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Abstract: In this paper, defective microwave photonic crystals (MPCs) are designed to sense the
salinity of aqueous solutions. The defective MPC sensors are constructed by two kinds of microwave
dielectric layers and one defective salt solution layer. Transfer matrix method (TMM) for lossy
medium is developed to calculate the transmittance spectra of the sensors. It is found that the
peak transmittance of both the defective resonance within the microwave band gap (MBG) and
transmitting modes outside the MBG monotonously decrease with the increase of salinity, while
the resonant and transmitting mode frequencies remain unchanged. By comparing the four MPC
sensor structures, the first transmitting mode in the upper frequency band outside the MBG of
the 15-layer MPC sensor has the largest salinity sensing range from 0 to 40‰ with relative stable
detecting sensitivity. The sensing principle is based on the fact that the dielectric loss factor of
saline solution is much more sensitive to salinity than the dielectric constant in the microwave
frequency band. The sensitivity, quality factor, and salinity detection range of the MPC sensors are
calculated and compared. The reported defective MPC sensors are suitable to be used for non-contact
salinity detection.

Keywords: microwave photonic crystals; non-contact detection; salinity sensor; transfer matrix method

1. Introduction

Salt plays an important role in human life as it has been broadly used in food prepa-
ration since prehistoric times [1]. As a result, it is regarded as the most important food
flavoring additive. However, the intake of excessive salt from foods and beverages may lead
to some serious health problems, such as hypertension, cardiovascular disease, stomach
cancer, osteoporosis, kidney disease, and obesity [2,3]. The National Food Safety Stan-
dard for Uses of Food Additives (GB2760-2011) in China regulated the additive amount
of sodium chloride in foods, beverages, and condiments [4]. Therefore, it is important
to determine the salt contents in foods and beverages during both their manufacturing
processes and shelf-life, so as to ensure the products’ quality. Moreover, salinity sensing is
widely applied to agriculture [5], marine environment monitoring [6], and oilfield water
injection engineering [7].

Traditional chemically-based methods, such as chromatographic techniques, are
widely used for testing the salt content of aqueous solutions [8,9]. However, these methods
usually take a long measurement and processing time to determine the content of salt in
liquid solutions and require additional chemical reagents. Moreover, the spectroscopy
is an expensive instrument that requires professional personnel training. Hence, some
physically-based methods associated with testing the electrical conductivity, optical refrac-
tive index, and dielectric properties of saline solution have garnered extensive attention.
Their basic advantages include online salinity sensing and no need of chemical materials
for conducting complicated analytical procedures [10].

At present, there have been many physical techniques reported to measure the salinity
of aqueous solutions, such as the electrical conductivity measurement [11–13], optical
sensing [14–18], ultrasonic velocity measurement [19], and microwave sensing [20–23]. The
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measuring and sensing principles are based on the dependence of conductivity, refractive
index, or microwave dielectric properties on the salinity of aqueous solutions. The con-
ventional technique of detecting salinity based on solution electrical conductivity, which
depends on the amount of chlorine ions in the water solution, is not only sensitive to
ambient environment parameters, such as temperature and pressure, but also vulnerable
to corrosion by saline water [24]. Hence, salinity sensors based on optical and microwave
techniques have been receiving greater attention for their unique merits. In general, the
working principles of microwave or optical sensors are based on measuring measurands
as the signal intensity or optical refractive index to indirectly determine the salinity of
aqueous solutions [24,25]. The optical refractive index is an inherent characteristic of salt
solutions and optical sensors were usually designed to measure the optical refractive index
for salinity detection. Typical optical sensing structures include optical fibers [26–29], pho-
tonic crystals [30–33], and some specific optical resonators [34]. However, most reported
optical sensors are designed to sense the salinity or optical refractive index by measuring
the wavelength shift of the resonance [26–28,31–34]. It indicates that optical sources and re-
ceivers working in wide frequency bands are needed to measure the optical spectra, which
will increase the system cost. Recently, microwave sensors for salinity detection garner
more attention due to its low-cost and easy fabrication [35–38]. The detecting principles are
mostly based on the effects of salinity on the dielectric properties of salt solutions [39–41],
which can be sensed by using microwave transmission, reflection, or resonance techniques.
Typical microwave resonant sensing structures include the patch antennas [3,35], split ring
resonators [36,37], and cavity resonators [38]. However, these microwave sensors make
both the resonant intensity and frequency change with the variation of salinity, which will
cause a complex data process in determining accurate salinity. In addition, the metallic part
of the sensors is also vulnerable to corrosion when it gets in touch with the salt solution
under testing.

