig. 7(c), the frequency shift of f;, shows a straight line,
and the variation of fg, in Table Iis less than 0.12 MHz. This
is consistent with the (12), which predicts that the sensitivity
of fsp approaches 0.

The maximum frequency shifts of the other three frequen-
cies are Afss = 4.97 MHz, Af,s = 0.75 MHz and Af,, =
10.87 MHz. Ay, is about 14.49 times of A fp,s. The frequency
sensitivity of fpp is greater than that of fps, which is in line
with the expectation of (15).

A fpp is about 2.19 times of A fs. The frequency sensitivity
of fpp is higher than that of fs, which is consistent
with the (17).

Therefore, it can be found that the parallel resonance
frequency of the Coil-IDE parallel topological structure has
the maximum frequency sensitivity because this frequency is
only regulated by the sensor capacitance.

B. Humidity Hysteresis and Response/Recovery Time
The humidity hysteresis effect is also tested in this
article, where the humidity hysteresis effect is the repeata-
bility capability of the sensor to humidity reciprocation.
Chen et al. [22] mentioned that humidity hysteresis is defined
as the ratio of the maximum difference between the adsorption
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Fig. 7. Regulatory effect of humidity on frequency sensitivity in Coil-IDE series and parallel topological structure. The Mag of S21 as a

function of humidity in Coil-IDE (a) series topological structure and (b) parallel topological structures. (c) Frequency shift regulated by humidity
levels.
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Fig. 8. Humidity hysteresis and response/recovery time. (a) Humidity hysteresis effect. (b) Response/recovery time. (c) Response/recovery time

in detail.

and desorption response curves to the full response of the
sensor. In this paper, the flexible sensor with 15 fingers
IDE, as shown in Fig. 4 is selected to test the humidity
hysteresis effect. The humidity hysteresis curves are shown
in Fig. 8(a). The sensor is the flexible humidity sensor of
Coil-IDE in parallel in Fig. 6. And the IDE is 15 fingers.
The order in which the sensors are placed is: adsorption:
K>S0O4 —KCl—NaCl—NaBr—MgCl, —LiCl; desorption:
—MgCl, —NaBr—NaCl—-KCl—-K,SO4. The maximum
difference between the adsorption and desorption is 0.88 MHz
at 84.30%RH, and according to the humidity hysteresis, it
is 1.09%RH, which is smaller than that of most previous
works [22].

The main limitation of the proposed sensor is the poor
response/recovery time. The response/recovery time is defined
as the time required humidity sensor to achieve 90% of
the total frequency shift. The time response of the proposed
Coil-IDE sensor is shown in Fig. 8(b). Fig. 8(c) is the
detail of Fig. 8(b). It can be seen from Fig. 8(c) that the
response/recovery time of the sensor is 165/25 s. Compared
with [17], this response/recovery time is poor and may be
caused by the different adsorption rates of humidity-sensitive
materials [32].

V. DISCUSSION

In the above section, experiments show that the parallel
resonance frequency of the Coil-IDE parallel topological

structure (fpp), rather than the series resonance frequency
of the Coil-IDE series topological structure (fgs), has the
maximum frequency sensitivity. Considering that the fi is
often adopted as characterization frequency in practice by
colleagues, it is necessary to study the reason why fp, has
higher sensitivity.

The topological circuit analysis in Section II indicates that
the inevitable distributed capacitance changed the topological
circuit of LC resonator, and the expression of the resonance
frequency has been changed. The series resonance frequency
is not only trimmed by the sensing capacitance but also by the
distributed capacitance. On the contrary, another characteristic
frequency, the parallel resonance frequency, is only trimmed
by the sensing capacitance. Therefore, the parallel resonance
frequency has higher frequency sensitivity.

In this section, we will discuss whether the experiments
conform to the above theoretical expectation. First, the
regulatory effect of lead capacitance on the parallel resonance
frequency and series resonance frequency will be discussed.
Therefore, whether the distributed capacitance changes the
circuit topology and frequency expression will be verified.
Second, the regulatory effect of parameters (including Ci
and L;) on the parallel resonance frequency of the Coil-
IDE parallel topological structure (fpp) has been discussed,
in order to facilitate the possibility of predict the sensitivity
through (10). Therefore, our opinion that the parallel resonance
frequency rather than the series resonance frequency is only

Authorized licensed use limited to: University of Electronic Science and Tech of China. Downloaded on May 04,2023 at 01:33:40 UTC from IEEE Xplore. Restrictions apply.



