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Abstract: The Michelson liquid-level sensor based on sil-
ver coated the end face of the three-core fiber reflection
structure has been proposed to measure continuous or
discrete liquid level. The Michelson interference structure
can be obtained by the combination of the single-mode
optical fiber and the three-core optical fiber with the silver
film coated on the other end face of it. The inter-mode
interference can be obtained by the fiber-core mismatch at
the fusion joint. The liquid level can be measured by
monitoring the dip wavelength shift of the interference
spectrum. The results indicate that the sensitivity of the
liquid-level sensor will decrease with the increasing
sensing length. The sensing length of 30 mm is selected to
investigate the performance of the sensor. The sensitivity of
water level is reached as high as 392.83 pm/mm with an
excellent linearity of 0.99946. Interestingly, the sensitivity
of the sensor increases with the liquid refractive index and
the sensitivity of the refractive index for NaCl solution is
4410.74 pm/mm/RIU. The performance of the sensor is very
stable in the range of 20–90 °C. The maximum drift for
temperature is 0.3001 nm. The sensor can be applied to the
measurement of the liquid level in different environments.
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1 Introduction

Liquid-level sensor has been widely used in many fields,
such as petrochemical, biopharmaceutical and tidal lake
water-level monitoring. The sensor often work in the
complex and changeable ambient conditions, for example,
the strong electromagnetic interference, inflammable,
explosive, corrosive and low temperature, etc. [1–5]. The
traditional sensors based on capacitance have to work
under the electric power, which easily leads to security
risks by the leakage of electric power [2–5]. Moreover, the
traditional sensors based on electrical sensing technology
cannot work accurately under the conditions of dynamics,
large temperature variation and harsh environment [6].
Compared with other electrochemical liquid-level sensors,
optic-fiber liquid-level sensors have the advantages of
safety, low cost and variety application environments [7–
10]. Therefore, the research on optical fiber liquid-level
sensors has great practical application value in daily life,
military aerospace and other fields [11–14].

The general mechanism of optic-fiber Michelson
sensor is the interference between two optical signals with
the same wavelength and a relative phase difference. This
phase difference is caused by the transmission of light in
different media or along different path lengths [15]. This
structure has the advantages of compact and simple
manufacturing process. In recent years, there were many
reports of optical fiber liquid-level sensors based on the
utilization of Michelson interference structure. Rong et al.
proposed afiber-optic quasi-Michelson liquid-level sensor
composed of a small-core fiber and single-mode fiber
(SMF) coatedwith a silver reflective film. This sensor had a
simple structure with low sensitivity of −68.3 pm/mm [16].
Li, et al. proposed a Michelson liquid-level sensor based
on an optical fiberwith core-offset structure [17]. Although
the sensitivity of liquid-level sensor was increased to
77 pm/mm, the complexity of fusion process of the core
offset structure hindered the repeatability of the experi-
ment. They also did not study the temperature stability
of the sensor. Liang, et al. used a self-made dual-mode
elliptical multilayer core fiber (EMCF) and a SMF coated
with a silver film to obtain a fiber-optic Michelson sensor
[18], but the sensitivity to liquid level is not very high, and
the highest sensitivity is only 48.93 pm/mm.
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Here, a simple Michelson liquid-level sensor based on
a three-core fiber reflection structure is presented. The
sensor is composed of a SMF and three-core fiber with a
silver reflective film coated on the end face. The sensitivity
and stability of the sensor have been investigated in detail
and the results are discussed.

2 Preparation and principle of
sensor

First, the three-core fiber (TCF, Wuhan Senhui Optoelec-
tronic Technology Co., Ltd., China) was cut into the
required length, and the two end faces were cut flat. Sec-
ond, a layer of silver filmwas coated on the outer surface of
TCF by silver mirror reaction. Finally, the other end face of
TCF was fused with the SMF with the fusion procedure of
the optical fiber fusion splicer. So the required sensing
element was obtained. The sensing structure of the liquid-
level sensor is shown in Figure 1(a). The cross-section of the
TCF is shown in Figure 1(b). The three cores form a shape of
equilateral triangle. The diameters of the cladding and
cores of TCF are 125 and 8.6 μm, respectively. The distance
between the two cores is about 41.5 μm. The mode of light
in SMF will be converted into core mode and cladding
mode at the fusion point between the SMF and TCF because
of the mode mismatch. The two modes will be reflected by
silver film on the end surface of TCF, then propagated
through the TCF and eventually coupled into SMF.

