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Abstract: In this paper, a high-sensitivity distributed optical fiber salinity sensor based on
frequency-scanning phase-sensitive optical time-domain reflectometry (φ-OTDR) and polyimide-
coated single-mode fiber is proposed. Distributed salinity sensing over an 1100 m polyimide-
coated fiber with a 1 m spatial resolution was demonstrated, and a sensitivity of 782.4 MHz/(mol/L)
was achieved with the salinity changing from 0 mol/L to 1.61 mol/L. Then the measurement
accuracies of frequency shift and salinity were evaluated theoretically and experimentally. Both
theoretical and experimental results show that the measurement accuracy deteriorates as the
pulse width decreases, resulting in a trade-off between the spatial resolution and measurement
accuracy. The measurement uncertainty of salinity is 0.022 mol/L in the case of 30 cm spatial
resolution. And when the spatial resolution is set to be 2 m, the measurement uncertainty of
salinity decreases to 0.005 mol/L. The response time of the fiber to external salinity change has
also been investigated, and it takes about 8 minutes for the fiber to reach a stable state. The
proposed salinity sensor exhibits high sensitivity and long measurement range, which may be
used for distributed marine environmental monitoring.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Salinity is an important indicator in a wide range of fields such as environmental protection,
marine monitoring, agriculture production, and industrial manufacturing process control [1,2],
which puts forward the demand for high performance salinity sensors. Commercially available
salinity sensors generally fall into two categories, electrical and optical sensors. The electrical
sensors often measure the conductivity of solutions to obtain salinity [3], and the optical methods
usually use prismatic structures to measure the refractive index of the solution to indirectly obtain
the salinity [4,5]. Such sensors have developed over the past several decades and have achieved
high sensitivity and accuracy, but one limitation of such sensors is that they cannot be used for
remote salinity measurement.

In recent years, optical fiber sensors have attracted much attention for environmental monitoring
due to the advantages of corrosion resistance, safety, immunity to electromagnetic interference,
and the capability of remote sensing [6–8]. So far, several types of optical fiber sensors have
been reported to measure salinity, which includes fiber Bragg grating (FBG) [9,10], Sagnac
interferometer [11,12], and special fiber structures [13–17]. The FBG sensors are often combined
with polyimide or hydrogel coatings to achieve salinity measurement. The polyimide and hydrogel
materials can absorb or lose water thereby inducing swelling or shrinkage when the external
salinity changes, and the swelling and shrinkage of fiber coating will introduce radical pressure
on the fiber cladding and core, thus the stress sensitive FBGs can capture the salinity of the
solution surrounding the coating layer. Men et al. [18] proposed a salinity sensor with two
cascaded FBGs, the coating layers of which were polyimide and acrylate, respectively. The
proposed sensor realized simultaneous measurement of salinity and temperature with sensitivities
of 0.0165 nm/(mol/L) and 0.0094 nm/°C respectively. In 2011, a more sensitive method based on
Sagnac interferometer with a polyimide-coated Hi-Bi photonic crystal fiber probe was reported,
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which claimed a sensitivity of 0.742 nm/(mol/L) [11]. The above sensors need to be fixed at the
position where the salinity needs to be measured, and the salinity distribution information cannot
be obtained with these kinds of sensors.