In this paper, inspired by both the photonic crystal sensors that work in optical
frequency regime [31] and specific microwave dielectric properties of saline solution [41],
one-dimensional defective microwave photonic crystals (MPCs) are proposed to measure
the salinity of aqueous solutions. The sensing principle is based on the fact that the
dielectric constant is insensitive to salinity and the dielectric loss factor is much sensitive
to the salinity of saline solution. Both defective resonance and transmitting modes of
the defective MPC sensors can be used to detect the salinity, where the resonance and
transmitting mode transmittance decreases with an increase of salinity, but the resonant and
transmitting mode frequencies remain unchanged. The merits of the proposed defective
MPC salinity sensors lie in the narrowband signal transmitting and detection, non-contact,
and wide-range measurement of salinity.

2. Materials and Methods
2.1. Microwave Dielectric Properites of Salt Solution

For the estimation of the salinity of aqueous solutions by using electromagnetic
methods, the choice of a suitable frequency range is a very important parameter. The
concentration of salt affects the microwave dielectric properties of aqueous solutions,
which can be seen by comparing the complex permittivity of saline solution at different
salt concentrations. NaCl is the principle salt in both foods and seawater and 2 famous
dispersive models for determining the complex permittivity of saline solution are reported
(Stogryn model [39] and Klein and Swift model [40]). Saline solution is considered as
a non-magnetic dielectric material and its complex dielectric permittivity in microwave
bands can be calculated by Debye expression [39,40]:

ε̂(ω, T, S) = ε0ε∞ +
ε0[εs(T, S)− ε∞]

1 + jωτ(T, S)
− j

σ(T, S)
ω

(1)

where ω = 2π f is the radian frequency with f , ε∞ is the dielectric constant at infinite
frequency and it is usually taken to be a constant value of 4.9 in the microwave frequency
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regime, εs(T, S) is the static dielectric constant, τ(T, S) is the relaxation time, σ(T, S) is the
ionic conductivity and ε0 = 8.854 × 10−12 F/m is the permittivity of free space. It is found
that the static dielectric constant, relaxation time, and ionic conductivity are functions of
the seawater temperature T and salinity S. Their regression functions are fitted based on
the experimental results conducted at the microwave frequencies [39,40]. A general form of
the complex permittivity is given as ε̂(ω) = ε′(ω)− jε′′ (ω), and the real and image parts
are given as:

ε′(ω) = ε0

(
ε∞ +

εs − ε∞

1 + (ωτ)2

)
(2)

ε′′ (ω) =
ε0ωτ(εs − ε∞)

1 + (ωτ)2 +
σ

ω
(3)

Making use of the regression equations for static dielectric constant, relaxation time,
and ionic conductivity reported in Refs. [39,40], the complex permittivity at different
salinity can be calculated. At a fixed temperature, it has been observed that the dielectric
constant is insensitive to the salinity, but the dielectric loss increases rapidly with the
increase of salinity [41].

