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Abstract

This paper presents a simple signal processing procedure to enhance the performance of
a free-space laser speckle-based salinity sensor system. The experimental setup comprises
a cylindrical glass vessel containing the liquid sample of interest, which is probed by a
light beam formed by merging two laser beams of different wavelengths. The mixed laser
beam produces a speckle pattern that provides quantitative information on the sample
concentration by correlation coefficient determination. The definition of a multiplicative
fusion function, which involves the multiplication of the measured correlation coefficients
for each two wavelengths, enhances the sensor’s sensitivity compared to a single-wave-
length approach without altering the system noise, thereby increasing the signal-to-noise
ratio. The combined product function allows the sensor system to exhibit high linearity
at low concentrations, an enlarged output range, a salinity sensitivity of -0.853 /%, which
is significantly higher than that reported for fiber optic speckle-based salinity sensors,
and a limit of detection comparable to that offered by state-of-the-art, more complex,
interferometer-based optical fiber salinity sensors.

Keywords Optical sensor - Salinity measurement - Laser speckle - Correlation
coefficient - Dual-wavelength

1 Introduction

Salinity is a critical indicator of water quality (https://www.watereducation.org/water-acade
my). The measurement of the salt content in water is of great importance in key socio-eco-
nomic sectors such as health, industrial production, food industry, agriculture, and marine
environmental monitoring. Among the various salts, the measurement of NaCl concentra-
tion in water is particularly important for many fields. In a medical context, NaCl plays
a pivotal role in treating fluid loss and maintaining electrolyte balance — a critical aspect
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of patient care —, particularly for those unable to consume nutrients and fluids orally (de
Felippe et al. 1980). From a nutritional standpoint, NaCl is indispensable in regulating body
water levels (Rakova et al. 2017) and maintaining optimal blood pressure (Nho et al. 1998),
a salient issue for individuals of middle and advanced age with a family history of hyper-
tension. In addition, NaCl is a key ingredient in many food products, where it is used to
enhance flavor and extend the shelf-life of food items (Brul and Coote 1999). Notably, NaCl
is the main component of inorganic salts found in seawater, with a concentration several
orders of magnitude higher than that of other salts (Huber et al. 2000).

Current salinity sensors are primarily based on two methods: electrical and optical. Salin-
ity electrical sensors typically rely on the measurement of water conductivity (Ramos et al.
2008; Carminati and Luzzatto-Fegiz 2017; Cloete et al. 2016). This is a practical and widely
used method; however, it necessitates the immersion of a probe into the sample, which can
result in probe corrosion and sample contamination. Salinity optical sensors are mainly
based on measuring the refractive index, as there is a well-established relationship between
refractive index and salt concentration of aqueous solutions (Li et al. 2015). Optical sen-
sors do not require direct contact with the sample, are immune to electrical interferences,
and provide very high sensitivities. This has led to significant research efforts in developing
salinity-sensing systems based on optical technologies. These include free-space configu-
rations, such as those based on laser beam displacement in a refractometric cell (Zhao et
al. 2003a, b; Malarde et al. 2008), and fiber optics-based configurations (Luo et al. 2017;
Pereira et al. 2004; Wu et al. 2020; Possetti et al. 2009; Yu et al. 2019; Wang and Chen
2012; Gentleman and Booksh 2006; Nguyen et al. 2010; Meng et al. 2014; Wu et al. 2011,
Guzman-Sepulveda et al. 2013; Lin et al. 2021).

Speckle-based optical sensors are of particular relevance due to their ability to pro-
vide simple, cost-effective, and sensitive solutions for a variety of applications. Speckle
is defined as a granular optical intensity pattern that emerges when highly coherent light
is scattered by a random structure or when multiple modes within an optical fiber interfere
as they propagate and emerge from the fiber. Speckle patterns exhibit a high sensitivity
to light phase differences, rendering them well-suited for use in both free-space and fiber
optic sensing configurations for measuring a wide range of parameters, including refractive
index (Trivedi et al. 2019; Tran et al. 2020; Facchin et al. 2022; Ar1 et al. 2023; Barrios
2024), vibration (Pinzon et al. 2017), roughness (Sprague 1972), strain (Pan and Yu 1995;
Fujiwara et al. 2018), velocity (Barker and Fourney 1977), displacement (Chen et al. 2019),
and biomolecular hybridization (Feng et al. 2018). These sensors utilize speckle patterns to
establish a relationship, typically the correlation coefficient, between the speckle image of
a reference sample and that corresponding to the sample under test. The employment of a
simple CCD camera for speckle imaging, instead of sophisticated and costly optical spec-
trum analyzers, enables the acquisition of the sensing signal, thereby reducing expenses and
complexity of the readout instrumentation.