Unlike single-point optical fiber sensors, distributed optical fiber sensors (DOFS) could
interrogate and spatially resolve measurands along an unmodified optical fiber. Tens of thousands
single-point sensors can be effectively replaced by a DOFS comprised of a single sensing fiber, a
light source, and a detector [19]. Remarkable progress has been made in the performance of
DOFS over the past several decades, while the majority of research has focused on measuring the
temperature, strain, and vibration. By utilizing specialty optical fibers with engineered materials
or specially designed structures, DOFS could also apply to some special functionalities and
applications, including gas sensing [20–22], humidity sensing [23–25], and salinity sensing. In
2020, Zhang et al. developed the Brillouin dynamic grating (BDG) for salinity sensing, in which a
maximum sensitivity of 139.6 MHz/(mol/L) and a salinity accuracy of 0.072 mol/L were achieved
in a 9 m polarization-maintaining polyimide-coated photonic crystal fiber with 15 cm spatial
resolution [26]. However, the Brillouin scattering sensing mechanism makes it hard to further
improve the sensitivity of the system, which limits the application of the system in high-sensitivity
salinity measurement. Compared with DOFS based on Brillouin scattering, φ-OTDR based
on Rayleigh scattering generally shows much higher sensitivity and is more suitable for high
precision sensing. φ-OTDR can be roughly divided into two categories. Phase-resolved φ-OTDR
commonly utilizes homodyne and heterodyne coherent detection to demodulate the phase change
between the adjacent scattering points, which enables quantitative strain change measurement
[27–30]. However, phase-resolved φ-OTDR cannot determine the algebraic sign of the strain
change, which is appropriate for vibration sensing. Another category of φ-OTDR is attributed
to wavelength shift demodulation, true quantitative strain change measurement including the
algebraic sign can be achieved using multiple wavelength φ-OTDR, such as chirped pulse
φ-OTDR [31,32] and frequency-scanning φ-OTDR [33–35]. Chirped pulse φ-OTDR employs a
linearly chirped pulse to track the temperature/strain changes along sensing fiber, and does not
require a frequency sweep, thus greatly decreasing the measurement time and complexity of the
system [33,34]. On the other hand, frequency-scanning φ-OTDR still involves frequency sweep,
which enables a higher spatial resolution. A combination of frequency-scanning φ-OTDR and
BOTDA has been proposed in [35], which achieved sub-micro strain vibration measurement by
the Rayleigh signal with a precision of 6.8 nε and absolute strain measurement by the Brillouin
signal with 5.4 µε measurement accuracy. A fast frequency-scanning φ-OTDR based pressure
sensor has also been reported with a pressure coefficient of 702.5 MHz/Mpa [36]. Although
various high performance φ-OTDR systems have proposed, distributed salinity sensor using
φ-OTDR has not been reported yet.

In this paper, we developed the frequency-scanning φ-OTDR to achieve distributed salinity
measurement, in view of the high sensitivity of Rayleigh scattering. An 1100 m single-mode fiber
with 15 µm polyimide coating is used as the sensing probe, thus sensing range of 1100 m is easily
reached due to the low fiber loss. Firstly, salinity ranging from 0 mol/L to 1.61 mol/L is measured
with 10 ns interrogating pulse width, and the measured frequency shift shows a linear response to
the salinity variation with a slope of 782.4 MHz/(mol/L). To evaluate the measurement accuracy
of frequency shift of the system, experiments are carried out in case of different pulse widths,
and then the measurement accuracy is discussed both theoretically and experimentally. The
experimental results show that the measurement accuracy is negatively correlated with the spatial
resolution of the system. As the pulse width increases from 3 ns to 20 ns, the measurement
uncertainty of salinity decreases from 0.022 mol/L to about 0.005 mol/L. Then we measured the
response time of the polyimide-coated fiber to salinity change, and the results show that the fiber
could reach a stable state at the 8th minute. Finally, we made a comparison of the proposed
sensor and other sensors on their performances.
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2. Principle

The measurement principle of frequency-scanning φ-OTDR is illustrated in Fig. 1. In this scheme,
the coherent optical pulse sequence with a certain frequency interval is launched into the sensing
fiber, and the pulse period should be larger than the round trip time of light in fiber to avoid
overlap between traces of different pulses, as shown in Fig. 1(a). The intrinsic inhomogeneities of
fiber induced Rayleigh backscattering light interfere with each other within pulse width, forming
jagged intensity traces, and a 3-D spectrum can be constructed by replotting the jagged intensity
traces of different optical frequency pulses into one figure, as shown in the left figure of Fig. 1(b).
The 3-D spectrum will remain unchanged when the sensing fiber is in a stable environment. And
when a strain is applied to the sensing fiber, the phase change (∆φ) of Rayleigh backscattering
light between position zi and zj will also change, which can be expressed as [37]:

∆φij =
4πv

c (n · ∆zij + ∆n · zij)

= 4πv
c (n + Cε) · zij∆ε

(1)

where v and c are the optical frequency and velocity, ∆zij and ∆n represent the change of fiber
length and the change of refractive index caused by strain, respectively. Cε is the strain coefficient
of refractive index and ∆ε represents the magnitude of strain applied to the fiber. This phase
change can be compensated by the frequency shift (∆v) of pulses:

∆φij =
4πnzij

c
∆v (2)

Fig. 1. (a) Principle of frequency-scanning φ-OTDR; (b) Reference and live measurement
Rayleigh scattering spectra (left) and the cross-correlation spectrum between them (right).

From Eqs. (1) and (2), the relationship between the strain and the frequency shift of pulses can
be derived as follows [38]:

∆v
v
= −0.78 × ∆ε (3)

In the experiment, at different time stamps, we can detect the 3-D spectrum by scanning
the frequency of interrogating pulses, and then the correlation spectrum can be obtained by
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performing cross-correlation on two frequency spectra at different time stamps along the fiber
distance, as shown in right figure of Fig. 1(b). At a certain position, the abscissa value of peak of
correlation curve, which is referred as frequency shift in this paper, indicates the external strain
change at that location. As can be seen from the cross-correlation spectrum in Fig. 1(b), there is
a frequency shift at one end of fiber, indicating an external perturbation at this location.

