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Abstract — A high-precision multiple parameter mea-
surement sensor based on constitutive parameters near-
zero (CPNZ) media has been proposed, which can
effectively and accurately predict changes in tempera-
ture and relative humidity simultaneously and indepen-
dently. The dual-channel microwave sensor is composed
of a double doping CPNZ substrate integrated waveg-
uide (SIW) cavity, which has the capability to predict
different parameters independently. A multi-input and
multi-output model is constructed to improve the mea-
surement accuracy by training back propagation (BP)
neural network. The relative error of the predicted tem-
perature is smaller than 1.3%, with mean square error
(MSE) of £0.15. The relative error of the predicted rela-
tive humidity is smaller than 8.74%, with MSE of £0.1.
The multiple parameter sensor based on CPNZ materi-
als offers a promising platform for multiple parameter
sensing research, providing essential technical support
and infrastructure for the development of fields like the
Internet of Things, intelligent manufacturing, and smart
cities.

Index Terms — BP neural network, constitutive parame-
ters near-zero media, high precision, microwave sensor,
multiple parameter measurement.

L. INTRODUCTION

Sensors have found wide application across vari-
ous industries [[1-3], healthcare [4H5]], automobiles [6-
7Il, aerospace [8H9], and other fields. Traditional sensors
suffer from a limitation as they can only measure specific
physical quantities, such as temperature [10H11]], humid-
ity [12H14]], or pressure [[15H16]. In scenarios where mul-
tiple parameters need measurement, employing multiple
sensors in conjunction becomes necessary [[17H18]]. This
not only compromises measurement accuracy but also
significantly increases system complexity and measure-
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ment costs, leading to an underutilization of sensor func-
tionalities and benefits. Multiple parameter sensors offer
a solution by simultaneously measuring multiple dif-
ferent physical quantities, leading to accurate, compre-
hensive, and cost-effective measurements. They reduce
testing costs and time, facilitating automated data col-
lection and analysis. Furthermore, the advancement of
multiple parameter sensors has provided essential tech-
nical support and infrastructure for the development of
fields like the Internet of Things, intelligent manufactur-
ing, and smart cities.

One approach to achieve multiple parameter sensing
involves using multiple resonators [19]. These sensors
exhibit high accuracy. However, the system is complex
and large. Another approach is to use multiple physical
quantities (i.e. resonant frequency shift, quality factor) of
a single resonator to detect multiple parameters simulta-
neously [20]. However, non-negligible coupling between
the multiple parameters results in limited measurement
accuracy and measurement range [19H20]]. Therefore,
conducting further research on multiple parameter sen-
sors that offer high precision, independent and real-time
measurement, integration, and low costs is of significant
importance.

Microwave measurement technology has gained
prominence in the field of complex permittivity mea-
surement due to its advantages, such as high integra-
tion, measurement accuracy, and real-time performance
[21]. One example of this is the use of a resonant sen-
sor based on the improved complementary split ring
resonator (CSRR) to simultaneously measure changes
in complex dielectric constant and complex permeabil-
ity [22]]. To ensure reliable results in scientific research
and production, achieving the necessary measurement
accuracy is essential in various microwave measure-
ment technologies. Metamaterials, which are artificial
electromagnetic structures composed of subwavelength
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resonators, exhibit novel electromagnetic characteris-
tics and find applications in sensing, antennas, stealth
technology, and other fields [23H25]). Constitutive param-
eters near-zero medium, including relative permittiv-
ity near-zero and relative permeability near-zero media,
has unique electromagnetic control characteristics and is
utilized in material characterization, sensors and other
fields [26-29]]. Such media has been used in high sen-
sitivity sensors, with its field enhancement property. For
instance, a double-layer relative permeability near-zero
media sensor composed of microstrip lines and metal
strips with metal through-holes has been employed for
testing magnetic dielectric materials. Although this sen-
sor exhibits minimal measurement error, it suffers from
positioning errors that significantly impact measurement
of the relative dielectric constant of the sample [29].
Additionally, the substrate-integrated (SI) photon dop-
ing method enables the realization of near-zero medium
in printed circuit design, providing potential applica-
tions in material characterization and sensing [30]. Meta-
materials also provide a broad platform for studying
relative permittivity near-zero media [31]. For exam-
ple, a multi-tunnel relative permittivity near-zero media
based substrate integrated waveguide (SIW) cavity cou-
pled with a conical microstrip line forms a dual tun-
nel sensor that demonstrates more than 95% accuracy in
measuring dielectric constants of radome, flat substrate,
and building materials [31]]. Previous sensors are based
on relative permittivity near-zero or relative permeabil-
ity near-zero media. Constitutive parameters near-zero
(CPNZ) medium is a special medium with an equiva-
lent relative permeability of zero for the entire structure,
which uses relative permittivity near-zero material as
the host medium and non-magnetic medium as doping.
Since sensors based on CPNZ materials possess superior
sensing characteristics, exploring and developing mul-
tiple parameter sensors based on CPNZ materials hold
promising prospects in the field of sensing technology.
In this paper, the study focused on the theoretical
research of multiple parameter CPNZ media and intro-
duced a high-precision dual-channel microwave sensor.
The sensor is designed to address scenarios where multi-
ple parameters change independently at the same time.
To verify its dominant performance, an experiment is
conducted, which is based on the fundamental princi-
ples that temperature changes with the relative permittiv-
ity of distilled water [26] and relative humidity changes
with the relative permittivity of polyimide materials [27].
A neural network is introduced to the multiple-input
multiple-output sensor to improve the accuracy of mea-
suring environmental temperature and relative humidity.
The obtained results clearly demonstrate that the mul-
tiple parameter CPNZ medium sensor effectively and
accurately predicts both temperature and humidity of the