The propagation process of optical power from SMF to
TCF has been simulated by beam propagation method
(BPM). In this model, the lengths of SMF and TCF are 1 and
30 mm, respectively. Figure 2(a) shows the optical power
distribution of the cross section near the interface between
SMF and TCF. The optical power is first transmitted from
SMF to the cladding of TCF to excite the claddingmode. The
light distribution of the cross section at the position of
12.5 μmnear the fusion point in TCF is shown in Figure 2(b),
which illustrates that the light beam gradually enter the
three cores at this position to stimulate the fiber-coremode.
The light distribution at the end surface of TCF is shown in

Figure 2(c), which indicates stronger optical power in
cladding, compared with the three cores. As shown in
Figure 2(d), there aremore light distribution in the cladding
than that of the core.

The interference pattern is formed by the interference
between core mode and cladding mode, and its intensity
can be expressed as [16],

I � Icore + ∑Imclad + 2 ∑
m

�������
IcoreI

m
clad

√
cosϕm (1)

where Icore and Imclad are the total light intensities of core
mode in the three cores and the light intensity of the mth-
cladding mode, respectively. Φm is the phase difference
between the core and the mth-cladding mode, which is
proportional to the length of the TCF and the effective
refractive index difference between the core and the mth-
cladding mode, and it can be expressed as [19],

ϕm � 4π(ncoreeff − nclad,m
eff )L

λ
� 4πΔnm

eff L

λ
(2)

where ncore
eff and nclad,meff are, respectively, the effective

refractive indices of the core mode and the mth-cladding
mode. Δnmeff is the difference of the effective refractive index
between the coremode and themth-claddingmode. L is the
length of the TCF, and λ is the monitoring dip wavelength.
According to the interference theory, the attenuation peak
of the interference can be expressed as [20],

λm � 4Δnm
eff L

2n + 1
(n � 0,±1,±2,…) (3)

During the liquid-level detection, one part sensing length
of sensor will be exposed in the air and the other sensing
length will be immersed in liquid. The effective refractive
index of the cladding will change with the increase of the
liquid level, which lead to the change of the interference
wavelength. The shift of the interference wavelength can
be expressed as [21],

λ′m � 4πΔnm
eff(L − Lh)

(2n + 1)π + 4πΔnmeff Lh

(2n + 1)π (4)

where Lh and Δnm
effn are the length of the three-core fiber

immersed in the liquid and the difference of the effective

Figure 1: (a) Sensing structure and (b) the
end face of TCF.
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refractive index between the core mode and the mth-
cladding mode, respectively.

3 Results and discussion

The schematic diagram of the liquid-level measuring sys-
tem is shown in Figure 3. The silver mirror reaction was
adopted to coat silver film on the end face of TCF. The other
end face of TCF was spliced with SMF by the optical-fiber
fusion splicer (S178C, Furukawa Electric, Japan). The
sensing part was fixed in parallel on the ruler, and placed
vertically in the beaker with designed liquid. In order to
facilitate the observation of the liquid-level change, the
end of the optical fiber is parallel to the zero scale of the
ruler, which is regarded as the zero scale of the liquid level.

Figure 2: (a) Z-direction cross-sectional light distribution near the interface of SMF and TCF, (b) Z-direction cross-sectional light distribution at
0.125 mm of TCF, (c) Z-direction cross-sectional light distribution at the end of the sensor and (d) XZ cross-sectional light distribution.

Figure 3: Schematic diagram of the liquid-level measuring system.
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The light beam (wavelength range from 1520 to 1620 nm)
first passes through the circulator and transmitted from the
SMF to TCF, and reflected by the silver film, then the final
reflected light coupled into the SMF at the spliced region
and finally output by the circulator to the optical spectrum
analyzer (OSA).

The effect of the sensing length of TCF on the sensi-
tivity of sensor was investigated. The water level has been
tested by the sensor with the sensing length of 23, 30, 40,
50, 60 and 75 mm at room temperature. The sensitivity of
sensor varies with the sensing length. In order to compare
the difference in sensitivity of the liquid-level sensor with
different sensing lengths intuitively, the change in the
liquid-level depth detected by the sensor is converted into a
percentage of liquid-level change to sensing length. As

shown in Figure 4, the change in dip wavelength shift
shows a similar trend and maintains good linearity at
different sensing lengths with the wavelength shift be-
tween 10 and 12 nm according to the fitted data. It can be
seen that the length of TCF will affect the sensitivity of the
liquid-level sensor, which decrease with the increasing of
the sensing length of TCF. Therefore, the appropriate
sensing length will be adopted according to the testing
environment.

