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Abstract: In this paper, we report a novel and compact sensor based on an optic microfiber coupler
interferometer (OMCI) for seawater salinity application. The OMCI device is fabricated by connecting
Faraday rotating mirrors to the two out-ports of the microfiber coupler, respectively. The sensor
signal processing is based on a wavelength demodulation technique. We theoretically analyze the
sensing characteristics with different device structure parameters. Besides, the results show that the
date reading error decreases with the thinner waist region and longer arm difference. Through the
experiment, the reflection spectra red-shifted as the sea water salinity increased; the highest response
sensitivity of the OMCI salinity sensor reached 303.7 pm/%o for a range of 16.6-23.8%o, and the
resolution was less than 0.03%eo. This study provides a new technical solution for the development of
practical optical fiber seawater salinity sensors.

Keywords: optical microfiber coupler; interferometer; salinity sensing; optic fiber sensor

1. Introduction

Salinity is one of the basic parameters of the ocean state equation. At the same time, it plays an
important role in global water cycle change, and provides a means of studying the linkages of the
oceans with the terrestrial water cycle, which affects marine phenomena such as precipitation and
circulation [1-4]. In addition, the salinity directly determines the halocline of the seawater [5], which
poses a threat to the safe operation of underwater equipment. Therefore, real-time and large-scale
online monitoring of seawater salinity distribution is of great significance to ecosystem protection, the
global climate, sea creatures, ocean economic development, and marine equipment operation.

Traditionally, the equipment used to measure the salinity of seawater is mainly the electrical
conductivity-temperature-depth (CTD) system. Among them, its salinity sensor works by using the
correspondence between the chloride ion content and the conductivity in the water solution. Although
this technology can achieve higher precision, it is vulnerable to electromagnetic interference, and other
conductive ions in seawater can also cause measurement errors [5,6]. Because of its large size and
complicated structure, it is not applicable for salinity measurement at the micro scale and the water
vapor interface [7]. Moreover, in order to obtain salinity data with high spatial resolution, many CTDs
must be used in series, which greatly increases the cost. Therefore, there is an urgent need to develop
low-cost and compact sensors to meet the demand of subtle measurement in the ocean.
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In the last decades, optical fiber sensors have attracted significant research attention due to the
advantages of small size, low cost, immunity to electromagnetic interference, and easy integration
and reuse [8-12]. There are some fiber optic sensor structures that have been developed and applied
to ocean salinity measurement, such as optical reflection [13,14], fiber Bragg grating [15-17], fiber
surface plasmon resonance [2,18], and interferometer [19,20]. However, the above types of optical
fiber seawater salinity sensors have various problems such as low sensitivity and susceptibility to
temperature crosstalk. In recent years, researchers have discovered that optical microfiber (OM) is
very sensitive to surrounding environmental changes due to the characteristics of large evanescent
field transmission (a light field transmitted outside the boundary surface of the waveguide) [21]. It
demonstrates important research value in highly sensitive sensing applications that can gradually be
used in ocean salinity sensing research, including the microfiber knot resonator [6], optical microfiber
coupler (OMC) [22-24], and OMC-Sagnac [25]. However, to truly succeed in the monitoring of seawater
salinity, the optical fiber salinity sensor based on evanescent field transmission must adopt a particular
package design to eliminate the influence of seawater impurities, algae and other stray parameters
on the detection accuracy and stability of the sensor [24]. Thus, the optical fiber sensor must have a
simple and compact optical path to facilitate probe package integration.

In this paper, a sensing device based on an optical microfiber coupler combined with an
interferometer (OMCI) is proposed for the first time. The seawater salinity sensing mechanism and
signal demodulation error are theoretically analyzed. Meanwhile, the salinity sensing experiment
shows that the maximum salinity sensitivity is 303.7 pm/%o. The sensor demonstrated here is high
sensitivity, simple and compact, easy to fabricate, convenient to be encapsulated due to the simple and
compact optical path, and provides new technical solutions for the development of practical optical
fiber seawater salinity sensors.