LI, MAO, ZHOU: HIGH PRECISION MULTIPLE PARAMETER MEASUREMENT SENSOR

environment concurrently. These findings highlight the
potential of a sensor for practical applications in various
fields where multiple parameters need to be measured
with high precision and independence.

II. THEORY OF CPNZ MEDIA SENSOR

A. Sensor performance improvement based on CPNZ
media

The field enhancement property of near-zero media
is highly sensitive to small changes in the material,
enabling the measurement of the complex dielectric con-
stant of material. The measurement principle based on
near-zero medium is studied below for the first time.
According to the basic principle of near-zero medium
[32], the relationship between the magnetic field H, ()
in the doping and the magnetic field HEVZ in the relative
permittivity near-zero medium is:

H(F) = HEY y(7), (M
where W (7) is the solution of the scalar Helmholtz equa-
tion, reflecting the proportional relationship between the
doped internal field and the relative permittivity near-
zero medium midfield. By solving the scalar Helmholtz
equation [31]:

W(?):m,(ogrgrd). @

Here Jyrepresents the first class of zero-order cylin-
drical Bessel functions and &, is the wave number in the
doped medium.

It can be seen from equation (2) that the field inside
the doped medium fluctuates and reaches its strongest at
the central point (r = 0), that is, the convergence of the
magnetic field is reflected at this point [32]. Equation (2)
can effectively calculate the enhancement effect of the
incident field in the embedded medium in the structure.
The integral of the tangential component of the exter-
nal radiated electric field of the relative permittivity near-
zero structure along the edge loop of the relative permit-
tivity near-zero medium is equal to the total magnetic
flux of the entire structure cross-section [32]]. When the
tangential electric field at the edge of the relative permit-
tivity near-zero medium is large, it results in a significant
total magnetic flux in the entire structure cross-section,
leading to an effective internal magnetic field enhance-
ment effect.

By designing the size of the doping material rea-
sonably, the relative permeability of the original host
medium is modified while ensuring the relative permit-
tivity is close to zero. What is more important, the port
impedance of the CPNZ structure based on the rela-
tive permittivity near-zero media matches the free-space
impedance, ensuring that the field of the CPNZ is consis-
tent with the external radiation field. As a result, 100%
transmission can be achieved, regardless of the area of
the CPNZ region, as long as the width of the incident
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and exit ports of the waveguide is the same. Therefore,
sensors based on CPNZ materials exhibit both excellent
sensing performance and industrial applicability.