A variety of methods have been proposed to increase the sensitivity of free-space and
fiber-optic speckle pattern-based sensing systems. In free-space configurations, the sensi-
tivity of refractive index sensing systems has been enhanced by increasing the number of
scattering effects (Tran et al. 2020; Facchin et al. 2022) and by employing optical lensing
(Barrios 2024). In the context of fiber-optic configurations, Ar1 et al. (2023) have shown
that the sensitivity of a tapered optical fiber speckle-based refractive index sensor can be
improved by optimizing the fiber dimensions. These authors also demonstrated that the
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sensor’s sensitivity can be further enhanced by segmenting the speckle images and calculat-
ing the mean correlation from all the calculated correlations for each segment. Pinzon et al.
(2017) used a dual-wavelength interrogation approach to enhance the vibration sensitivity
of a plastic optical fiber (POF). These authors injected two wavelengths into a POF to detect
micro-vibrations at specific points of the fiber by analyzing the speckle of the reflected light.
Their experiments showed that using the correlation coefficient of the product of the cor-
relation coefficients of the two wavelengths as the sensor response resulted in an increase
in fiber vibration sensitivity compared to using the correlation coefficient at a single wave-
length, without increasing the measurement uncertainty due to noise.

This work presents a signal processing procedure that enhances the performance of a
salinity sensor system based on dual-wavelength laser speckle correlation. In contrast to the
work referenced in (Pinzon et al. 2017), this approach utilizes a dual-wavelength interroga-
tion in a free-space configuration. In this configuration, a red laser beam and a green laser
beam are mixed into a single beam to probe the sample under test, and the speckle is formed
by illumination of a diffusive random surface. The mixed two-wavelength speckle pattern is
captured using a digital camera, and an acquisition program computes the correlation coef-
ficients corresponding to the red and green color components of the speckle image simulta-
neously. The correlation coefficients of these color components are multiplied to generate a
combined product correlation signal, which constitutes the response of the sensing system.
The performance of the sensor based on this fusion function approach is discussed in com-
parison with the use of a single-wavelength technique in terms of sensitivity, noise, limit of
detection, linearity, and dynamic range.

2 Materials and methods

The studied configuration is based on the refractometric sensor using laser speckle cor-
relation and lensing described in (Barrios 2024), which provides detailed information on
its operation. In essence, a laser beam passes through a glass cylindrical pipette containing
the liquid sample of interest and is incident on a diffuser, which generates a speckle pattern
in transmission that is captured by a CCD camera. The alterations in the sample refractive
index are determined by measuring the correlation coefficient between the speckle patterns
of a reference sample and the test sample. The primary innovation in the optical setup of
the present work is the incorporation of a second interrogation laser beam for enhancing the
system performance.

Figure 1 shows a schematic diagram (a) and a photograph (b) of the salinity sensing
system. A CW 635-nm-wavelength (red) laser diode (World Star Tech TECRL-635) and a
CW 532-nm-wavelength (green) diode pumped solid-state laser (CW532-04-5 from Roith-
ner Lasertechnik) were used as light sources. A glass slide was used as a beam combiner
to merge both laser beams into a common beam, and the intensity of the combined beam
was controlled by a variable optical attenuator (VOA). The attenuated laser beam was then
directed onto a vertically positioned glass Pasteur pipette (outer diameter=6.5 mm, inner
diameter=5.1 mm) at a point approximately 1 mm from its optical axis. A syringe was
used to introduce or remove liquid samples into or from the pipette through a flexible pipe
(PharMed BPT Saint Gobain Performance Plastics™) connected to the bottom aperture of
the pipette. An iris diaphragm positioned between the VOA and the pipette was utilized to
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Fig.1 Schematic front view (a) and photograph (b) of the free-space dual-wavelength speckle-based opti-
cal system for salinity sensing of aqueous solutions. The optical paths of the laser beams at A, (635 nm)
and A, (532 nm) and the two-wavelength merged beam are indicated by red, green and yellow arrows,
respectively, in the photograph