2. Sensing Principle

The OMC proposed in this article is fabricated by fusing and tapering two twisted conventional
single mode fibers (SMFs) [26,27]. As shown in Figure 1a, the OMC is mainly composed of three parts,
including a uniform waist region, two tapered transition regions and four input/output ports. As
shown in Figure 1a, the OMCl is constructed by connecting two faraday rotating mirrors (FRMs) to
Port3 and Port4 of the OMC, respectively. Figure 1b shows the microscope images of OMC uniform
waist region. The waist region with the characteristics of large evanescent field transmission is the
main sensing unit of OMCI. While the two FRMs are only used as mirrors to simplify the optical path
and make the structure more compact, the interferometer does not participate in salinity sensing.

(a) transition region

Port1

FRM2
waist region

—

Port2

Figure 1. (a) Schematic of OMCI composition; it is constructed by connecting two faraday rotating
mirrors to port3 and port4 of the OMC, respectively, the amplified spontaneous emission (ASE)
broadband light source injecting to portl and monitoring the signal from port2 by using the optical
spectrum analyze (OSA). (b) Microscopic image of the OMC waist region.
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For the dual-fiber fusing and tapering OMC, optical coupling at the waist region can be regarded
as the coupling between two optical microfibers. If the input light Py is injected into Port1, the output
light intensity of Port3 and Port4 can be expressed as [23,24]:

P3 =Py cosz(fol c(A,np,n3,2z)dz) = Pgcos? ¢ 1)
Py =Py sinz(fol (A, na,13,2)dz) = Pgsin? ¢

where [ is the coupling length and c(A, 11, z) is the coupling coefficient at wavelength A and location
z. The fusing and tapering OMC is manufactured according to the volume conservation model. The
uniform waist length L and the coupling length I satisfy a specific relationship [28], and the thin uniform
waist region plays a leading role in the coupling characteristics of the whole OMC [26]. Assuming that
the OMC uniform waist region matches the condition of strong coupling, the coupling coefficient C
can be expressed as [26]:

3nA 1

C(A,np,n3,z) = X
( ) 32mr? - (141/V)?

)

where V = [(2ntr) /A](n - n%)l/z is the normalized frequency, A is the incident light wavelength, r is
the radius of the OMs at the uniform waist region. 7, and 3 are the refractive indexes (RIs) of the fiber
cladding (silica) and the external environment (sea water), respectively.

When the probe light output from Port3 and Port4 of OMC are reflected by the FRMs and re-enter
the coupling area, secondary coupling and interference occur. Assuming that the reflection efficiency

of the FRMs is 100%, the output light intensity at Port2 can be expressed as:
Py = 2P, cos? ¢ sin? (14 cos ) (3)

where 6 = 27mnyl, /A is the interference phase difference, and I, is the interferometer arm difference.
Due to the large evanescent field transmission characteristics of OMC'’s thin waist region, seawater can
be regarded as the OMs’ cladding in the waist area of the OMC when OMCl is immersed in seawater [6].
As can be seen from Equations (2) and (3), the seawater RI 73 changes with the variation of seawater
salinity, which results in the shift of specific wavelength. It means that the OMCI’s waist region with
the characteristics of large evanescent field transmission is the main sensing unit in seawater salinity
sensing applications. When tracking a specific wavelength (dip or peak) of the OMCI output spectra,
the seawater salinity response sensitivity of OMCI can be expressed [25]:

_dA_ oA dp dnms )

5_%_ dp odns dS

In the condition of atmospheric pressure, the relationship between seawater salinity and refractive
index is [29]:
7
n3(S,T,A) = 1.3247 - 2.5x 107°T? + S(2 x 10* = 8§ x 10°T) + ?’f’% - % (5)
where S and T represent salinity and temperature, respectively; the units are %o and °C. As can be
known in Equation (5), the RI of seawater is controlled by the seawater temperature, salinity and
detection light wavelength at atmospheric pressure. Under the condition that the seawater temperature
T is 25 °C, the OMC uniform waist length L is 2 mm, and the radius of the OM is 1.55 um, the salinity
response characteristics of the OMCI transmission spectra under different arm differences are simulated
and analyzed. The calculation results are shown in Figure 2, when the arm difference [, is 0; that is, in
the case of equal arms, the output spectra only have intensity fluctuations related to the filter beam
splitting characteristics of OMC. When the arm of the OMCI is not equal, the difference is that the
interference peaks (phase interference signals) related to the interferometer arm differences appear in
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the output spectra, and there is an intensity envelope on the interference peaks when the arm of the
OMCl is not equal. In addition, the larger the OMCI arm difference, the denser the interference peaks
in its output spectrum.
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Figure 2. The simulation output spectra with salinities for OMCI arm difference (a) I, = 0 mm, (b) [, =1
mm, (c) [; =2 mm, and (d) [; =5 mm.