LIU et al.: FREQUENCY SENSITIVITY ANALYSIS OF COIL-IDE RESONANCE TOPOLOGY CIRCUIT

9425

Ry { Adjustable Capacitor

0 i 4

PCB Coil with 1.02 uH !

Fig. 9. Physical diagram of the circuit in the experiment of the regulatory
effect of C; on frequencies.
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Fig. 10. Regulatory effect of C; on frequencies. (a) Mag of S21 as a
function of an adjustable capacitor. (b) Frequency shift as a function of
an adjustable capacitor.

trimmed by the sensing capacitance will be further verified.
Finally, the humidity sensitivity of the sensor in this article
will be summarized.

A. Regulatory Effect of Series Capacitance on the
Parallel Resonance Frequency and Series Resonance
Frequency

It is generally agreed in the field of a piezoelectric crystal
that the series resonance frequency can be described as
1/2n JLC. Our research, however, found that this viewpoint
is not suitable for the electronic topology of the Coil-IDE
resonant circuit. As described in (5), the series resonance
frequency is regulated not only by the parallel capacitance
C, but also by the series capacitance C,.

Furthermore, it is the parallel resonance frequency only
regulated by the parallel capacitance C, and can be described
as 1/2m /L1 Cy. Therefore, a circuit with structure as in Fig. 1
is designed to support the proposed viewpoint.

The physical diagram of the circuit in the experiment is
shown in Fig. 9. In this circuit, Cy, is the value of adjustable
inductance and grounding capacitance in series, the L is the
PCB coil with the inductance value of 1.02 uH, the Cy is a
chip capacitor with a capacitance of 10 pF.

The response of amplitude-frequency-curves to adjustable
capacitor is shown in Fig. 10(a), and the frequency shift
of series resonance frequency (f;) and parallel resonance
frequency (fp) to the variation of adjustable capacitor is shown
in Fig. 10(b). It can be found that adjustable capacitor (series
capacitance) has an obvious regulatory effect on f;, and less
regulatory effect on f),.

Those data are given in Table Il. The Cr, fy, and f),
is measured by the method in reference [19] based on the
VNA. The standard deviation (STD) of f; is 146.90%,
and the STDs of f, is 0.45%. Those STDs indicate that
the parallel resonance frequency (f,) only regulated by

TABLE |
REGULATORY EFFECT OF HUMIDITY ON FREQUENCY SENSITIVITY IN
CoOIL-IDESERIES AND PARALLEL TOPOLOGICAL STRUCTURE

Relative
Humidity  fu(MHZ) — fyy(MHz)  fyo(MHz)  fp (MHZ)
(()ORI{)
11.3 28.53 48.28 15.87 55.62
32.8 28.51 48.26 15.87 55.25
57.6 28.48 48.27 15.87 54.12
75.3 28.08 48.29 15.87 52.62
84.3 27.15 48.35 15.50 50.00
97.3 23.56 48.38 15.12 44.75
TABLE Il

REGULATORY EFFECT OF C; ON FREQUENCIES

C.(pF) Js (MHZ) Jp (MHz)
51.57 20.07 48.99
63.82 18.34 49.00
69.20 17.71 49.00
75.73 17.02 49.00
84.96 16.19 49.00

the parallel capacitance Cy and not regulated by the series
capacitance Cg. Therefore, it can be conclusion that, for Coil-
IDE resonant circuit, it is the parallel resonance frequency (f))
can be described as 1/27+/L1Cy and not the series resonance
frequency (f5).

Considering that the parallel resonance frequency is
regulated by lesser capacitance, if the IDE capacitance sensor
is parallel with the coil, the sensing capacitance will have
higher frequency sensitivity to sensing capacitance variation,
although this viewpoint is opposite to the field of quartz
crystal.

B. Regulatory Effect of L1 on the Frequency Sensitivity

In order to study the regulatory effect of the inductance
value L on the variation of parallel frequency of Coil-IDE
parallel structure (fpp), two kinds of inductance value coils
(1.02 and 0.2 pH) was fabricated. The inductance value
is measured by the method in [19]. The two inductances
that connect the same IDE, respectively. Their response
of amplitude-frequency curves to humidity are shown in
Fig. 11(a) and (b) respectively.