shape the cross-section of the combined beam striking the pipette into a~ 1.5 mm-diameter
beam spot. The beam passing the pipette was incident on a ground glass diffuser (frosted
microscope glass slide) separated 4.5 cm from the pipette. A CCD camera, positioned at
33 cm from the diffuser and connected to a laptop, was utilized to monitor the central region
of the transmitted speckle pattern. Speckle digital images were captured at a resolution of
640 x 480 pixels in the RGB color format. A Matlab program was developed and executed
on the laptop to display and record the speckle images and to calculate, in real time, the cor-
relation coefficients for the individual color components.

The correlation coefficient (C) for a given color component between the speckle pattern
of the sample under test and that of a reference sample is calculated as (Woods and Gonzalez
2021):
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where N and M are the digital image dimensions in pixels, I (i,7) and Ig (4, ) are the
color-component intensities at the pixel (i, j) of the reference and sample speckle patterns,

O

respectively, and ] r and ]g are the corresponding mean values. The correlations for the
red and green components were calculated from the respective channels of the standard
3-channel RGB image recorded by the CCD camera. After acquisition, the Matlab program
extracted each color plane (R, G, and B) from the 640 x 480 image, and the spatial correla-
tion coefficient was computed independently for each channel according to Eq. (1).

The sensor response was calibrated using 2 mL solutions of NaCl (>99%, Sigma-Aldrich)
in distilled water, with solution concentrations ranging from 0% to 2% wt. Prior to the intro-
duction of each calibration sample, a reference image of a speckle pattern corresponding to
distilled water was recorded. The correlation coefficient was then calculated using this ref-
erence image. For each calibration sample, 300 correlation coefficient measurements were
taken at an interval of 1.2 s between each measurement. The pipette was then cleaned by
injecting and extracting distilled water four times. To assess reproducibility, three calibra-
tion experiments were conducted, and all measurements were recorded in darkness at room
temperature (22 °C).

3 Results and discussion

Figure 2a illustrates the measured correlation coefficients for the considered concentrations
of NaCl solutions, for the red (R) and green (G) color components of the recorded speckle
images, as a function of time. Figure 2b shows the temporal behavior of the product of the
correlation coefficients for the red and green components. It is observed in Fig. 2a that fol-
lowing the introduction of the sample into the pipette, signal fluctuations emerge, which can
be attributed to flow currents and turbulence within the liquid due to the process of sample
injection. After a transient period of approximately 150 s, the signals reach a steady state
and become highly stable. A comparison of Fig. 2a and b reveals that the output signal range
(the total variation in the sensor’s output signal) increases for the product signal in compari-
son to that for the red and green components. Specifically, the output signal span for the red
and green components ranges from 1 to approximately 0.2, whereas for the product ranges
from 1 to approximately 0.05. This is a significant benefit of utilizing the combined product
signal as opposed to the correlation coefficient of a single color component.

Figure 3 shows recorded speckle patterns following signal stabilization for different con-
centrations of NaCl solutions. The presence of well-resolved speckles indicates conformity
with the Nyquist sampling theorem, which stipulates that the size of the speckles should
exceed twice the pixel size. Furthermore, a discernible variation in the spatial intensity dis-
tribution of the combined speckle pattern, formed by the mixing of red and green colors, is
observed as a function of the concentration of NaCl. The elongated shape of the speckles is
due to the cylindrical shape of the sample container, which acts as a cylindrical lens.
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Fig. 2 Temporal evolution of the correlation coefficients for aqueous solutions of NaCl (0%, 0.25%,
0.5%, 0.75%, 1%, 1.25%, 1.5%, 1.75%, and 2%) for a red (R) and green (G) components of the recorded
speckle images and b the product of the correlation coefficients of red and green color components
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Fig. 3 Captured dual-wavelength speckle pattern images corresponding to various aqueous solutions of
NaCl: a distilled water, b 0.25%, ¢ 0.5%, d 0.75%, e 1%, f 1.25%, g 1.5%, h 1.75%, and i 2%. Intensity
scale is the same for all images