In fact, when a light source with different wavelengths (broadband source) injects to OMCI, the
output intensity corresponding to each wavelength is the superimposed output effect after interference,
and the phase difference of the interferometer corresponding to different wavelengths is different, so
the output light intensity at each wavelength is different (corresponding to the optical path difference
of the interferometer and the wavelength filtering characteristics of the OMC). It means that the
reflection spectrum of OMCI will present an intensity envelope signal related to the OMC coupling
characteristics, as well as “interference fringe” (intensity periodic oscillations) related to the optical
path difference of the interferometer. This “interference” reflects the output result of the interference
intensity caused by the phase difference of the interferometer at different wavelengths, rather than
the traditional meaning of interference. In salinity sensing applications, the filtering characteristics of
OMCI play a major role, and sensing is achieved by tracking reflection spectra with environmental
salinity changes.

Figure 3a shows the detail of the peakl of the output spectra near 1576 nm with the salinities
when the OMCl is equal arm. It can be seen from the figure that the output spectra of OMCI red-shift
as the salinity increases. By monitoring the drift of specific wavelength (peak), the salinity response
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sensitivity of the OMCI is 318 pm/%o. Moreover, when the two arms of OMCI are not equal, the
output spectra with the variation of salinity also red-shift, and the salinity sensing response can be
realized by tracking the extreme point of the interference peak. However, it should be noted that when
the difference value of the OMCI arm is small, the output characteristic interference spectra will be
very sparse. When the wavelength shift caused by the change of seawater salinity is less than the
interference peak spacing, it will not be accurately monitored and will read the drift of the maximum
point of the interference peak, which will cause a large error of data reading. The problem can be
clearly seen from Figure 3b, which partially details that the change of the OMClI-specific spectra with
the difference of salinity under the arm is 3 mm.
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Figure 3. Details of the output spectra with salinity (a) at peakl with arm difference /; = 0 mm, and (b)
at peak2 with arm difference ; = 3 mm.

For the sake of further analyzing the effect of the OMCI interferometer arm difference on the data
reading error of the salinity sensing response, we tracked and analyzed the characteristic spectra of
OMCIs in salinity sensing with different arm differences. The calculation results are shown in Figure 4;
when the OMCI is equal arm, there is no interference peak in its output spectrum, so there is no
wavelength drift error that directly reads the wavelength offset corresponding to the extreme point. As
shown in Figure 4b,c, the data reading error of the salinity sensing response is large under the small
arm difference, and the fitting effect is not obvious (low R?). In addition, as can be seen from Figure 4d,
the fitting result of the sensing response data is closer to the zero arm difference as the OMCI arm
difference increases; that is, the error is getting smaller.

From the above analysis, if the OMCI structure designed in this paper chooses 0 arm difference or
a larger arm difference, the error of signal demodulation can be reduced. In practice, however, it is more
difficult to manufacture an interferometer with 0 arm difference. The output spectrum interference
peaks of OMCI with large arm difference are relatively dense, which imposes higher precision reading
requirements on the demodulation equipment (OSA), and it is easy to bring other environmental
noise, thereby reducing the system'’s signal-to-noise ratio. Therefore, in the practical salinity sensing
application of OMC], it is more appropriate to keep the OMCI arm difference within 5-30 mm.
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Figure 4. The fitting lines of interference peak wavelength shift with salinities under the arm difference
(@) l; =0mm, (b) l; =1 mm, (c) [; =2 mm, and (d) [, = 5 mm.