As shown in Figure 5(a), the initial spectrum of the
sensor with sensing length of 30 mm for TCF in the air is
chosen. It can be observed that a wide free spectral region
and an obvious monitoring dip appeared under this case.
Figure 5(b) shown the wavelength shift of light beam with
different water depths at the condition of 30 mm sensing
length and 3 mm interval of the water depth. The obvious
redshift of the dip wavelength was obtained with the
increasing of the water depth. The high sensitivity of
392.83 pm/mm and excellent linearity of 0.99946 are ob-
tained, which are much higher than the sensitivity of −43.7
and 77 pm/mm proposed by Yun et al. and Diaz et al. [12,
13]. Therefore, the sensing length of TCF will be set at
30 mm in the following investigation.

The influence of the sensitivity of presented sensor
with refractive index of liquid was also tested. Four
different NaCl solutions with concentrations of 0, 5, 10 and
15% were used for liquid-level testing, which correspond-
ing to the refractive index of 1.3333, 1.3424, 1.3510 and
1.3609. As shown in Figure 6(a), the sensitivity of the
sensor is increased with the increasing of liquid refractive
index though our experiment data, and the different
wavelength drift was obtained under different refractive
indices too. As shown in Figure 6(b), the response of the
liquid-level sensitivity of the sensor to the refractive index

Figure 4: The relationship between the percentage change of the
liquid-level depthmeasuredbydifferent TCF lengths vs. the length of
the sensing region and the wavelength shift.

Figure 5: (a) The spectrum of the sensor in the air when the TCF is 30 mm, and (b) the dip wavelength varies with the liquid level.
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is 4410.74 pm/mm/RIU, and the linearity is 0.98398. It
shows that the refractive index of the liquid can be tested
according to the sensitivity of the sensor at same liquid
level, which expands the application range of the sensor.

In order to explore the effect of temperature on the
performance of the sensor, the temperature stability of the
sensor was studied. An appropriate amount of deionized
water was added to the beaker and turned off the heating
device until the water was heated to boiling. Putting the
sensor vertically and submerging it, recording the spectral
data every 10 °C from 90 to 20 °C. The measured results are
shown in Figure 7. The monitoring wavelength appears no
drift with temperature, which show maximum shift of
0.3001 nm. It indicates that the sensor can be used at
different temperatures without other additional influence.

As shown in Table 1, compared with other fiber-optic
Michelson liquid-level sensors with different structures,
our sensor has higher sensitivity (392.83 pm/ppm). In

addition, the simple sensing structure reduces the influ-
ence of temperature.

4 Conclusions

In summary, a simple optical fiber liquid-level sensor
based on Michelson interference structure was proposed.
The sensor has excellent sensitivity and linearity. The
change of refractive index around the TCF due to different
liquid level will affect the cladding mode of TCF, which in
turn lead to redshift of the dip wavelength. The sensing
range and sensitivity of the sensor can be controlled by the
sensing length of TCF. The response of the liquid-level
sensitivity of the sensor to the refractive index of NaCl

Figure 7: Temperature sensitivity of the sensor.

Table : Performance comparisons of different fiber-optic Michel-
son liquid-level sensors.

Structure Liquid/water-
level sensitivity

(pm/mm)

Measuring
range (mm)

References

In-fiber quasi-
Michelson
interferometer

−.  []

Michelson interferom-
eter with the core-
offset structure

  []

A probe based on MI
viadual-mode elliptical
multilayer-core fiber

−.  []

Three-core fiber reflec-
tion structure

.  this work

Figure 6: (a) The sensitivity of the sensor in NaCl solutionswith refractive indices of 1.3333, 1.3424, 1.351 and 1.3609, respectively, and (b) the
sensitivity of the refractive index.
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solution is 4410.74 pm/mm/RIU, which show the sensi-
tivity of sensor increase with the increasing of liquid
refractive index. The temperature sensitivity of the sensor
is very tiny and can be ignored, which make it can be
applied to liquid-level measurement at complex
environments.
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