Table 1 presents the measured data used to determine the calibration functions of the
sensing system for the red, green and product signals, as well as the assessment of repeat-
ability and reproducibility for three calibration experiments. Repeatability was evaluated
for each calibration sample by calculating the standard deviation (c,) of 50 consecutive
measurements of C after signal stabilization (from time=300 s to time=360 s). As shown
in Table 1, the standard deviation (c,), which quantifies the experimental noise of the sys-
tem, ranges from 107% to 10”3 for the red, green and product signals. These small values
indicate that the experimental setup is highly stable. It is important to note that the o, value
for the product signal remains within the same order of magnitude as those for the red and
green components, indicating that the noise level of the sensing configuration is maintained
when the product signal is considered. This is illustrated in Fig. 4, which shows the stan-
dard deviation (o,) values for all tested NaCl concentrations for the red, green, and product
signals corresponding to Experiment 2 (Table 1). It is also seen in Table 1 that the standard
deviation of reproducibility (cy), which accounts for the variability among the results of the
three calibration experiments, is found to be on the order of 1073 — 1072, which supports the
reliability of the experimental procedure.
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Table 1 Measured values of the correlation coefficient for various aqueous solutions of NaCl for the red and

green components of the speckle images and the product signal

Sample concen- C C C C Reproducibility
tration (% wt)  Experiment 1 Experiment 2 Experiment 3 MEAN=+o,
mean; £0, mean,+o, mean;+c,

RED
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
GREEN
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
PRODUCT
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2

0.9862+4-107*
0.8901+2.8-1073
0.7996+9-107*
0.6391+107
0.5047 £2.1-1073
0.3551+1.7-1073
0.3159+1.2:1073
0.2201+1.4-1073
0.1996 +9-107*

0.9833+1.3-1073
0.8593+3.7-1073
0.7386+1.3-1073
0.5129+1.6-1073
0.4684+1.5-1073
0.3569+1.8-1073
0.2914+1.9-1073
0.2964+12-1073
0.2079+1.3-1073

0.9698+1.6-1073
0.7649+5.7-1073
0.5906+1.4-1073
0.3278+1.4-1073
0.23644+1.4-1073
0.1268+1.1-1073
0.0921+£8-1074
0.0652+5-107%
0.0415+3-1074

0.9852+3-107%
0.8991 £8-107*
0.8058+7-107*
0.6543+£1.9-1073
0.4949 +1.9-1073
0.3718 £2.2-1073
0.3375+2.3-1073
0.2441 £ 1073
0.2060 £9-107*

0.9833+7-107*
0.8704+1.9-1073
0.7341+1073
0.5616+1.9-1073
0.4453+£1.5-1073
0.3589+1.5-1073
0.3042+1.2-1073
0.2922+1.3-1073
0.2059+107

0.9687+1.1-1073
0.7826+2.2-1073
0.5915+1.1-1073
0.3675+2.1-103
0.2204+1.4-1073
0.1335+1.2-1073
0.1027+107
0.0713+5-107*
0.0424 £3-10°4

0.9845+£3-107*
09117 +6-107*
0.8265+6-107*
0.6348 £3.4-107*
0.5470+1.8-1073
0.4046+1.4-1073
0.3419+1.1-1073
0.2557+1.1-1073
0.2062 £9-107*

0.9798+8-107*

0.8911+9-107*

0.7589+1.1-1073
0.5709+3.3-1073
0.4764+1.2-1073
0.3647£1.7-1073
0.3141+1.3-1073
0.2932+1.1-1073
0.2133£1.1-1073

0.9647+1.1-1073
0.8124+1.1-1073
0.6273+1.1-1073
0.3625+3.9-1073
0.2606+1.2-1073
0.1475+£9-107*
0.1074 £ 6-10°*
0.0749+5-107%
0.04397+3-107*

0.9853 £9-107*
0.9003+1.1-1072
0.8106+1.4-1072
0.6427+1072
0.5155+2.7-10°2
0.3772+2.5-1072
0.3318+1.4-1072
0.2399 + 1.8-1072
0.2039+3.7-1073