For almost all sensor applications, improving the signal-to-noise ratio of the device is an effective
means to reduce detection errors. It is found from Figure 5 that the the sensing sensitivity of OMCI
structure can be improved by reducing the uniform waist radius r of OM. We tracked the specific
wavelengths of peakl’, peak2’, and peak3’; the linear results are shown in Figure 6. The red line
(guideline) in the picture represents the three peaks’ drift under zero arm difference. We can find that
the result is closer to the guideline as the sensitivity rises. That is, when the wavelength drift with
salinities is much larger than the interference peak spacing, the detection error will be greatly reduced.
Therefore, if the manufacturing process conditions permit, the OM radius r should be reduced as
much as possible to improve sensor performance. The length L of the OMCI waist region has little
effect on sensitivity, but directly determines the output spectral characteristics (number of specific
wavelengths) [30]. In addition, multiple specific wavelengths can realize multi-parameter sensing,
so in practical engineering applications, device parameters should be selected reasonably according

to requirements.
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Figure 6. Linear fitting result of peaks. The red lines represent the peak wavelengths’ shift under
an arm difference of zero; (a) linear fitting of peakl’, (b) linear fitting of peak2’ and (c) linear fitting
of peak3’.

3. Experimental Results

We established an experimental system in order to fully verify the foregoing theoretical analysis
results and grasp the salinity sensing characteristics of OMCI. As shown in Figure 7, it consists of
an ASE broadband light source (1520-1620 nm), an optical spectrum analyzer (OSA, 600-1700 nm,
8384, ADVANTEST, resolution 0.01 nm), a CTD system (Midas, VALEPORT), a water tank, a signal
processing computer, etc. Portl of the OMCI is connected to the ASE light source, and the output
signal from Port2 is sent into the OSA. The electrical CTD system is used for calibrating and comparing
the salinity tests. The salinity measuring experimental setup is shown in Figure 7b.

In the sanility experiment, we first used an OMCI sample with the uniform waist length L of
approximately 7 mm; the radius of the microfiber was 1.55 um, and the lengths of the two arms of
the interferometer were about L1 = 2.0 m, L2 = 2.006 m. The water tank capacity was about 4 L. The
seawater samples were blended with NaCl crystals and pure water. Firstly, the salinity of the seawater
samples was adjusted to 23.8%o, and the centration of the seawater samples was then changed by
adding pure water with the aim of avoiding exothermic impact when the NaCl crystals were dissolved
in water. About 200-300 mL of pure water was added and stirred evenly each time; at the same time,
the electrical CTD system was used to monitor the seawater salinity and temperature changes (the
impact of temperature has been eliminated). The data was recorded after the salinity became stable
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and the output spectrum no longer shifted. Figure 8a,b show that the red shifted at the sensing dips as
the salinity increased from 16.6%o to 23.8%eo.

CTD

Computer

Figure 7. (a) The schematic diagram of the experimental system, and (b) the salinity measuring
experimental setup.
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Figure 8. (a) The output spectra at different salinities with L = 7 mm, = 1.55, I; = 6 mm. (b) Detail of
output spectra near dip3.

To estimate the sensitivities, we tracked five dips in output spectra, and the dip values at different
salinities are shown in Figure 9. The fitting results show that the salinity sensitivity responses of OMCI
in different specific wavelengths are: Sqip1 = 198.9 pm/%o, Sqip2 = 178.5 pm/%o, Sgip3 = 225.8 pm/oo.
Sdips = 303.7 pm/%00, Sqips = 190.5 pm/%o. Under the condition of 0.01 nm resolution of OSA, the
salinity resolution of the OMCI sample is less than 0.03%o. The minimum dynamic range of the dip3
wavelength is 13.97 nm, allowing the salinity to vary by 46.1%eo. In the global sea area, the average



Photonics 2020, 7, 77 90f12

salinity is 35%o. From the Baltic Sea with the lowest salinity to the Red Sea with the highest salinity,
the range is about 7.4—40%o [31,32]. Therefore, the dynamic range of the salinity response of the
experimental sample of the OMCI sensor is applicable to the practical measurement requirements of
salinity in most sea areas.
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Figure 9. Relationships between the specific wavelengths and the salinities.