2.2. Defective Microwave Photonic Crystal Design

The concept of photonic crystals was established by Yablonovitch and John in 1987 [42].
It was found that the propagation of electromagnetic waves can be controlled by mak-
ing repetitions of the different dielectric materials in a periodic structure. The one-
dimensional MPCs are designed by periodically stacking 2 contrasting dielectric materials
in a microwave wavelength scale [43]. A defective layer can be introduced within a one-
dimensional MPC to generate defective resonance. In the optical frequency regime, the
defective resonance has been used to detect the salinity of saline solution [31,32], where
the principle is based on the fact that the concentration of the salinity in the salt solution
changes the optical refractive index. The salinity sensitivity was calculated by a peak
wavelength shift happening in the transmittance spectrum for its variation of different
salt concentrations of samples. In this work, one-dimensional defective MPC structures
are also designed. Two commonly used good microwave dielectric materials (Rogers
5880 and 6010, Rogers Corporation, Chandler, AZ, USA) are utilized to configurate the
MPC structures, and the saline solution is confined within a defective chamber layer. The
schematic diagram of the proposed one-dimensional defective MPC structure is shown
in Figure 1, where A stands for the Rogers 5880 layer with a dielectric constant (εA) of
2.2 and loss tangent of 0.0009, B represents the Rogers 6010 layer with a dielectric constant
(εB) of 10.2 and loss tangent of 0.0023, and C is the saline solution layer under salinity
sensing. All 3 constituent layers of the MPC sensor are regarded as nonmagnetic materials
(µA = µB = µC = 1.0). The thicknesses of the 3 layers fulfill the Bragg scattering condition
and condition of defective resonance at central frequency: dA = λ0/4

√
εA, dB = λ0/4

√
εB

and dC = λ0/2
√

εC, where λ0 is the central working wavelength of the MPC structures. In
the microwave regime, the transmission spectrum of the MPC structure can be obtained by
measuring scattering parameter S21, which is defined as the transmission coefficients from
the transmitting antenna to the receiving antenna under the condition that the receiving
antenna is matched by using a vector network analyzer (VNA). The calibration of the
transmission spectrum can be carried out by testing the S21 with an empty space. In
this work, the sensing principle and the detection process are accomplished by using the
transfer matrix method (TMM) for lossy medium.
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Figure 1. Schematic showing of the defective microwave photonic crystals.

2.3. Transfer Matrix Method for Lossy Medium

Consider that defective MPC sensors located in the far-field zone of the transmitting
antenna and the transmitting wave can be regarded as plane waves with transverse electric
field Ex and transverse magnetic field Hy propagating along a longitudinal (+z) direction.
The field equations in the form of a transmission line equation are given as:

dEx

dz
= −ẑ(ω)Hy (4)

dHy

dz
= −ŷ(ω)Ex (5)

Here, ẑ(ω) and ŷ(ω) are the impedivity and admittivity of the constituent medium,
respectively, which specify the characteristics of the medium and correspond to the admit-
tance and impedance in the per length of the transmission line. For all the constituent mate-
rials of the MPC structure, the impedivity and admittivity can be expressed in the general
form of ŷ(ω) = jωε̂(ω) and ẑ(ω) = jωµ̂(ω), where ε̂(ω) and µ̂(ω) are the complex permit-
tivity and permeability of the materials, respectively. As a result, the intrinsic wave number
(propagation constant) of the constituent materials is given as k(ω) =

√
−ẑ(ω)ŷ(ω). Using

the condition of continuity of the tangential electrical field, the electromagnetic waves on
the boundaries of the i-th layer are related through its transfer matrix:[

Ex(z + di, ω)
jHy(z + di, ω)

]
=

[
cos(k̂idi) −ωµ0 sin(k̂idi)/k̂

k̂ sin(k̂idi)/ωµ0 cos(k̂idi)

][
Ex(z, ω)
jHy(z, ω)

]
(6)

The total transfer matrix for the multilayered defective MPC sensors is expressed as:

X(ω) =
N=3

∏
i=1

M(di, ω) (7)

Based on the definition of reflection and transmission coefficients, they can be ex-
pressed as:

r(ω) =
[X22(ω)− X11(ω)]− j

[
X21(ω)ωµ0

k0
+ X12(ω) k0

ωµ0

]
[X22(ω) + X11(ω)] + j

[
X21(ω)ωµ0

k0
+ X12(ω) k0

ωµ0

] (8)

t(ω) =
2

[X22(ω) + X11(ω)] + j
[

X21(ω)ωµ0
k0

+ X12(ω) k0
ωµ0

] (9)
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Using Equation (9), one can calculate the transmission spectrum of a one-dimensional
defective MPC sensor, which is used to extract the salinity of the aqueous solution confined
within the defective layer.