0.9821+2-1073

0.8736+1.6-1072
0.7439+1.3-1072
0.5485+3.1-1072
0.4634+1.6-102
0.3602+4-1073

0.3033+1.1-1072
0.2939+£2.2-1073
0.2091+3.8:107>

0.9677+2.7-1073
0.7866+2.3-1072
0.6031+2.1-10"2
0.3526+2.1-102
0.2391+2:1072
0.1359+1072
0.1007+7.8:1073
0.0705+4.9-1073
0.0426+1.2:1073

o, is the repeatability standard deviation of 50 consecutive measurements after signal stabilization. MEAN
and oy are the mean value and the reproducibility standard deviation, respectively, of the mean values of
Experiment 1 (mean,), Experiment 2 (mean,) and Experiment 3 (mean;)

Assuming that, for a given NaCl concentration, the red and green signals behave as
normally-distributed random variables with means py and pg and standard deviations oy
and o, respectively, the variance of their product for small values of op and o can be
approximated as (Papoulis 1965):

op~ nho G+ ngo R+ 20 giaCou(R,G)

@

where Cov(R, G) is the covariance of both signals. If the red and green signals are uncor-
related, then Cov(R, G)=0, and Eq. 1 becomes:
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than the standard deviation of the individual signals if the following conditions are met (see
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For the sake of illustration, if uy=pg=p and op =0, then the condition for op<oy, o5
becomes 1 <0.7. As illustrated in Fig. 4, the measured o, is observed to be larger than both
or and o for concentrations of 0 and 0.25%. For concentrations of 0.5% and 0.75%, o is
approximately equal to o and 6, and for concentrations greater than 0.75%, op is smaller.
This behavior approximately meets the u<0.7 condition, where p is the mean value of the
red and green channels compiled in Table 1. This finding suggests that the noise levels of the
red and green signals are significantly uncorrelated, which is consistent with the expected
behavior of independent laser sources.

It is also interesting to analyze the product signal noise in case the two signals to be
combined originate from a single laser source, which could be implemented using a beam
splitter. The two signals would then be correlated, meaning Cov(R, G) = oro (Papoulis
1965). From Eq. 2, this leads to a standard deviation for the product signal of (see Supple-
mentary Information):

OpR UWROG+TMUHaOR (6)

Typically, Eq. 6 results in a larger standard deviation for the product compared to the uncor-
related case. To illustrate, if pg=pg=p and oy =c5=0, then cp= v/2uc for uncorrelated
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signals, and 6p~2 po for correlated signals. Therefore, the implementation of the proposed
combined product signal procedure is most efficiently achieved by utilizing independent
light sources.

Figure 5 displays the calibration curves of the sensing system for the red, green and prod-
uct correlation signals corresponding to Experiment 2. Sigmoidal fit was applied to the data
points. The adjusted R? of the fits were 0.998, 0.995 and 0.998 for red, green and product
signals, respectively. Note that the product signal can be fitted to a sigmoidal curve with
high accuracy, with an adjusted R? similar to or even higher than those of the single color
channels. The sensitivity of the sensor is defined as the derivative of the sensor response
with respect to the measurand. The differentiation of the sigmoidal fit curves shown in
Fig. 5 results in nonlinear negative sensitivity functions with maximum absolute values
of 0.593, 0.576 and 0.853, for the red, green and product signals, respectively, occurring
at NaCl concentrations of 0.80%, 0.52% and 0.42%, respectively. It is important to note
that the sensitivity of the product signal is 44% and 48% higher than that of the red and
green components, respectively. The limit of detection (LOD) is defined as LOD=3c6,/S,,.,
where o, is the standard deviation due to the noise system and S, ,, is the absolute value of
the maximum sensitivity. Considering the measured o, values (Table 1) closest to the NaCl
concentrations at which the highest sensitivities are obtained, the LODs for red, green and
product signals are 0.0096%, 0.0052% and 0.0039%, respectively. Table 2 summarizes the
main performance parameters of the sensor system for the three calibration experiments.
For all experiments, the measured data fit well to sigmoidal curves (Adj. R? values close to
1), and the sensitivity for the product signal is greater than that for the individual compo-
nents, while maintaining similar noise levels, resulting in lower LOD values.