B. Multiple parameter sensor based CPNZ media

When doping is added to the relative permittivity
near-zero medium, the cross-sectional area of each dop-
ing changes. The relative permittivity near-zero back-
ground is unchanged, and the equivalent relative dielec-
tric constant is not affected. The equivalent permeability
of the host is regulated by a single or multiple doping,
with each doping causing a change in the permeability.
The response of the relative permittivity near-zero cavity
loaded with double doping is analyzed when dielectric
cylinders with the same relative permittivity of €,; and
radius of ry are selected as dopants in this paper. The for-
mula of equivalent relative permeability can be obtained
as follows:

n

1% k2 J] (kdrs) _ 1]’ (3)
d=1 ars Jo(kary)
where A is the cross-sectional area of the different dop-
ing medium, A is the cross-sectional area of the relative
permittivity near-zero medium, k;=¢,4(®/c)?, and c is
the propagation velocity in vacuum.

According to the special solution of the first kind of
Bessel function, equation (3)) can be simplified to:

1 1
)=1]. @

n
Ag
yorr=1 N G
Here, 1, is the approximate value of lss. Substituting
kg into equation (@):

Mrefr =1+

_ LAy 4 1
Hr_eff = 1"’(1;1 A [aﬂrszgrd 2} (5)
For the multiple doping relative permittivity near-zero
structure, the resonant phenomenon can be seen when
Jo(kqrs)=0 in equations @) and (3), as long
as each doping can meet the resonant requirements
kdrs:(%)%,drs ~ 2v/2 in the paper. For multi-doped
relative permittivity near-zero media, the dielectric con-
stants of doping are different, but the corresponding res-
onant frequencies are different when each doping meets
the resonant conditions. It can be demonstrated that the
resonances of the two channels are only related to param-
eters &4 and ry, that is, there is no coupling between
the two frequencies. A multi-parameter CPNZ sensor is
designed based on the characteristics that each channel
of multi-doped relative permittivity near-zero medium
does not affect each other.

II1. DESIGN AND SIMULATION OF CPNZ
SENSOR
A. Multiple parameter CPNZ sensor
In order to verify the rationality of multi-parameter
sensors based on CPNZ, a double-doped CPNZ mate-
rials structure is first designed. The dimensions of the
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relative permittivity near-zero cavity h=5 mm, /=80 mm
are set, and its calculated theoretical cut-off frequency
fpis 5.45 GHz. The double doping CPNZ medium sen-
sor is designed when equation (T)) is equal to zero. The
relative permittivity of the two doped cylinder &, is
92 and radius r; is set to 2.33 mm. Furthermore, the
CPNZ cavity is simulated by a rectangular air waveguide
operating near the cutoff frequency of the TE;o mode.
Figure ] (a) is the three-dimensional structural diagram
of the proposed dual-doped CPNZ medium microwave
sensor, which combines the rectangular air waveguide
and two SIW cavities. The dielectric substrate of the sen-
sor is F4B, its relative permittivity is 2.65, and loss tan-
gent is 0.002. The length L of the whole structure is 213
mm, width W is 35.6 mm, and height / is 5 mm. The rect-
angular air waveguide is the CPNZ body and its length /
is set to 80 mm and width w is 27.5 mm. The two SIW
cavities are introduced as excitation for the CPNZ body
to achieve normal propagation of electromagnetic waves.
Figures |I| (b) and (c) show top view and side view of
the CPNZ sensor. The sensor is excited by coaxial line,
where the inner conductor of the coaxial line is embed-
ded inside the SIW cavity. The excitation position is indi-
cated by the dashed line in Figs. |I| (a) and (b).

Dielectric

L—»x
.1-4|;‘ o Dop.i:].g............,

(b) (c)
Fig. 1. (a) Structural diagram, (b) top view, and (c) side
view of double-doped CPNZ media sensor.

Figure |Z| (a) shows the transmission coefficients of
the CPNZ structure, and it can be seen that its reso-
nant frequency is 5.45 GHz which is coincident with the
theory frequency. The electric and magnetic field distri-
butions of the CPNZ structure at 5.45 GHz are shown in
Fig.|2| (b). It can be seen that the electric field is mainly
concentrated on the edge of the doped cylinder, while the
magnetic field is mainly concentrated on the inside of
the doped cylinder. Such field enhancement will lead to
high sensitivity of the sensor to small changes in ambient
dielectric change. Figure [2] (¢) shows the magnetic field



phase distribution. The magnetic field phase distribution
is uniform at the resonant frequency, that is, the equiv-
alent relative permittivity and equivalent relative perme-
ability of the doped CPNZ cavity are both zero, which is
the medium characteristics of CPNZ [32].
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Fig. 2. Double-doped CPNZ media sensor: (a) transmis-
sion coefficients, (b) electric field distribution and mag-
netic field distribution at 5.45 GHz, and (c) magnetic
field phase distribution at 5.45 GHz.

