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Abstract — Microwave absorbing materials, which serve
as essential functional components, are increasingly vital
to stealth systems in military equipment. Accurate mea-
surement of the electromagnetic parameters of absorb-
ing coatings is crucial for achieving stealth effects. This
study introduces a high-precision curved microwave sen-
sor based on constitutive parameters near-zero (CPNZ)
media, which uses thickness and complex permittivity as
key test parameters. The complex permittivity and thick-
ness of several typical absorbing materials were evalu-
ated and benchmarked against other sensors. The detec-
tion limit of a CPNZ sensor for curved thickness is 0.5
mm, and the relative error of relative dielectric constant
is less than 8%. Given the material thickness and reso-
nant frequency, the relative error in the inversion of the
dielectric constant is less than 3%. The calculated values
closely correspond with the reference values, highlight-
ing the CPNZ sensor’s enhanced accuracy and reliability
for material characterization.

Index Terms — Constitutive parameters near-zero media,
high accuracy, microwave sensor, ultra-thin coating
material.

L. INTRODUCTION

Material stealth technology is extensively applied
in radar stealth design for ships, aircraft, missiles, and
other platforms due to its superior stealth effect, ease
of application, and lack of restrictions on body shape.
Microwave absorbing materials, as vital military com-
ponents, play an increasingly critical role in the stealth
systems of military equipment [1]. To accurately design
stealth absorbing materials, precise measurement of their
complex dielectric constant is crucial for radar stealth
applications [2—-4]. To meet aerodynamic requirements,
the carrier’s shape is often streamlined to reduce radar
signal reflections. When applied to the carrier’s surface,
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the absorbing material bends, altering its electromagnetic
parameters, and its thickness also affects absorbing
performance. Therefore, accurate measurement of the
complex permittivity of ultra-thin surface materials
holds significant research value for radar defense system
design. Since the 1940s, when Horner et al. used the
perturbation method to measure the complex permittivity
of materials, measurement technology has developed
vigorously [5]. Numerous researchers worldwide have
conducted extensive research on methods to measure
complex permittivity, such as the free space method,
transmission/reflection method, and resonance method
[6]. As material performance requirements increase,
new measurement technologies have been proposed [6—
11]. Non-contact measurement methods are commonly
employed to determine the complex permittivity and
thickness of materials under test (MUT) [12]. However,
these methods are primarily used to measure high-loss
materials [12, 13], with measurement errors too large
to accurately characterize low-loss dielectric materials
[13, 14]. A magnetic dielectric material characteriza-
tion sensor, based on an improved complex split-ring
resonator, can simultaneously measure both complex
permittivity and permeability changes [11]. By locating
the highest field strengths of the electric and magnetic
fields in two independent regions, the measured resonant
frequency and quality factor can be analyzed to determine
the real and imaginary parts of the complex permittivity
and permeability. The relative permittivity and loss
tangent of the measured materials range from 3.25 to 6.2
and 0.0022 to 0.027, respectively, providing accurate
measurements for low-loss materials. Additionally, a
dual-band nondestructive sensor for measuring relative
permittivity based on a complementary split resonant ring
has been developed [14]. The measured relative dielectric
constant, loss tangent, and material thickness range
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from 2 to 10, 0 to 0.1, and 2 to 10 mm, respectively, with
relative errors of permittivity and low-loss tangent less
than 4% and 16.7%, indicating a high level of accuracy.
However, these methods for measuring solid materials
often neglect the influence of material thickness on the
complex dielectric constant [7, 10]. In the nondestructive
measurement of relative permittivity for objects with
varying thicknesses, the measurement error increases
as material thickness decreases. Yet, the measurement
of the complex dielectric constant for ultra-thin curved
materials has not been addressed in the existing work.
Microwave sensor measurement technology offers
advantages such as high integration, measurement accu-
racy, and real-time performance, emerging as the leading
technology for measuring complex permittivity [15, 16].
Metamaterials, artificial electromagnetic structures com-
posed of subwavelength resonators, exhibit novel elec-
tromagnetic properties and are widely used in sens-
ing, antennas, and stealth technology [17-19]. Among
these metamaterials, constitutive parameters near-zero
(CPNZ) media have garnered significant interest for their
unique wave phenomena [20]. In printed circuit design,
substrate-integrated photon doping facilitates the use of
near-zero refractive index media in dielectric constant
measurements [21, 22]. A small change in the rela-
tive dielectric constant of the measured object leads
to a significant shift in the tunneling frequency, and
the transmission coefficient amplitude decreases signif-
icantly with moderate doping loss, indicating that the
near-zero refractive index medium is sensitive to doped
complex permittivity [6, 23, 24]. This sensitivity has
potential applications in material characterization, sens-
ing, and related fields. For example, a wireless sensor
system based on the relative permittivity near-zero effect
measures the complex permittivity of liquids with rela-
tive errors of 3.72% and 9.67%, respectively, using only
a small volume of liquid [23]. In addition to complex
permittivity, microwave sensors based on relative per-
meability near-zero media can also measure the perme-
ability of magnetic dielectric materials [24]. Research
on sensing platforms based on relative permittivity near-
zero metamaterials has demonstrated that relative per-
mittivity near-zero sensors can detect changes in both
the relative dielectric constant and position. However,
effective transmission requires the waveguide height to
exceed the relative permittivity near-zero channel height,
complicating experimental verification [25]. The rela-
tive permittivity near-zero sensor is sensitive to both
low-loss and high-loss materials, and relative permittiv-
ity near-zero medium doping allows for the measure-
ment of materials of varying shapes by altering the dop-
ing configuration. Despite these advancements, the mea-
surement of complex permittivity in ultra-thin curved
surfaces using near-zero refractive index media sensors
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remains unexplored. To address the challenge of multi-
parameter measurement for curved materials, this paper
proposes a novel sensor structure based on CPNZ media
with elliptical doping. High-accuracy measurements are
achieved through optimization of the field distribution
and implementation of a polynomial regression model
parameter inversion.