The use of a sigmoidal fitting model in this work is empirical in the sense that it is chosen
for its accuracy rather than derived from a closed-form theoretical expression. However,
a sigmoidal-like trend is qualitatively expected: in speckle-based refractometry, the cor-
relation coefficient typically remains high for small refractive-index changes, then drops
rapidly once the accumulated phase shift approaches the decorrelation threshold, and finally
saturates at low values. This characteristic transition produces a curve that is qualitatively
similar to an S-shaped dependence. Consistent with this behavior, each of the two individ-
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tion for red (red thombic dots), AN 1 ¢ RED
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than the error bars (+standard é 06 X o |
deviation of 50 measurements). [} '\ ®
Red, green and black lines repre- 3 \ *
sent corresponding sigmoid fits = 4 \ *
of the measured data 2 0.4 1 [N - 7
R \\ e
S ‘ e
8§ 02 S ©
g .
T
0.0 T T T T T T T T T
0.0 0.5 1.0 1.5 2.0

NaCl concentration (% wt)

@ Springer



124

Page 11 of 15

Enhanced performance salinity sensor based on dual-wavelength laser...

JO JUAId1Jo05 pajsnlpe

-

uonezI[Iqe)s [eudis 19)Je SJUSWOINSLIW ()G J0J UOIJBIADP PIepUE)S ) SI 'O “elep [ejuowIodxd 03 1 [eprowsis € 10 UOTBUIULIdOP

N [PV "uonoejep jo yuw = O ANADISUIS 3} JO INJeA 9IN[OSqE WNWIXBW =

Xeu,

S onpoid = g ‘uduodwod uddId = H Juouodwod par=y

9660 8£000 . OI-TT  %0S0® 6980— 8660 65000 ¢ OI-1'T %Ch0® €S80—  S660  LP00O ¢ Ol-v1 %0v0@ L880— d

660 95000 OI-I'T  %090@ 8850~  S660  TS000 (01 %IS0DILS0-  €86°0 $9000 ¢ 01-€1  %br0® 1090- O

€660 L8100 ¢ OIFE %080® Ers0- 8660 96000 ¢ OI-6T %080® €650~ 9660  0S00°0 c 0l %9L0Dy6s0- A
APV (%) Ao o %) s AV (%) dol o @) s Ay (%) Aol ) RS

¢ yuowadxg

7 uowradxg

1 Juowradxg

syuowiLIddXo uoneIqI[Bd 921} 10J WAISAS J0SUS Ajturfes ay) Jo siojowered douewrojiod urejy g ajqel

pringer

A's



124 Page 12 of 15 C. A. Barrios

ual correlation-versus-concentration curves obtained with the different laser sources is well
described by a sigmoidal function. When these two metrics are multiplied to form the prod-
uct signal, the combined response accentuates the same saturation behavior and naturally
preserves a sigmoidal shape. Thus, the sigmoidal fit provides a convenient and accurate
analytical representation of all three response curves, enabling reliable interpolation across
the full 0-2% NaCl measurement range.

It should be noted that, although a sigmoidal fit better represents the calibration curve
corresponding to the product signal over the entire 0-2% concentration range, the product
response is highly linear within the 0—1% interval. The adjusted R? of a linear fit in this
region for the product data points shown in Fig. 5 equals 0.998. The choice between a
linear or sigmoidal calibration therefore depends on the intended application context. For
routine measurements within the low-salinity regime—where the sensor offers its highest
sensitivity—a linear calibration provides a simpler and equally accurate alternative. The
sigmoidal fit is used only when describing or comparing the complete response curve and is
not required for operation within the linear region.

While the primary objective of this work is to illustrate the advantages of utilizing a com-
bined product function in comparison to the correlation coefficient of a single wavelength in
the specified speckle-based sensing system, it is worthwhile to examine the performance of
the studied configuration in relation to other salinity optical sensors. Table 3 shows a perfor-
mance comparison of various salinity sensors of relevance based on optical technologies. The
detection limit of the configuration analyzed in this work improves those exhibited by other
optical approaches based on laser beam displacement and optical fiber-based configurations,
and it is comparable to the lowest LOD provided by a Sagnac interferometer sensor (Wu
et al. 2011). A comparison of the sensitivity of different optical techniques is complicated
because of the use of different units; however, a direct comparison can be made with another
speckle-based salinity sensor reported in (Lin et al. 2021) in a fiber-optic configuration. The
authors of that study reported a sensitivity of —0.01086/% with a dynamic range of 0-20%.
The sensitivity of the free-space sensing system presented here is approximately 80 times
higher, although this improvement is achieved at the expense of a smaller dynamic range.