The frequency shift trimmed by humidity levels under
different inductances is shown in Fig. 11(c). In addition, the
data of f,, in Fig. 11(a) and (b) are shown in Table IIL

In Table III, the K is defined as

fPP |L| =1.02,humidity=H;

1n= (18)

fPP |L|:0.2,humidity:Hi
where, fpp| Ly=x humidity—FH; is the frequency shift generated
by the same humidity H;, when the capacitance of the IDE
Sensors is x.

At the max humidity of 97.3%, the f,, are
fpp‘L1=1.02,humidity=97‘3% = 44.75(MHz)  and
Fopl 02 humidiy=073% = 8547 (MHz), respectively.

In this moment, the Kq; is 0.52.
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Fig. 11. Regulatory effect of coil inductance on frequency sensitivity in Coil-IDE parallel topological structure. The Mag of S21 as a function of

humidity when the coil inductance is (a) 1.02 and (b) 0.2 uH. (c) Frequency shift trimmed by humidity levels under different coil inductance.

TABLE IlI
REGULATORY EFFECT OF COIL INDUCTANCE ON
FREQUENCY SENSITIVITY INCOIL-IDE PARALLEL
TOPOLOGICAL STRUCTURE

Relative Jop (MHz) Error relative to
Humidity L= L= Ky Sformula (10)
(% RH) 1.02(uH)  0.2(uH) prediction

11.3 55.62 107.95 0.52 14.06%
32.8 55.25 107.22 0.52 14.07%
57.6 54.12 105.05 0.52 14.05%
75.3 52.63 101.43 0.52 14.66%
84.3 50.00 97.80 0.51 13.39%
97.3 44.75 85.47 0.52 15.43%

It can be predicted from (10) that the value of K; should
be the square root of the ratio of the two inductances under
arbitrary humidity. Therefore, the predicted value of Ki;
would be K1, = 4/0.2/0.02 = 0.44.

Compared with the data of Kj; in Table III, the error
between Ki; and Ki, is about 13.39% to 15.43%. The low
error between K1; and Ki, shows a qualitative significance
of (10) to predict the frequency sensitivity regulated by the
parallel inductance.

C. Regulatory Effect of Cy on the Frequency Sensitivity

In order to study the regulatory effect of the capacitance
value C1 on fpp, two kinds (15 and 20 fingers) of capacitance
value IDE sensors were fabricated. The IDE sensors are
parallel with the coil, which has the same geometric
parameters. The capacitance value of the two IDE is measured
by the method in [19]. The measured capacitance values of
IDE without sensitive materials add the windings capacitance
of the coil are 0.63 and 0.80 pF, respectively.

The response of amplitude-frequency-curves to humidity
are shown in Fig. 12(a) and (b), respectively. The frequency
shift trimmed by humidity levels under different IDE sensors
is shown in Fig. 12(c). In addition, the data of fp, in
Fig. 12(a) and (b) are shown in Table IV.

In Table IV, the K5 is defined as

Joe | € =0.80,humidity=H;

21 = (19)

fPP | C1=0.63,humidity=H;

TABLE IV
REGULATORY EFFECT OF IDE CAPACITANCE ON
FREQUENCY SENSITIVITY INCOIL-IDE PARALLEL
TOPOLOGICAL STRUCTURE

Relative Jop (MHz) Error relative to
Humidity Ky Sformula (10)
(% RH) 15 fingers 20 fingers prediction

11.3 88.60 80.24 0.91 9.16%
32.8 88.12 80.01 0.91 8.88 %
57.6 87.17 79.36 0.91 8.59%
75.3 84.80 77.16 0.91 8.65%
84.3 81.00 74.08 0.91 8.09%
97.3 69.12 63.52 0.92 7.57%

where, fPIf|C1=x,humi dity=H; 13 the fr.equency generated by the
same humidity H;, when the capacitance of the IDE sensors
is x.

At the max humidity of 97.3%, the f,, are
Jopl €1=0.80, humidity=97.3% = 63.53 (MHz)  and
Sop €1=0.80 humidity=97.3% = 69.12 (MHz), respectively.

In this moment, the K5; is 0.92.

It can be predicted from (10) that the value of Kpj
should be the square root of the ratio of 0.63 and 0.80 pF.
Therefore, the predicted value of Kj; should be Ky =~
4/0.63/0.88 = 0.89. If the capacitance ratio is replaced by the
ratio of the fingers of the IDE, then the predicted value will
be K}, ~ /T5/20 = 0.87.