In this paper, a high-precision curved microwave
sensor based on CPNZ medium is proposed, focusing on
the thickness and complex permittivity of curved materi-
als as test parameters. The sensor is modeled and bench-
marked against other advanced sensors. The sensor suc-
cessfully achieves accurate measurement of the thickness
and complex permittivity of curved materials.

II. STRUCTURES AND RESULTS
A. Design and simulation of CPNZ sensor

Considering the curvature distribution of typical
curved surface coatings, the study adopts elliptical dop-
ing as a representative case to improve the generaliz-
ability and applicability of the proposed approach. This
paper adopts elliptical doping, defines the operating fre-
quency range between 1.5 GHz and 3 GHz, and uses
electromagnetic simulation software CST to perform a
full-wave simulation of the sensor. The relative permit-
tivity near-zero cavity is modeled using a rectangular
air waveguide operating near the cutoff frequency of the
TE10 mode. The length and width of the rectangular air
waveguide are L = 260 mm and W = 85 mm, respec-
tively. The cutoff frequency of the simulated relative per-
mittivity near-zero cavity is 1.97 GHz. The input and
output terminals are both 50-ohm microstrip lines, con-
nected via gradient microstrip lines. The dielectric sub-
strate is F4B with a relative permittivity of 2.65 and a
loss tangent of 0.002. The length and width of the entire
structure are / = 100 mm and w = 76 mm, respectively.
The substrate thickness is 2 = 6.5 mm, and the diame-
ter of the metal through-hole is d = 2.4 mm. The hole
spacing is s = 4 mm and the copper thickness on the
upper and lower surfaces of the dielectric substrate is
0.035 mm. The length of ceramic doping is X; = 50 mm,
and the width of ceramic doping is Y; = 20 mm.

The overall schematic diagram of the sensor struc-
ture and the top view of the elliptical doping part are
shown in Fig. 1. Figure 2 (a) presents the transmission
curve Sp; of the CPNZ structure, showing a resonant
frequency at 1.97 GHz. To simulate effects that may be
introduced during the actual fabrication process, we vary
the lengths of the major and minor axes of the doping
in the simulation, with a step of 0.2 mm. As shown in
Fig. 2 (a), it can be seen that the fabrication tolerance
has little impact on the results. The electric and magnetic
field distributions of the CPNZ structure at 1.97 GHz
are illustrated in Figs. 2 (b) and (c). The electric field
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Fig. 1. Structure diagram of CPNZ microwave sensor.
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Fig. 2. Simulation results of CPNZ sensor: (a) transmis-
sion coefficients, (b) electric field distribution, (c) mag-
netic field distribution, and (d) magnetic field phase dis-
tribution.

is largely concentrated at the edge of the doping, while
the magnetic field is primarily concentrated in the inner
part of the doping. The local enhancement of the electric
and magnetic fields makes the structure feasible to the
precise measurement of small variations in the electro-
magnetic parameters of the material. The phase distribu-
tion of the magnetic field is illustrated in Fig. 2 (d). It can
be seen that the phase of the magnetic field is uniformly
distributed at the resonant frequency. At this frequency,
the equivalent relative permittivity and equivalent rela-
tive permeability of the doped relative permittivity near-
zero cavity are both zero, consistent with the character-
istics of CPNZ media.