As a result, the proposed sensor is best suited for applications in which resolving small
concentration changes around a known operating point is more important than spanning
the full salinity spectrum. Because the system measures relative variations with respect
to a reference sample, users can position the concentration region of interest within the
optimal response interval even though the absolute measurable range remains narrow. This
makes the present design particularly effective for low-salinity monitoring, controlled labo-
ratory processes, and situations requiring high-resolution detection of small fluctuations.
Conversely, applications requiring a broad salinity range, such as direct seawater measure-
ments, would be less compatible with this configuration and may require alternative sens-
ing approaches. This sensitivity—range trade-off therefore defines the operational context in
which the proposed sensor provides the greatest benefit.

A further consideration is that, although NaCl was chosen as a model system due to its
relevance, other salts in real-world waters, such as KCl, MgCl,, and CacCl,, exhibit distinct
refractive-index increments (Chen et al. 2017). Notably, divalent ions such as Mg?" and
Ca?" contribute more strongly to refractive-index changes per unit concentration due to
their higher ionic polarizabilities and hydration characteristics (Ding et al. 2017). These
differences may lead to small but systematic deviations in speckle-derived metrics relative
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Table 3 Comparison table of various relevant optical salinity sensors

Sensing scheme Sensitivity LOD Dynamic range Refs.

Beam displacement 240 pm/% 0.041% 0-5% Zhao et al. (2003a)

SPR <2000 pm/% 0.02% 2.8-4.8% Gentleman and Booksh (2006)
U-shaped fiber 0.42mV/%  Notavailable 0-3.5% Wang and Chen (2012)

Grating fiber —66.1 pm/%  0.13% 0-1.5% Possetti et al. (2009)

Sagnac interferometer 19.5 nm/% 0.001% 0-4% Wu et al. (2011)

Two-core fiber <2600 pm/% 0.041% 0-6% Guzman-Sepulveda et al. (2013)
Fiber speckle -0.01086/%  Not available 0-20% Lin et al. (2021)

Speckle & lensing —0.853/% 0.004% 0-2% This work

to NaCl-only calibration. Additional contributions can arise from composition-dependent
changes in scattering behavior, as mixed-salt solutions have been shown to exhibit different
optical scattering signatures compared with pure NaCl solutions of equivalent concentration
(Zhang et al. 2009). Such effects indicate that, in practical applications, calibration should
ideally be performed using representative mixed-ion matrices that match the intended envi-
ronment (e.g., seawater or brackish water). Future work will extend the present analysis by
evaluating sensor performance in saltwater mixtures to quantify these composition-depen-
dent effects.

It should be also noted that, in addition to the possibility of defining a combined product
signal to enhance sensitivity, the availability of the red and green signals also offers the
advantage of redundancy and cross-checking information. This is particularly relevant in
the context of fault detection, outlier rejection, and data validation, contributing signifi-
cantly to the reliability and robustness of the sensor system.

4 Conclusions

A multiplicative fusion function has been proposed as a sensing signal for a free-space
optical system for salinity sensing based on dual-wavelength laser speckle correlation. The
sample of interest is probed by two collinear laser beams at different wavelengths (red and
green), generating a speckle image that is dependent on the sample NaCl concentration.
The product of the correlation coefficients for the red and green components of the speckle
pattern defines a new sensing signal that improves the sensor performance compared to
the use of the correlation coefficient of a single wavelength channel. Specifically, these
improvements include enhanced sensitivity and a broader output signal range. In addition,
the combined product signal exhibits a high degree of linearity in the concentration range of
0—-1%. The system’s sensitivity, as determined by the combined product signal, is —0.853/%
and its limit of detection is 0.004%, which is 80 times more sensitive than that reported for
a fiber optic speckle-based salinity sensor and comparable to the limit of detection of more
complex and expensive interferometer-based salinity sensors. The performance advantages
and simplicity of the proposed combined product signal, in conjunction with the redundancy
and cross-checking capability offered by a two-channel interrogation system, position the
studied dual-wavelength speckled-based sensing system as a suitable tool for salinity sens-
ing in key socio-economic sectors.
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