2.4. Detecting Sensitivity

The proposed sensing technique is based on the variation of dielectric loss in the
microwave frequency regime with a change of salinity, which makes the resonant transmit-
tance vary with salinity. Hence, the detecting sensitivity is defined as the ratio between
variations in the peak transmittance and in the salinity of the saline solution:

Sensitivity =
∆tpeak

∆S
(10)

2.5. Quality Factor

The quality factor (Q-factor) of the resonance of a one-dimensional defective MPC
sensor is another important parameter for spectrum measurement, and it is defined as the
ratio between the central wavelength of the resonance and its full width at half maximum:

Q =
λpeak

∆λ
(11)

3. Results
3.1. Microwave Dielectric Properites of Salt Solution

Considering the reported defective MPC sensors work at room temperature (20 ◦C),
the complex permittivity of the saline solution is plotted in Figure 2 by using the regression
equations provided in the Klein and Swift model [40].

Figure 2. The complex permittivity of the saline solution at room temperature.

Taking the working frequency of the MPC sensors to be 1.0 GHz, the simulation
frequency band ranges from 0.2 to 2.0 GHz. The dielectric constant of the saline solution
decreases very slowly with the increase of salinity in this frequency band. However, the
dielectric loss observably increases with the increase of salinity in the entire frequency
region. The dielectric loss of the saline solution results in the absorption of the propagating
wave through the MPC sensor, and the almost unchanged dielectric constant causes the
resonant frequencies to remain unchanged.

3.2. Salinity Sensoring Results

At first, considering the condition of the multiple Bragg scattering and the total size
of the defective MPC sensor, an 11-layer structure (ABABACABABA) is constructed to
form a stop band, which is called a microwave band gap (MBG), and a defective resonance.
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The transmittance spectra with different salt concentrations are calculated by using TMM
for lossy medium and are plotted in Figure 3. When the defective layer is configurated
with DI water (salinity of zero), an MBG ranging from 0.6 to 1.4 GHz is observed with a
defective resonance at the central frequency at 1.0 GHz, as shown in Figure 3a. In addition,
there are another four transmitting modes outside the MBG frequency band. The defective
resonant peak transmittance dramatically decreases with the increase of salinity. When
the salinity is zero (DI water), the defective resonant peak transmittance is approximately
0.21, and it almost disappears when the salinity reaches up to 10‰, as shown in Figure 3b.
Hence, the sensing range is limited by detecting the defective resonant peak transmittance.
By observing and comparing the other four transmitting mode peaks outside the MBG
frequency band, it is found that the first one in the upper frequency band outside the MBG
has a higher quasi- or quality factor and keeps the transmitting mode frequency very stable
at 1.45 GHz. Therefore, it is the best to be utilized to sense the salinity by detecting the
peak transmittance strength.

Figure 3. The transmittance spectra of the 11-layer defective MPC sensor with a salinity range of (a) 0–5‰, (b) 5–30‰.

As mentioned above, salinity sensing can be realized by detecting both the defective
resonance and transmitting modes outside the MBG. The variation of the defective resonant
transmittance is more sensitive to the variation of salinity in the low concentration of saline
solution, but the detecting range is very limited. In order to enlarge the salinity sensing
range, the defective resonance can be weakened by reducing the periodicity of the MPC
sensor. The transmittance spectra of the 7-layer structure (ABACABA) with different salt
concentrations are plotted in Figure 4, where the defective MPC structure is seen in the inset.
When the defective layer is configurated with DI water (salinity of zero), the MBG remains
almost unchanged and the defective resonance peak transmittance is approximately 0.55,
as shown in Figure 4a. The defective resonant peak disappears when the salinity reaches
up to 25‰, as shown in Figure 4b. By further reducing the number of layers, the defective
MPC structure comes to be a Fabry-Perot cavity structure (ACA), as shown in the inset
in Figure 5. In this case, there is only one resonance at 0.98 GHz and the transmitting
modes disappear, which can be regarded as the prototype of the defective resonance for
the defective MPC sensors. When the cavity layer is reconfigured with DI water (salinity
of zero), the resonant peak transmittance reaches up to 0.85, as shown in Figure 5a. The
resonant peak transmittance decreases with the increase of salinity in a range of 0 to 40‰,
as shown in Figure 5b. It is found that both the transmittance and its full width at half
maximum of the resonance become large, indicating that the sensing range is expanded
but the Q-factor becomes small.
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Figure 4. The transmittance spectra of the 7-layer defective MPC sensor with salinity range of (a) 0–5‰, (b) 5–30‰.