B. Sensor simulation data acquisition

To better measure the thickness and complex permit-
tivity of the absorbing material coated, elliptical doping
grooves were employed for applying the absorbing mate-
rial. The structure after grooving is shown in Fig. 3 (a).
Due to processing technology limitations, the groove
wall thickness was selected as 0.7 mm. In the absence
of coating material, the transmission curve after groov-
ing is shown in Fig. 3 (b), demonstrating a transmission
peak at 2.9 GHz. To simulate effects that may be intro-
duced during the actual fabrication process, we vary the
lengths of the major and minor axes of the elliptical dop-
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ing trench, in the simulation, with a step of 0.2 mm. In
Fig. 3 (b), it can be seen that the fabrication tolerance in
the minor axis has a greater impact on the results. Groov-
ing altered the elliptical doping, resulting in a nonzero
equivalent relative permeability, while the equivalent rel-
ative permittivity remained unaffected. As a result, the
resonant frequency undergoes a blue shift, and the field
distribution inside the doping is altered. Specifically, the
magnetic field inside the doping is no longer uniformly
distributed, and the electric field shifts from being con-
centrated at the doping edge prior to grooving to the dop-
ing interior, while the magnetic field shifts from being
concentrated inside the doping prior to grooving to the
doping edge, as shown in Figs. 3 (c) and (d). The local
concentration of the electric field inside the doping is
advantageous for accurately measuring the thickness and
complex permittivity of curved materials.
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Fig. 3. (a) Structure diagram after grooving (upper metal
is hidden), (b) transmission coefficients, (c) electric field
distribution, and (d) magnetic field distribution.

Next, the designed sensor is employed to simulate
and analyze the thickness and complex permittivity of
the absorbing material. The absorbing material bends
when coated on the surface of the elliptical groove,
which is made of ceramic doping, as shown in Fig. 4 (a).
According to the absorption mechanism of the coating,
its performance depends not only on its complex per-
mittivity but also on its thickness. Therefore, the coating
thickness must be analyzed before measuring its com-
plex permittivity. Figure 4 (b) displays the correspond-
ing transmission curves for different thicknesses, where
the thickness is given in millimeters (mm). It is evident
that the sensor is sensitive to slight changes in coat-
ing thickness. When the coating thickness is increased
by 0.25 mm, it can be clearly observed that the peak
of the resonance frequency is shifted to the lower fre-
quency by about 40 MHz, and when the coating thick-
ness is increased by 0.1 mm, the peak of the resonance
frequency is shifted to the lower frequency by about 17
MHz. The simulation results demonstrate a consistent
red shift in resonance frequency with increasing coating
thickness.



If the coating is too thin, absorption and stealth per-
formance will be markedly reduced. Conversely, if the
coating is too thick, the maneuverability of the aircraft
or weapon will be compromised. Here, the chosen thick-
ness for the absorbing coating is 1.3 mm. The electric
field of the sensor varies with changes in the complex
permittivity of the absorbing coating, which is mani-
fested in changes to the resonant frequency and trans-
mission amplitude of the sensor. The relative permittiv-
ity of the absorbing coating increases from 6 to 11 in
steps of 0.5, and the loss tangent of the coating increases
from O to 1.3 in steps of 0.1. This process results in 154
sets of data. Figure 5 (a) shows the transmission curve
when the loss tangent of the absorbing coating is zero
and only the relative permittivity is varied. It is evident
that as the relative permittivity of the absorbing coating
gradually increases, the resonant frequency of the sen-
sor red-shifts accordingly. When the relative permittiv-
ity of the absorbing coating is 8, only the loss tangent
of the coating is varied, and its transmission curve is
shown in Fig. 5 (b). It is observed that as the loss tangent
of the coating increases successively, the sensor’s trans-
mission amplitude decreases correspondingly. The sim-
ulation results demonstrate a clear relation between the
transmission coefficient for both the relative permittiv-
ity and loss tangent. Additionally, the absorbing perfor-
mance of the coatings is shown to be closely dependent
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Fig. 4. (a) Schematic diagram after loading absorbing
coating under test and (b) transmission coefficients cor-
responding to different thicknesses.
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Fig. 5. (a) Transmission coefficients corresponding to
different relative permittivity and (b) transmission coef-
ficients corresponding to different loss tangent.
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on both their electromagnetic properties and thickness.
To evaluate the sensitivity and the detection limit of the
sensor, a polynomial regression model is developed.