To achieve simultaneous measurement of multiple
parameters, the double-doped sensor has been improved.
Firstly, two cylinders are hollowed out and doped in the
middle, and then two holes are etched on both sides of
the medium substrate to facilitate the placement of the
materials to be tested later. The improved dual-channel
sensor structure is depicted in Fig. 3] (a). Due to pro-
cessing technology limitations, a wall thickness of 0.33
mm is selected. The transmission coefficient of the dual-
channel sensor without any material loaded is shown
in Fig. [3] (b), where a transmission peak at 5.1 GHz is
observed. The frequency change of transmission coeffi-
cient is determined by a combination of the doped area
and the doped dielectric constant. After digging holes,
the cross-sectional area of doping A; becomes smaller,
leading to a reduction in the equivalent permeability.
In this case, the effect of area change is greater than
the effect of equivalent dielectric constant, resulting in
a red-shifted frequency after hollowing out the doping
material. The electric field mainly concentrates on the
edges of the two doped cylinders, while the magnetic
field mainly concentrates on the interior of the cylinders,
as shown in Fig. E] (c). The local concentration of elec-
tric and magnetic fields is conducive to the ability of the
sensor to detect multiple parameters simultaneously.

From equation (@), it is evident that when the two
dopings have the same shape but different equivalent
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Fig. 3. (a) Structural diagram of a two-channel sensor
(the upper metal is hidden), (b) transmission coefficients
S21, and (c) electric field distribution and magnetic field
distribution at 5.1 GHz.

E-distribution

dielectric constants, two resonant points with distinct
resonant frequencies will emerge. To verify this, two
cylindrical channels were filled with polyimide mate-
rial and distilled water, respectively, as illustrated in
Fig. @] (a). The transmission coefficients generate two
resonant frequency points at 4.74 GHz and 5.75 GHz,
as shown in Fig. ] (b). The resonant frequency point at
4.74 GHz corresponds to the channel filled with poly-
imide material. Similarly, the resonant frequency point at
5.75 GHz corresponds to the channel filled with distilled
water. The electric field distribution at the two resonant
frequency points is presented in Fig. ] (c). It is evident
that the two channels do not influence each other sig-
nificantly. At 4.74 GHz, the electric field in the channel
filled with polyimide material is the strongest, whereas
at 5.75 GHz, the electric field in the channel filled with
distilled water is the strongest. As a result, the two res-
onant points remain independent of each other, which is
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Fig. 4. (a) Dual-channel sensor loaded with polyimide
material and distilled water, (b) transmission coefficients

S21, and (c) electric field distribution maps correspond-
ing to 4.74 GHz and 5.75 GHz.
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advantageous for accurately measuring ambient temper-
ature and relative humidity without interference.

B. Sensor simulation data acquisition

The detection principle of the temperature and
humidity sensor relies on the fact that the relative permit-
tivity of polyimide material changes with relative humid-
ity and the relative permittivity of distilled water changes
with temperature. During normal operation of the power
system, national regulations for power capacitors gener-
ally set the ambient temperature limit at 40°C. There-
fore, an environment temperature of 35°C is assumed.
At this temperature, the relative permittivity of distilled
water remains constant, while the relative humidity of
the environment is varied. The relative permittivity of
polyimide materials is systematically increased from 2
to 4.5 with a step value of 0.1 (total 26 sets). Trans-
mission coefficients are shown in Fig. E] (a). It can be
observed that the second resonant point almost remains
unchanged, while the first resonant point experiences a
red-shift with increasing relative permittivity of the poly-
imide material. Next, an ambient relative humidity of
68% is set and the relative permittivity of the polyimide
material constant is kept. The relative permittivity of dis-
tilled water is increased from 60 to 74 with a step value
of 1 (total 15 sets). The corresponding transmission coef-
ficients are shown in Fig. [5] (b). The first resonant fre-
quency point almost remains unchanged, while the sec-
ond resonant frequency point red-shifts with the increase
in the relative permittivity of distilled water. From the
above results, it can be seen that the dual-channel CPNZ
media sensor can effectively detect changes in temper-
ature and relative humidity, respectively, by varying the
relative permittivity of the polyimide material or distilled
water. This phenomenon also corresponds to the theory,
that is, two channels without significant interference.