Figure 5. The transmittance spectra of the 3-layer defective MPC sensor with a salinity range of (a) 0–5‰, (b) 5–30‰.

Taking the first transmitting mode upper outside the MBG as the salinity detecting
scheme, it has a larger sensing range when compared with that by detecting the defective
resonance. In order to enhance the quasi-quality factor of the transmission modes outside
the MBG frequency band, which can be defined using Equation (11) as well, the number of
the layers for the defective MPC is increased to 15. The transmittance spectra at different
salt concentrations are calculated by using TMM for lossy medium, as shown in Figure 6.
It can be seen that the defective resonance is further suppressed at the central frequency
and the quasi-quality factor of the transmitting modes outside the MBG is enhanced. As
shown in Figure 6a, the first transmitting mode in the upper frequency band outside the
EBG occurs at 1.36 GHz. Its transmittance decreases with the increase of the salinity of
the saline solution, as shown in Figure 6a,b. In contrast, quasi- and quality factors of the
defective resonant peak and the first transmitting mode peak upper outside the MBG for
the four multilayered sensing structures with DI water configured in the defective layer are
calculated based on Equation (8) and listed in Table 1. It is found that the quasi- and quality
factors of both the defective resonance and transmitting mode are increased by adding the
layers of the MPC structure. The first transmitting mode peak for the 15-layer defective
MPC sensing structure has the highest quasi-quality factor of 21.143. Hence, it is the best
transmitting mode to be used to sense the salinity of the salt solution. By increasing the
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salinity of saline solution, the full width at half maximum is increased, which results in the
decrease of the quasi-quality factor.

Figure 6. The transmittance spectra of the 15-layer defective MPC sensor with a salinity range of (a) 0–5‰, (b) 5–30‰.

Table 1. Quasi- and quality factors of the defective resonance and first transmitting mode for the four
detective MPC sensors under DI water configured within the defective layer.

Sensor Structure Defective Resonance 1st Transmitting Mode

ACA 1.364 -
ABACABA 5.332 5.612

ABABACABABA 10.345 12.146
ABABABACABABABA 11.089 21.143

To determine the relationship between the resonant peak transmittance of defective
resonance or transmitting mode and salinity, the peak transmittance is calculated by
using TMM at discrete salinity values. Representation functions for each resonant peak
transmittance are developed in terms of the so-called Prony series [44]:

tpeak(S) =
N

∑
i=1

ai · ebi ·S (12)

The fitting coefficients can be optimized by utilizing the Levenberg-Marquardt Al-
gorithm [45]. As shown in Figure 7a, there is one Fabry-Perot resonance for the 3-layer
salinity sensor and its transmittance curve versus salinity is fitted by function:

tpeak(S) = 0.2343e−0.2354S + 0.569e−0.05828S + 0.04169 (13)

For the 7-layer defective MPC structure, the defective resonant peak transmittance at
1.0 GHz and the first transmitting mode peak transmittance at 1.67 GHz versus salinity are
fitted by functions:

tpeak(S) = 0.2655e−0.4788S + 0.2635e−0.08687S + 0.02052 (14)

tpeak(S) = 0.6618e−0.05752S + 0.05566 (15)
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Figure 7. (a) Peak transmittance of the Fabry-Perot cavity resonance, and (b) the detecting sensitivity of the peak transmit-
tance versus salinity for the 3-layer Fabry-Perot cavity sensor.

The peak transmittance versus salinity is calculated by TMM for lossy medium and the
fitting curve are plotted in Figure 8a. In the low salinity range, the defective resonant peak
transmittance decreases faster than that of the first transmitting mode with the increase
of salinity. However, in the high salinity range, the defective resonant peak transmittance
decreases more slowly than that of the first transmitting mode with the increase of salinity,
which indicates that the defective resonance has a larger transmittance detecting sensitivity
only in the low salinity range.

Figure 8. (a) Peak transmittance of the defective resonance and the first transmitting mode, and (b) the detecting sensitivity
of the peak transmittance versus salinity for the 7-layer defective MPC sensor.