Traditional acrylate-coated single-mode fibers are often used for temperature or strain measure-
ments, but it is salinity insensitive. Polyimide is a hygroscopic material that swells or shrinks
by absorbing or losing water when the external salinity changes. The swelling and shrinkage
of polyimide coating transfer the strain on the fiber. Combining frequency-scanning φ-OTDR
interrogating method and polyimide-coated sensing fiber, high-sensitivity salinity variation
measurement can be achieved.

3. Experimental setup

The experimental setup of the proposed distributed salinity sensor based on frequency-scanning
φ-OTDR is shown in Fig. 2. A laser with a narrow linewidth of 100 Hz and operating at a
wavelength of 1550 nm is used as the light source. The frequency of the continuous light is
shifted by the first electro-optic modulator (EOM1) which is operated in double-side-band (DSB)
modulation mode. The frequency shift of laser is scanned by changing the output frequency of
microwave generator from 8.01 GHz to 11.99 GHz with a step of 20 MHz, therefore generating
200 frequencies in total. Then the frequency shifted light is chopped into pulses through another
high extinction ratio electro-optic modulator (EOM2, >40 dB) which is modulated by the output
electrical pulse signal of AWG. To maximize the extinction ratio, two polarization controllers
(PC) are employed at the input of each EOM. The peak power of probe pulses is amplified up to
23 dBm through an erbium-doped fiber amplifier (EDFA1) which is followed by a band-pass filter
to remove the unwanted sidebands and the amplified spontaneous emission (ASE) noise. Then
the probe pulses are launched into the fiber under test (FUT) with a length of 1100 m through the
circulator. The Rayleigh-backscattering light from the FUT is pre-amplified by EDFA2, whose
ASE noise is suppressed by another band-pass filter. A 200 MHz wide photodetector converts
the optical signal into an electric voltage, which is then digitized by a fast oscilloscope with 2
GSa/s sampling rate.

Fig. 2. Experimental setup of frequency-scanning φ-OTDR. EOM: electro-optic modulator;
AWG: arbitrary waveform generator; EDFA: erbium-doped fiber amplifier; PD: photodetector.

In our experiment, the FUT is a commercially available polyimide-coated single mode fiber
with a coating thickness of 15 µm. The fiber is placed in the air and the environment was relatively
stable. At the far end, a section of fiber with a length of about 6 m is immersed in a water bath
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at room temperature. Solutions with different concentrations were obtained by adding NaCl
solution into pure water. For comparison, a commercially available salinometer with a nominal
measurement accuracy of 0.0034 mol/L is used to measure the salinity of the solution at the same
time.

4. Experimental results and discussion

4.1. Salinity measurement results

Firstly, the salinity response of the system was investigated with a pulse width of 10 ns,
corresponding to a spatial resolution of 1 m. To measure the frequency shift of a certain salinity,
we carried out twice 3-D Rayleigh scattering spectrum measurements, in which the fiber was
immersed in pure water and NaCl solution with a certain salinity respectively. The time interval
between the two measurements was set to be 10 minutes to make the fiber coating fully respond
to the external salinity change. The traces were averaged 128 times to improve the SNR, thus
one measurement took about 120 seconds. Fig. 3 shows the detected frequency spectra and their
cross-correlation results, the salinity in this measurement was 1.33 mol/L. Figure 3(a) shows
the frequency spectra at the location of 1079 m where the fiber was in the air. It is obvious
that the two frequency spectra have a similar shape and do not have frequency shift, and their
cross-correlation curve is shown in Fig. 3(c) in blue line. Figure 3(b) shows the frequency
spectra before and after salinity change at the location of 1129 m where the fiber was immersed
in the water bath. The shapes of the two spectra are also similar but there is a frequency shift
between them. The cross-correlation of the two spectra is shown in Fig. 3(c) in red line. To
obtain accurate frequency shift value, the peaks of cross-correlation curves were fitted using the
quadratic polynomial fitting, as shown in black line in Fig. 3(c). And the corresponding abscissa
value of peak of fitting curve is the frequency shift value we need. The two frequency shift values
in Fig. 3(c) are 0.015 GHz and 0.893 GHz respectively.
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Fig. 3. The detected frequency spectra before and after salinity change at different fiber
locations at the concentration of 1.33 mol/L and their cross-correlation curves. (a) The
frequency spectra at the location 1079 m; (b) The frequency spectra before and after salinity
change at the location 1129 m; (c) The cross-correlation curves of traces in Fig. 3(a) (blue)
and Fig. 3(b) (red).