Changing the relative permittivity of polyimide and
distilled water simultaneously, we obtained a total of
26x15=390 sets of transmission coefficient data by sim-

Transmission

.0 == .0
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Frequency(GHz)

Frequency(GHz)
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Fig. 5. (a) Transmission coefficients corresponding to the
relative permittivity of different polyimide materials and
(b) transmission coefficients corresponding to the rela-
tive permittivity of different distilled waters.
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ulation. Parts of the corresponding transmission coeffi-
cients are depicted in Fig.[6] It is shown that the resonant
frequency point experiences a red-shift with an increase
in the relative permittivity of the polyimide material.
Similarly, the second resonant frequency point also red-
shifts with an increase in the relative permittivity of the
distilled water. This observation confirms that the sen-
sor is capable of simultaneously measuring temperature
and relative humidity of the environment. In conclusion,
the dual-channel CPNZ media sensor demonstrates its
ability to accurately measure both temperature and rela-
tive humidity when subjected to changes in both param-
eters. The red-shift of the resonant frequency points in
Fig. [6] validates the capability of the sensor for multi-
parameter measurement, making it a promising solution
for environmental monitoring and other applications.
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Fig. 6. Transmission coefficients corresponding to the
relative permittivity of distilled water and polyimide
materials.

C. Parameter inversion based on neural network

Neural networks have proven to be effective data
processing tools in the microwave field due to their
strong nonlinear fitting capabilities. Polyimide materi-
als and distilled water data are obtained from the sim-
ulation of the S parameter of relative permittivity. To
determine the temperature and relative humidity of the
environment, an inverse problem needed to be solved.
Considering the presence of multiple independent vari-
ables and dependent variables, the authors used back
propagation (BP) neural networks as the data process-
ing tool to build a multiple-input multiple-output model,
thus improving the accuracy of measuring environmental
temperature and relative humidity [33].

The obtained sample data were used to train the
BP neural network and establish the required inversion
model. The structure of the BP neural network is illus-
trated in Fig. [/| where the first resonant frequency f



and the second resonant frequency f; from the transmis-
sion curve serve as input data, while the output data con-
sisted of temperature and relative humidity of the envi-
ronment in which the sensor was located. By employ-
ing the BP neural network and training it with the sam-
ple data, the researchers were able to create a model
that accurately predicts the environmental temperature
and relative humidity based on the input resonant fre-
quencies. The multiple-input multiple-output approach
of the neural network allowed for efficient handling of
the complex relationships between the input and output
variables, ultimately leading to improved measurement
accuracy for environmental monitoring in the microwave
field.

h Relative humidity

f Temperature

Input Hidden layer Qutput

Fig. 7. Structural diagram of BP neural network.

On the basis of 390 sets of S parameters obtained
by simulation of a dual-channel CPNZ media sensor, a
BP neural network is used to establish the relationship
between the first resonant frequency f1, the second reso-
nant frequency f», temperature and relative humidity, and
inversion. The comparison between the predicted value
and the expected value of the training set is shown in
Fig.[8](a). The results show that the predicted value is in
great agreement with the actual value. In the figure, mean
square error (MSE) represents the expected value of the
squared difference between the predicted value and the
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MSE gyyer =0.0070698 | * predicted value 0 Ryii™=0.99711 *Temperature
e B i
70 4 o B8 © 6% $ o
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9 LA = : % & : §04 ’ : - :o o'
T 50f 0 © = @ ® o0 (N [ .. .2 °
= . ® - e & o t 3 8 > & oo e
é 40 o o Q. ° :; g o © E(w f‘:,o' ‘ﬁ:&{%o * .:' 3'?‘-.'::
= = 0
P s i S8 i |8 ¥y ERVRelS
E oW B e 9 0 e 5_0_. * . :
20 8 3
RS S LSSl
10 * % 0% o o e 0.8t * . e
0 90 80 70 60 50 40 30 20 0 56 112 168 224 280 336 392
Temperature(°C) Sample number
() (b)