Compared with the data of K»; in Table IV, the error
between K»; and Kjp; is about 7.57%-9.16%. The low error
between K7; and Ky, shows a qualitative significance of
(10) to predict the frequency sensitivity regulated by the
capacitance value of the IDE sensor.

D. Frequency Sensitivity Comparison

High humidity sensitivity is achieved in this article.
The achieved sensitivity is shown in Table V. The flexible
Coil-IDE with 15 fingers has the highest humidity sensor.
It is 2556.43 ppm/%RH (0.23 MHz/%RH) with a range of
11%-97% and working frequency of 88.60 MHz. This result
is reached the performance of [1].

Further more, eliminating low humidity points, the
proposed Coil-IDE humidity sensor obtained a sensitivity
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Fig. 12. Regulatory effect of IDE capacitance on frequency sensitivity in Coil-IDE parallel topological structure. The Mag of S21 as a function of
humidity when the IDE is (a) 15 and (b) 20 fingers. (c) Frequency shift trimmed by humidity levels under different IDE capacitance.

TABLE V
ACHIEVED SENSITIVITY
Sensitivity RH Operating
Type Range requenc,
P MHZ/%RH — ppm/%RH (%;g % (@HZ ) Y
0.20 uH PCB 0.26 2421.44 11-97 107.95
1.02 uH PCB 0.13 2272.48 11-97 55.62
15 fingers flexible 0.23 2556.43 11-97 88.60
15 fingers flexible 0.29 3342.86 32-97 88.60
20 fingers flexible 0.19 2430.23 11-97 80.24

of 3342.86 ppm/%RH (0.29 MHz/%RH) with a range of
32%-97% and working frequency of 88.60 MHz.

VI. CONCLUSION AND FUTURE WORK

In this article, the frequency sensitivity of the Coil-IDE
resonant topology circuit has been analyzed through the
proposed inverse transformation of the equivalent conversion
between Coil-IDE resonant topological circuits and the
piezoelectric crystal topology circuit. First, the formula of
the resonance frequencies under different integrated topologies
of Coil and IDE is proposed. Second, the sensitivity of the
resonance frequencies of the Coil-IDE integrated sensor under
different topological structures is compared mathematically.
Then, the frequency sensitivity is compared by a humidity-
sensing application of the Coil-IDE sensor through different
integrated topologies and parameters. Finally, the following
conclusions can be drawn.

1) The inverse transformation of the equivalent conversion
between the Coil-IDE resonant sensor topology circuit
and the piezoelectric crystal topology circuit is proposed
in (4). Through this inverse transformation, four fre-
quency expressions representing the Coil-IDE topology
structure in series and parallel are proposed, respectively.
The coil winding capacitance and grounding capacitance
has been considered in those formulas, which is more
conducive to high-frequency applications.

2) The sensitivity of four frequencies to IDE capacitance
variation was analyzed. It is found that parallel
resonance frequency of Coil-IDE parallel topological
circuit (fpp) has the highest frequency sensitivity.
Coil-IDE humidity sensor experiments show that the

frequency shift of f,, trimmed by humidity variation
is 2.19 times higher than that of the series reso-
nance frequency of the Coil-IDE series topological
circuit ( fsg).

3) The regulatory effects of inductance and capacitance
parameters on the sensitivity of fp, to IDE capacitance
variation is in line with the expectation of the proposed
(10) in high humidity. The ratio of frequency shifts
of fpp using 1.02 and 0.2 uH inductance is about
0.48, which is close to the square root of inductance
ratio (0.44); The ratio of frequency shifts of fp,
using 0.63 and 0.80 pF capacitance (corresponding to
15 and 20 interdigital IDE) is about 0.86, which is close
to the square root of capacitance ratio 0.89. The error is
as low as 7.57% in high humidity.

4) Based on the proposed regulation mechanism of
topology circuit and parameters on sensitivity, a higher
sensitivity was obtained. The proposed Coil-IDE humid-
ity sensor shows a high sensitivity of 0.29 MHz/%RH,
3342.86 ppm/%RH in the humidity range of 32%-97%.

5) The main limitation of the proposed sensor is the poor
response/recovery times. The response/recovery times of
the sensors is as long as 165/25 s.

Future work will focus on the miniaturization of the signal

processing system and its application in distributed monitoring
of indoor humidity in civil buildings and smart homes.
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