Then the cross-correlation spectrum was obtained by performing cross-correlation along the
fiber distance, as shown in Fig. 4(a). It can be seen from Fig. 4(a) that the frequency shift is close
to 0 when the environment remains stable. Figure 4(b) shows the enlarged spectrum as shown in
the red dashed box in Fig. 4(a). A frequency shift with a length of 6 m can be observed, which
matches well with the practical situation. To quantitatively describe the magnitude of frequency
shift, an average over the distance between 1126.8 m and 1132.8 m is calculated, and the average
value is 0.88 GHz for 1.33 mol/L salinity.

The frequency shift measurement results for different salinities are shown in Fig. 5(a). The
salinity ranges from 0 mol/L to 1.61 mol/L. We can see that as the salinity increases, the frequency
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Fig. 4. (a) The cross-correlation spectrum of 3-D Rayleigh backscattering spectra in the
case of pure water and 1.33 mol/L salinity solution. (b) The enlarged cross-correlation
spectrum at the location near the fiber end.

shift increases accordingly. The average frequency shift in Fig. 5(a) is plotted as a function of
salinity, as shown in Fig. 5(b). The frequency shift has a linear relationship with salinity. And
the fitting curve of the experimental results has a slope of 782.4 MHz/(mol/L) and a coefficient
of determination of 0.9595, suggesting a high salinity sensitivity of the system. It is worth
noting that the dynamic range of the system is not restricted to 1.61 mol/L, since it can be easily
increased by enlarging the frequency sweep range of probe pulses.
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Fig. 5. (a) The measured frequency shift of different salinities; (b) the frequency shift
variation with salinity.

As can be seen from Fig. 5(a), the frequency shift fluctuates over the distance between 1126.8
m and 1132.8 m, especially in the case of salinity of 0.41 mol/L and 1.61 mol/L. The uniformity
of the frequency shift can be affected by different reasons such as the uniformity of NaCl solution,
the contact between the fiber and solution, and the environmental perturbations. Since each
salinity was measured independently, these experimental conditions might be slightly different
in different measurements. The dip at 1131.5 m at the salinity of 0.41 mol/L might result from
the insufficient contact between the fiber and the solution, and the fluctuation in the case of
1.61 mol/L salinity might be a comprehensive result of the nonuniformity of NaCl solution and
the environmental perturbations.
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4.2. Evaluation of salinity measurement accuracy

In our experiment, for each salinity, the 3-D Rayleigh scattering spectra were measured once
in pure water and once in saline solution, and the cross-correlation of the two spectra provided
the measured frequency shift results. The measurement accuracy of frequency shift provided by
cross-correlation can be affected by various factors such as pulse shape, pulse width, and signal
noise ratio (SNR) of Rayleigh backscattering trace [39].

In this study, we experimentally investigated the measurement accuracy of frequency shift and
compared it with the theoretical value. To investigate the measurement accuracy of frequency
shift in the case of different pulse widths, a group of measurements were carried out. The pulse
widths in this group of measurements were set to be 20 ns, 10 ns, 5 ns, and 3 ns respectively, the
salinities were 1.33 mol/L in four experiments, and other parameters were the same as those in
section 3. The measured cross-correlation spectra in the case of different pulse widths are shown
in Fig. 6, and the red lines in the figures represent the frequency shift along the fiber length.

Fig. 6. The measured cross-correlation spectra near the fiber end with pulse widths of (a)
20 ns; (b) 10 ns; (c) 5 ns; (d) 3 ns.

It is obvious in Fig. 6 that as the pulse width decreases, the fluctuation of the frequency shift
gets larger. Since the measurement results of frequency shift at different fiber locations are
independent, the frequency shift measurement uncertainties can be characterized by the standard
deviation of frequency shift at different fiber locations. From Fig. 4(a) we can see that the
frequency uncertainties at different positions are different. The fluctuation at the position of 800
m is larger than that at the position of 200 m, which results from random ambient perturbations
like temperature change. Since the environmental perturbation is random and different at different
fiber locations, we calculate the standard deviation every 2.5 m and an average of standard
deviations was calculated from 0 m to 960 m. The results for different pulse widths are plotted
in Fig. 7 in magenta dots. The vertical axis on the left shows the frequency shift measurement
uncertainty and the vertical axis on the right shows the corresponding salinity measurement