Fig. 8. (a) Comparison of predicted value and expected
value of the training set and (b) MSE value of the train-
ing set.
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actual value, and its calculation equation is:
n

Mw:%mem? ©6)
i=1

The smaller the value of MSE, the better the abil-
ity of the model to fit the experimental data. Figure [](b)
shows MSE values of different temperature and relative
humidity in the training set. Results show that MSE val-
ues between the predicted value and the actual value of
the BP neural network model for temperature and rela-
tive humidity are within £0.8. The coefficient of deter-
mination of temperature prediction model is 0.94629,
and the coefficient of determination of relative humid-
ity prediction model is 0.99711, indicating that the two
prediction models have a good degree of fit.

In order to verify the accuracy of the model obtained
by the BP neural network in measuring ambient temper-
ature and relative humidity, five groups of different envi-
ronmental conditions are set: relative humidity is 25%
and temperature is 45°C; relative humidity is 30% and
temperature is 50°C; relative humidity is 35% and tem-
perature is 55°C; relative humidity is 40% and tempera-
ture is 60°C; and relative humidity is 45% and tempera-
ture is 65°C.

The resonant frequencies of these five groups of test
data are extracted and inverted by the model. Compari-
son between the predicted value and the expected value
and the distribution of MSE are shown in Figs. |§| (a) and
(b). As can be seen from Fig. [J] (a), the predicted value
is in good agreement with the expected value. It can be
seen from Fig. |§| (b) that the MSE value of temperature
is £0.15 and that of relative humidity is £0.1, indicat-
ing that the model obtained by using BP neural network
training sample data has good measurement accuracy for
ambient temperature and relative humidity.

MSE gyyrr =0.0024371 Ryi= 0.87631  Ryy’= 0.99293
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= . . * Predicted value| | 5 0.10 *Temperature
£ 4 ° =
= -
= 40 : 0.05 °
E ° =
= 35 P £0.00 ¢
© F "
Z 30 - B i
oS g .
o E_
20 0.10
U -0.15
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Fig. 9. (a) Comparison of predicted value and expected
value of the test set and (b) MSE value of the test set.

Table [T summarizes the performance comparison
of the proposed sensor and other state-of-the-art multi-
parameter measurement sensors. Multiple parameters
were obtained by using two modes generated by one sen-
sor in reference [20]. However, the two modes cannot be
independently regulated.
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Table 1: Performance comparison of multi-parameter
measurement Sensors.

Ref. | Independent Relative Relative
Error Error
) (f2)
[20] No TH<4.86% | €'<0.1%
£7<2.3%
[34] Yes £'<1.5% £'<2.8%
£7<6.67% | €7<6.25%
[35]] Yes ur<1.81% Wr<8%
[36]] No £'<10% £'<10%
(371 Yes €'<5% £'<5%
[38] Yes T<2.33% RH<9%
This Yes T<1.3% RH<8.74%
work

Thickness (TH), real part of the dielectric constant (¢’), imag-
inary part of the dielectric constant (€ ”), relative permeability
(u,), temperature (T), relative humidity (RH)

Sensors in references [34-38] measure different
physical quantities by using multiple sensors, which
leads to a large system volume and difficult integration.
The operating resonant frequencies of the proposed sen-
sor are independent of each other, and measure the tem-
perature and relative humidity simultaneously without
influencing each other. Relative errors of the predicted
temperature and relative humidity are smaller than 1.3%
and 8.74%, respectively.

IV. CONCLUSION

Based on theoretical analysis of double doping,
this paper proposes a high precision CPNZ medium
microwave sensor for multi-parameter measurement.
Results show that the two-channel CPNZ media sensor
does not exhibit coupling effects between the two oper-
ating frequencies. By training the BP neural network, a
multi-input multi-output model is constructed to improve
measurement accuracy. From the testing results of five
groups of different environmental conditions, relative
errors of the predicted temperature and relative humid-
ity are smaller than 1.3% and 8.74%, respectively, indi-
cating the sensor’s high measurement accuracy and its
ability to monitor changes in multiple parameters simul-
taneously.
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