By increasing the number of defective MPC sensor layers, the defective resonant peak
transmittance at 1.0 GHz is further suppressed. The defective resonant peak transmittance
at 1.0 GHz and the first transmitting mode peak transmittance at 1.45 GHz versus salinity
for the 11-layer defective MPC sensor are fitted by functions:

tpeak(S) = 0.1221e−0.7008S + 0.08102e−0.1092S + 0.006134 (16)

tpeak(S) = 0.6710e−0.05311S + 0.05282 (17)
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The peak transmittance calculated by TMM for lossy medium and fitted functions are
plotted in Figure 9a, and they are in good agreement as well. For the 15-layer defective
MPC sensor, the defective resonant peak transmittance at 1.0 GHz and the first transmitting
mode peak transmittance at 1.36 GHz versus salinity are fitted by functions:

tpeak(S) = 0.1221e−0.7008S + 0.08102e−0.1092S + 0.006134 (18)

tpeak(S) = 0.6710e−0.05311S + 0.05282 (19)

Figure 9. (a) Peak transmittance of the defective resonance and first transmitting mode, and (b) the detecting sensitivity of
the peak transmittance versus salinity for the 11-layer defective MPC sensor.

As shown in Figure 10a, the peak transmittance calculated by TMM for lossy medium
and fitted functions are in good agreement.

Figure 10. (a) Peak transmittance of the defective resonance and first transmitting mode, and (b) the detecting sensitivity of
the peak transmittance versus salinity for the 15-layer defective MPC sensor.

Finally, the detecting sensitivity of the peak transmittance versus salinity is calculated
for the four defective MPC sensors, as shown in Figures 7b, 8b, 9b and 10b, respectively. It
can be seen that the detecting sensitivity of the defective resonance is larger than that of
the first transmitting mode in the upper frequency band outside the MBG for the 7-layer
and 11-layer defective MPC sensors. By increasing the number of MPC sensor layers to
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15, the defective resonance is badly suppressed in the total range of salinity. Hence, the
sensitivity of defective resonance is always lower than that of the first transmission mode.

4. Discussion

The salinity-sensing principle is based on the resonance of one-dimensional defective
MPC structures. The defective resonance within the MBG frequency band and the trans-
mitting modes outside the MBG frequency band are the two most important properties of
defective MPCs. When the defective layer is configured with saline solution under salinity
sensing, the frequencies of the defective resonance and transmitting modes remain almost
unchanged with the variation of salinity, but the resonant transmittance monotonously
decreases with the increase of salinity. Such a phenomenon attributes to the fact that
the dielectric constant is insensitive to the variation of salinity, while the dielectric loss
obviously decreases with the increase of salinity. The salinity can be sensed by detecting
both the transmittance of defective resonance and the first transmitting mode in the upper
frequency band outside the MBG. As the defective resonance is realized by the cavity
bound, the cavity-confined wave energy is more likely to be absorbed. Hence, the sensing
range of salinity is limited by detecting the defective resonance, but it has a larger detect-
ing sensitivity in the low salinity range. When the defective resonance is weakened by
reducing the number of defective MPC layers, the salinity sensing range can be expanded.
In contrast, the detecting sensitivity of the first transmitting mode slowly decreases with
the increase of salinity, which makes it have a larger salinity sensing range. The quality
factor of the defective resonance and quasi-quality factor of the first transmitting mode can
be increased by increasing the layers of the defective MPC sensor.

5. Conclusions

In this paper, we theoretically demonstrated a concept of salinity sensor by using
one-dimensional defective MPC structures. The salinity of saline solution can be sensed
by detecting the transmittance of both the defective resonance within the MBG frequency
band and the first transmitting mode in the upper frequency band outside the MBG. The
defective resonance has a higher detecting sensitivity but a limited sensing range in the low
salinity range. By comparing the four reported MPC sensors, the first transmitting mode in
the upper frequency band outside the MBG of the 15-layer MPC sensor operates the largest
salinity sensing range from 0 to 40‰ with relative stable detecting sensitivity. The quality
factor of the defective resonance and quasi-quality factor of the first transmitting mode can
be increased by increasing the periodicity of the defective MPC sensor.
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