C. Parameter inversion based on polynomial regres-
sion model
The absorbing effect of the coating depends heav-
ily on its thickness and complex permittivity. This paper
employs a polynomial regression model to establish an
inversion model based on simulated data at different
thicknesses, thus enabling the determination of the detec-
tion limit of coating thickness using the CPNZ media
sensor. First, absorbing coatings with thicknesses of
0.3 mm, 0.4 mm, and 0.5 mm are selected, where the
resonant frequency is primarily determined by the rel-
ative permittivity of the coating. Through the extrac-
tion of simulation results, the relationship between rel-
ative permittivity and resonant frequency of coatings
with thicknesses of 0.3 mm, 0.4 mm, and 0.5 mm is
derived through a quadratic regression model, as shown
in Figs. 6 (a), (b), and (c), respectively. The coefficients
of determination for thicknesses of 0.3 mm, 0.4 mm, and
0.5 mm are 0.9699, 0.9870, and 0.9877, respectively. The
obtained quadratic equations are given in equations (1-
3). It can be concluded that the minimum sensitivities
are 8.21 MHz/RIU, 7.11 MHz/RIU, and 10.45 MHz/RIU
at coating thicknesses of 0.3 mm, 0.4 mm, and 0.5 mm,
respectively:
y = 2.025—0.006526p 4 0.0001678p>, (1)
y=2.03—0.01071p +0.0004429p*, )
y = 2.026 —0.01046p + 0.0003403 p?, 3)
where p represents the relative dielectric constant of the
coating, and y represents the resonant frequency.
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Fig. 6. Relationship between relative permittivity of coat-
ing and resonant frequency: (a) 0.3 mm, (b) 0.4 mm, and
(c) 0.5 mm.

To better determine the detection limit of the sen-
sor’s coating thickness, the relative permittivity of sub-
strates of six types of media with thicknesses of 0.3
mm, 0.4 mm, and 0.5 mm is inverted, and the relative
errors for the three thicknesses are compared, as shown
in Fig. 7. The relative error of measurement is defined as:

=P 100%. 4)

cp represents the predicted inversion value of coat-
ing thickness, while ¢, represents the reference value.

e
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When the coating thickness is 0.3 mm and 0.4 mm, the
relative errors in permittivity exceed 10% for these thick-
nesses, but remain below 8% for a coating thickness
of 0.5 mm, demonstrating high accuracy. Therefore, we
determined that the minimum thickness detectable by the
CPNZ media sensor is 0.5 mm, where e represents the
relative error in the permittivity of the materials.
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Fig. 7. Relative error comparison of relative permittivity
under different thickness.

We compare the performances of the CPNZ sen-
sor with other works in Table 1. Santra and Limaye
[6] evaluated cylindrical samples, reporting a minimum
detectable thickness of 4 mm and a relative error of less
than 5% in dielectric constant measurement. Wang et al.
[14] investigated cubic samples, achieving a minimum
detectable thickness of 2 mm with a relative error of
less than 4%. The proposed sensor is tailored for ellip-
soidal wave-absorbing coatings, achieving a lower detec-
tion limit of 0.5 mm and a relative error in dielectric con-
stant measurement of less than 8%. These results indi-
cate that the proposed method offers clear advantages in
the non-destructive evaluation of thickness and electri-
cal parameters in complex curved films, combining high
sensitivity with low measurement error.

Table 1: Performance comparison with other works

¥ Minimum
Ref. | Shape Tequency | petectable | |e; |
Band (GHz) Thickness
[6] | Cylinder 3.2-4 4 mm 5%
[14] Cube 2.8,4.9 2 mm 4%
This | Elliptic
Work | surface 2.9 0.5 mm 8%

The resonant frequency of the sensor is influenced
by both the relative permittivity and the thickness of the
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coating. We first consider the case without loss, that is,
the loss tangent of the material is set to zero. The coating
thickness increases from 0.5 mm to 1.5 mm with a step
value of 0.1 mm, and the relative permittivity of the coat-
ing increases from 6 to 11 with a step value of 0.5, yield-
ing a total of 121 data sets. In the simulation, the data
are directly obtained, and the resonant frequency is then
extracted. A polynomial regression model was used to
nonlinearly fit the 121 data sets extracted above, produc-
ing the relationship surface between coating thickness,
relative permittivity, and resonant frequency, as shown
in Fig. 8. The coefficient of determination is 0.9961.
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Fig. 8. Relationship between relative permittivity and
thickness of coating and resonant frequency.