Research Article Vol. 30, No. 13 / 20 Jun 2022 / Optics Express 22867

uncertainty with a coefficient of 782.4 MHz/(mol/L). The theoretical curve in black solid line is
determined by the equation [39]:

σ =

√
6

2πτM
(4)

where τ and M represent pulse width and SNR of the Rayleigh backscattering signal, respectively.
In Fig. 7, the measured frequency uncertainties are larger than the theoretical frequency
uncertainties. This is reasonable because the ambient perturbation will also result in measurement
error although an average was used. Since the spatial resolution of the system is determined
by the interrogating pulse width launched into sensing fiber, a trade-off between the spatial
resolution and salinity measurement accuracy is required. The salinity uncertainty in the case
of 20 ns is 0.005 mol/L (corresponding to 3.7 MHz frequency uncertainty), while the salinity
uncertainty in the case of 3 ns is 0.022 mol/L (corresponding to 17.6 MHz frequency uncertainty).
The experimental results prove the high accuracy and reliability of this method.

0 5 10 15 20 25

0

5

10

15

20

0.000

0.006

0.013

0.019

0.026

Fr
eq

ue
nc

y 
sh

ift
 u

nc
er

ta
in

ty
 (M

Hz
)

Pulse width (ns)

 Theoretical
 Experimental

Sa
lin

ity
 u

nc
er

ta
in

ty
 (m

ol
/L

)
Fig. 7. The measurement accuracy of frequency shift and salinity in case of different pulse
widths.

4.3. Response time

Then we tested the response time of the fiber to salinity change. In this experiment, the frequency
shift of optical pulses was swept from 9.765 GHz to 14.235 GHz at a step of 30 MHz, thus
generating 150 frequencies in total. To make each measurement faster, the average time of traces
was set to be 64, and the time taken for each Rayleigh backscattering spectrum measurement was
44.2 seconds. The response times of salinity 0.48 mol/L and 1.76 mol/L were measured with
3 ns pulse width respectively. For each salinity, we collected 18 Rayleigh spectra consecutively
starting from the NaCl solution added into pure water, which took 13.3 minutes in total. Then
the cross-correlation was performed to the adjacent spectra and 17 frequency shift curves were
obtained. The results for different salinities are shown in Fig. 8. As time goes by, the magnitude
of frequency shift decreases, and the fiber reaches a stable state gradually. The frequency shift
almost reaches zero at the time of 8 min.

4.4. Comparison with other fiber-optic sensors

Table 1 compares the salinity measurement performances of our salinity sensor with previous
fiber-optic sensors. The proposed sensor employs an unmodified polyimide-coated single-mode
fiber as a sensing medium, distributed salinity sensing can be realized over long distance and no
complex process is required. Meanwhile, the proposed sensor shows a high salinity sensitivity,
which enables a good measurement accuracy. However, the sensor is also sensitive to temperature
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variation, which limits its long-term stability. Subsequent research may include how to eliminate
crosstalk between salinity and temperature.

Table 1. Comparison of our method with other fiber-optic sensors

Technique Sensitivity Spatial resolution Sensing range Ref

FBG 15.40 nm/RI N.A. N.A. [40]

MZI 64 pm/%₀ N.A. N.A. [41]

FPI 0.45 nm/(mol/L) N.A. N.A. [16]

SPR 0.3769 nm/%₀ N.A. N.A. [42]

BDG 119 MHz/(mol/L) 15 cm 9 m [26]

This work 782 MHz/(mol/L) 30 cm 1 km

5. Conclusion

In summary, we proposed a distributed high-sensitivity salinity sensor which combines frequency-
scanning φ-OTDR and polyimide-coated fiber in this paper. The hygroscopic property of
polyimide makes the fiber coating swell or shrink when the environmental salinity changes, thereby
realizing salinity measurement. In our experiment, a salinity sensitivity of 782.4 MHz/(mol/L)
was achieved on an 1100 m fiber with 15 µm polyimide coating. The measurement accuracy of
frequency-scanning φ-OTDR was also investigated theoretically and experimentally. And the
investigation results show that there is a trade-off between the spatial resolution and measurement
accuracies of frequency shift and salinity. According to the experimental results, the measurement
uncertainties of salinity are 0.005 mol/L and 0.022 mol/L in the case of 20 ns and 3 ns interrogating
pulse widths respectively. We also measured the response time of the fiber to the salinity change,
which was both 8 minutes in the case of 0.48 mol/L and 1.76 mol/L salinity changes. Finally, we
compared our method with other fiber-optic sensors, our method can achieve remote sensing of
salinity with high sensitivity and large sensing range, which makes it a promising candidate for
salinity measurement in practical applications in the future.
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