The above simulation results show that the OMCI salinity sensing under small arm difference will
bring a large specific wavelength drift error; that is, the data fitting degree of the dip wavelength drift
is bad. To verify this feature, we adjust the arm difference of the above OMCI sample to [; = Imm. The
output spectra (partial) at different salinities are shown in Figure 10a. There is a large interference peak
spacing, with a width of about 2100 pm, in the output characteristic spectrum. Figure 10b shows the
salinity response sensitivity and fitting results at different dips. It can be seen from the figure that the
data reading error of this sample is large (the minimum R? is about 0.027), which is consistent with
the previous theoretical analysis; that is, there is large detection error under the small arm difference.
Therefore, the OMCI sample with large arm difference should be selected to make the sensor obtain
more accurate sensing results. It should be noted that the signal intensity at the dips of the OMCI
characteristic spectrum is weak. Because of the groundnoise, there are large data reading errors for
salinity sensing detection by tracking the dips’ wavelengths and low signal-to-noise ratios. Therefore,
it is more reasonable to track the peaks of the characteristic OMCI spectrum to achieve higher precision
salinity sensor detection.

O dipt o ey
1600 Linear fitting of dip1 [ 0 PO 70 1-EPM/%e ?2_0'0656
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Figure 10. After adjusting arm difference I, = 1, (a) the output spectrum (partial) at different salinities,
and (b) relationships between the characteristic wavelengths and the salinities.



Photonics 2020, 7, 77 10 of 12

4. Discussion

The waist region of OMCI can respond to salinity and temperature simultaneously. There
is a proven solution to eliminate the effects of cross-sensitivity; that is, tracking two sensing
dips and constructing a salinity and temperature sensitivity matrix, then performing inversion
calculations [12,22,24], as shown in Equation (6). In addition, the two arms of the interferometer
only respond to temperature; tracking the distance of two adjacent interference peaks can realize
this sensitivity to temperature. In view of this, the temperature sensitivity of the interferometer can
compensate for the temperature sensitivity of the OMCI’s waist region; we have analyzed this feature

in detail in previous work [31].
[ A dip1 ]_[ 551511 ][ AS ] ©)
Algipn 52512 || AT

According to the above results, it shows excellent salinity sensing performance by reasonably
setting the parameters of OMCI sensor. Comparing other salinity sensors, for example, the salinity
sensors based on optical reflection have high sensitivity, but their prism systems are complicated and
difficult to apply to harsh marine environments. The structure of the fiber grating salinity sensor is
relatively simple, but its sensitivity is generally low. There is a sensitivity of around 50-200 pm/%o
with the SPR sensor, However, what matters is that the metal film should be coated effectively. As
far as we know, most interference structures are complex although some of them can reach high
sensitivity. As we all know, fiber optic sensors are immune to electromagnetic interference, but
most of them are sensitive to temperature; in practical application, ways of eliminating the effects of
cross-sensitivity should be considered. The sensor designed in this paper not only has high sensitivity,
a compact structure to encapsulate it, and ease of manufacturing, but also has special advantages for
temperature self-compensation.

5. Conclusions

In summary, a novel seawater salinity sensor based on the structure of optical microfiber coupler
interferometer is proposed. The results show that the output spectra of OMCI red-shift as salinity
increases, and the salinity response sensitivity reaches 303.7 pm/%o. The experiment is consistent
with the theoretical analysis. In addition, we discussed the relationship between the OMCI arm
difference and the wavelength drift error. When the arm difference is small, the interference peak of
the output spectrum is relatively sparse. Moreover, there is an error between the dip wavelength in the
output spectrum and the dip wavelength in the envelope (0 arm difference), and the smaller the arm
difference, the greater the error. At the same time, when the sensitivity is low (that is, wavelength drift
is much smaller than the interference peak spacing), the error is more obvious. Therefore, this paper
proposes three improvement suggestions: firstly, controlling the OMCI arm difference to zero; secondly,
controlling the OMCI arm difference to 5-30 mm; third, reducing the OM radius r to improve the
sensor’s signal-to-noise ratio. In practical applications, the latter two schemes are easier to implement.
This OMCI salinity sensor meets the needs of salinity testing in most sea areas. It provides good research
ideas and alternative technical solutions for the development of practical optical fiber salinity sensors.
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