Since the resonant frequency is related to both the
relative permittivity and the thickness of the material,
two inversion methods are available. First, the resonant
frequency and relative permittivity are used to determine
the thickness through the inversion model. Second, the
resonant frequency and thickness are used to obtain the
relative permittivity from the inversion model.

Four types of dielectric substrates with varying
thicknesses and complex permittivity were selected, ana-
lyzed, and compared using the two inversion approaches.
For the first inversion approach, when the relative per-
mittivity and resonant frequency of the four materials are
known, the relative error in material thickness, as shown
in Table 2, is computed. Here, e, represents the relative
error of the material thickness, and the four materials are
abbreviated as Sy, Sy, S3, and Sy, respectively. The cal-
culation equation for ey, e, is based on equation (1).

For the second inversion approach, when the thick-
ness and resonant frequency of the four materials are
known, the relative error of the relative permittivity of
the materials can be obtained as shown in Table 3.

By comparing the relative errors of material thick-
ness and relative permittivity, the relative error from the



Table 2: The first inversion approach: Inversion thickness
with known relative permittivity

Reference | Predicted
MUT €, | Thickness | Thickness | |e;]
(cr) (cp)

Rogers
4003(S)) 3,55 0.814mm | 0.695 mm |14.6%
FR4(S,;) | 44 | 0.814mm | 0.710 mm |12.8%
FR4(S;) | 44 | 1.187mm | 1.077 mm |9.3%
Rogers
5880(S5) 22 | 1.576 mm | 1.456 mm | 7.6%

Table 3: The second inversion approach: Inversion of rel-
ative permittivity with known thickness

MUT Thickness | €. (c,) € (cp) | lei]
Rogers
4003(S,) 0.814 mm 3.55 3.45 2.8%
FR4(S;) | 0814 mm | 4.4 435 |[1.1%
FR4(S3) | 1.187 mm 4.4 4.35 1.1%
Rogers
5880(S,) 1.576 mm 2.2 2.17 1.4%

second inversion algorithm is smaller than that from the
first inversion algorithm. In other words, the elliptically
doped CPNZ media sensor is more suitable for obtaining
the relative permittivity of a material with known thick-
ness and resonant frequency.

Furthermore, keeping the thickness of the mate-
rial to be measured and the relative permittivity the
same, we compared the accuracy of the proposed ellip-
tically doped CPNZ media sensor, compared with the
single-compound triple complementary split-ring res-
onator (SC-TCSRR) sensor [11] and interdigital capac-
itor (IDC) sensor [26], using four dielectric substrates
with varying thicknesses and relative permittivity. To
ensure a fair comparison, different sensors were oper-
ated in the same frequency band. The obtained rela-
tive permittivity relative error comparisons are shown in
Fig. 9 (b).
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Fig. 9. The results of elliptically doped CPNZ media sen-
sor, SC-TCSRR sensor and IDC sensor relative permit-
tivity relative error.
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In the same frequency band, Fig. 9 shows that
the relative permittivity errors for the elliptically doped
CPNZ media sensor remain below 2.8%, with an aver-
age relative error of 1.55%, while the errors for the SC-
TCSRR sensor are below 7.7%, with an average relative
error of 5.055%. The relative permittivity error of the
IDC sensor remains below 6.2%, with an average relative
error of 3.737%. The relative permittivity measurement
accuracy of the elliptically doped CPNZ media sensor is
better than that of other sensors, even when the material
is bent. This confirms the high accuracy of the ellipti-
cally doped CPNZ media sensor in measuring ultra-thin
surface coatings.

In addition to coating thickness and relative permit-
tivity, which are crucial for material structure design and
evaluation, the loss tangent is another important factor.
However, most existing work does not thoroughly ana-
lyze the influence of material thickness, relative permit-
tivity, and loss tangent on sensor transmission amplitude.
Instead, it typically examines the relationship between
relative permittivity, loss tangent, and sensor transmis-
sion amplitude, without considering the impact of thick-
ness. Since thickness also affects the properties of mate-
rials, this simplified analysis compromises the accuracy
of electromagnetic property measurements of their elec-
tromagnetic properties. Therefore, this paper analyzes
the relationship among material thickness, relative per-
mittivity, loss tangent, and sensor transmission ampli-
tude.

First, the coating thickness, relative permittivity, and
loss tangent were set. When the thickness increased from
0.5 mm to 1.5 mm in steps of 0.1 mm, the relative per-
mittivity increased from 6 to 11 in steps of 0.5, and the
loss tangent increased from O to 1.2 in steps of 0.1. A
total of 1573 sets of data were obtained. The coating
thickness, relative permittivity, and loss tangent were set
as independent variables, with the transmission ampli-
tude of the sensor as the dependent variable. The rela-
tionship between coating thickness, relative permittivity,
loss tangent, and transmission amplitude was obtained
through polynomial regression model fitting. As shown
in Fig. 10, with a coefficient of determination of 0.9965.

In practical applications, the complex permittivity
of most absorbing coatings is known, while the thick-
ness is unknown. The absorbing properties of coat-
ings with different thicknesses also vary. Therefore,
five types of absorbing coatings with unknown thick-
ness and known complex permittivity were selected as
measurement objects. The five coatings are Al doped
Ti3SiC2/paraffin wax, Ti3SiC2/paraffin, 12% CB/MAS,
49%CB/MAS, and 7% MWCNTs/MAS. The thicknesses
of these five coatings, denoted as X, X», X3, X4, and
X5, were predicted. The thickness range of the five coat-
ings was set to increase from 0.5 mm to 1.5 mm in steps
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Fig. 10. Relationship between thickness of absorbing
coating, relative permittivity, loss tangent, and transmis-
sion amplitude.

of 0.1 mm. A total of 55 sets of data were obtained. The
obtained polynomial was used to invert the 55 sets of
data from the simulation, and the relative errors of the
five coatings at different thicknesses were compared to
determine the most likely thickness. The thickness pre-
diction values and relative errors obtained from the inver-
sion are shown in Table 4. It can be seen that the relative
thickness error for the five coatings is less than 1.1%,
indicating good predictability.

Table 4: Thickness prediction and relative error of
absorbing coatings with different complex permittivity

Predicted
MUT el tand Thickness lea|
(cp)
X 5.94 0.0724 1.2 mm 0.17%
Xo 8.42 0.641 1 mm 1%
X3 9.10 0.297 0.8 mm 0.04%
X4 9.54 0.521 0.9 mm 1.1%
X5 10.70 1.21 1.1 mm 0.06%
II1. DISCUSSION

We have proposed a promising CPNZ sensor for
ultra-thin coating materials measurement. We will fab-
ricate and experimentally validate the sensors and to
discuss the effects of fabrication and measurement tol-
erances on the sensing performance. In our work, it
is assumed that the temperature and humidity are con-
trolled within a small range of variations. The CPNZ sen-
sor can be used in conjunction with an on-site reflectance
measurement system. First, a suitable CPNZ sensor
structure is modeled based on the curved surface geom-
etry of the practical equipment under test. The reflectiv-
ity of the ultra-thin microwave-absorbing coating on the
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equipment is measured, and its complex permittivity can
be inverted. By using the first inversion approach, inver-
sion thickness with known relative permittivity, we can
obtain the thickness of the microwave-absorbing coat-
ing. On the other side, if we have measured the thick-
ness of the ultra-thin microwave-absorbing coating by
using a thickness gauge, we can obtain the complex per-
mittivity by using the second inversion approach, inver-
sion of relative permittivity with known thickness. Addi-
tionally, for multi-physical-field detection, the CPNZ
sensor could be extended by incorporating environmen-
tal sensing capabilities such as temperature and humid-
ity sensors to construct a composite sensing platform.
This would enable simultaneous acquisition of dielectric
properties, coating thickness, and environmental condi-
tions in complex operating environments.

IV. CONCLUSION

The proposed high-precision CPNZ medium
microwave sensor offers a significant advancement for
measuring the complex permittivity and thickness of
ultra-thin surface materials. It overcomes the limitations
of traditional sensors, which struggle with measuring the
complex permittivity of curved materials and provides
an effective solution for material thickness measure-
ment. Simulation results demonstrate that the elliptically
doped CPNZ media sensor outperforms other sensors in
accurately measuring the complex permittivity of ultra-
thin surface materials. The detection limit for thickness
is 0.5 mm, with a measurement accuracy of up to 97%
for relative permittivity. This sensor is capable of accu-
rately measuring the complex permittivity of absorbing
coatings of varying thicknesses and can predict the
thickness of different types of absorbing coatings. It is
expected to be an ideal choice for applications involving
curved surface materials.
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