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Abstract: A highly sensitive liquid-level sensing technique is proposed and experimentally
demonstrated. Two narrowband fiber Bragg gratings (FBGs) with high reflectivity are used
to filter out the two light signals from the broadband chaos. Two weak FBGs are served
respectively as the liquid-level sensors at two different sensing points. The change of liquid-
level will induce the wavelength shift of the weak FBGs, which can be demodulated through
calculating the amplitude difference in the logarithm of two cascaded correlation peaks in the
cross-correlation spectrum. Adopting the differential calculation of the cascaded correlation
peak amplitudes can avoid the complex wavelength detection and enhance the robustness
against the power variation of the broadband chaos. Our method can also support the
simultaneous multiplexing and locating with high resolution from the time delays of the
corresponding correlation peaks. Experimental results show that the liquid level changes
linearly with the relative peak amplitude difference in the logarithm and the sensitivity is
around 0.019/mm. The sensing resolution of liquid-level can reach at least 3 mm, and the
relative resolution is around 0.055. Moreover, the real-time fiber fault monitoring can be
achieved with a spatial resolution of around 2.8 cm, which improves the survivability in
harsh environment.

Index Terms: Fiber Bragg gratings, fiber optics sensors, multiplexing, Chaos, liquid level.

1. Introduction

Liquid level sensing is important for many industrial applications, such as fuel storage and biochem-
ical system [1], [2]. There are different kinds of liquid level sensing techniques based on electrical
[3], mechanical [4], microwave-photonic [5] and optical methods [6], [7]. For example, microwave-
photonic sensor based on chaotic laser has a lot of advantages such as the remote water-level
monitoring and large measurement range [5]. But its sensing resolution is only 2 cm, which is not
suitable for some applications requiring the high-resolution detection. In addition, the microwave-
photonic sensors are vulnerable to electromagnetic interference. Electrical liquid level sensors are
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widely employed, but they are potentially explosive or erosive [8]. Optical fiber sensors offer many
advantages due to their intrinsic properties [9]. However, some of the liquid level detection methods
based on optical fibers need complex structures such as single-mode-multimode-thinned-single-
mode (SMTS) waveguides, and the liquid level measurement range is only 9 mm [10]. Some
methods need special treatment like etching, which adds the costs and production difficulty [11].
The liquid sensor based on D-shaped optical fibers has a high measurement resolution, which is
1 mm. But the sensing technique highly depends on the environmental stability. Any micro-bend
of the fiber or temperature variation will change the measurement results considerably. In addition,
it does not have the ability to locate the fault in the sensing network [12]. Recently, Fiber Bragg
grating (FBG) based distributed optical sensing network has attracted extensive attention due to its
significant advantages of erosion resistance, immunity to electromagnetic interference, compact-
ness, excellent multiplexing capability, low cost, and mature manufacture [13]-[15]. Several Fiber
Bragg grating based liquid level sensors have been reported, but most of them are wavelength
demodulated. This demodulation method is based on the wavelength sweeping that requires extra
sweeping time. Especially in multipoint measurements, monitoring the wavelength shifts of all the
FBGs is difficult to implement due to the bandwidth limitation of the light source [16]. The long
period grating (LPG) has been utilized as an optical edge filter to convert the FBG’s wavelength
shift induced by the strain into the received optical power change [17]. But for such an intensity
demodulation system, the power variation of the light source or the loss variation of the transmission
system can lead to unstable results, especially for the high precision sensing applications. It is not
possible for this intensity demodulation system to differentiate the power change induced by the
wavelength shift from the light source power variation. Thus, an Intensity demodulation incorporated
with the appropriate optical filter and novel interrogation scheme should be proposed to resist the
light power variation in sensing network.

In the actual fiber-optic sensing network, fiber fault could happen occasionally, which presents a
significant challenge for the whole system [18]. Recently, optical chaos has attracted more and more
attention for fiber-optic sensing due to its excellent advantages in precise fault location [19]. In our
previous work, simultaneous and precise fiber fault location in the wavelength division multiplexing —
passive optical network (WDM-PON) is implemented based on optical broadband chaos. Through
applying cross-correlation algorithm to the reference signal and Fresnel reflection signal of the
fiber fault, precise locating of the fiber fault can be obtained [20]. In the large scale distributed
sensor network such as water level detection in dams, rivers and lakes, real-time breakpoint fault
monitoring is very important. It can save a lot of manpower and time to pinpoint the breakpoint fault,
thus improving its efficiency and survivability in harsh environment.

In this work, a new demodulation method based on the optical broadband chaos and differential
calculation is proposed to achieve the liquid level measurement. The proposed scheme supports
the simultaneous multiplexing and locating with high resolution. A weak FBG is attached to a float,
which converts the liquid level changes to the wavelength shift. Then by adopting the differential
calculation, the liquid level information is obtained from the difference in the logarithm of the two
correlation peak amplitudes. We also demonstrate that the proposed sensing technique is robust
against the light source power variation.

2. Schematic Diagram and Principle

The schematic diagram of the liquid level sensing network is shown in Fig. 1. The whole system
consists of two parts: the broadband chaotic light source and the liquid level sensing device. A
semiconductor optical amplifier (SOA) ring structure with an isolator (ISO) is used to create the
chaotic light source. The SOA (Model: S7TFC1013S) has the parameters of the central wavelength
(1550 nm), optical bandwidth (74 nm), saturation output power (14 mw), and small signal gain
(13 dB). The isolator and the polarization controller (PC) are used to obtain unidirectional propaga-
tion and appropriate polarization state, respectively. An 80:20 optical coupler (OC1) provides 20%
feedback light and 80% output light. An erbium doped fiber amplifier (EDFA) acts as a pre-amplifier
for sensing power boost. Then a 90:10 optical coupler (OC2) provides 10% transmission light as
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Fig. 1. The schematic of the highly sensitive liquid-level sensing system.

the reference signal and 90% transmission light as the probe signal. The reference signal is directly
detected, and the probe signal is launched into the liquid level sensing device through a circulator.
Two photodetectors (PDs) with 1 GHz bandwidth are used in the correlation detection. An optical
spectrum analyzer (Yokogawa AQ6370C) is used to measure the optical spectrum. A real-time
oscilloscope (OSC) with 12.5 GHz bandwidth and 50 GSa/s sampling rate is used to record the
changes of reference signal and probe signal.

In the liquid level sensing device, the probe light is first sent into two cascaded narrow bandwidth
FBGs via a 4-port circulator, which acts as filter FBGs. Narrow spectrum reflections are created
by these two gratings, and then directed to a 50:50 optical coupler (OC3), which divides the probe
light into two branches for multipoint liquid level sensing. In order to distinguish the two branches in
the time-domain, 170 m single mode fiber (SMF) is inserted to create a time delay between the two
branches. At each branch, there is a sensing unit consisting of a weak broadband FBG attached to
a cylinder shape float. Then the reflected signals of the two branches pass through the circulator
and are collected by a PD. The power of the reflected signal is in proportion to the overlap integral
between the reflection spectrum of the filtering FBGs and that of the sensing FBGs.

The sensing operation principle is shown in Fig. 2. First, the broad spectrum chaotic light passes
through the two narrowband FBGs, A1 and A2, and the reflection spectrums are shown in Fig. 2(a).
When the center wavelength of sensing grating (broadband FBG) shifts A1, as shown in Fig. 2(b),
the area of overlap between the reflection spectrum will change, as shown in Fig. 2(c), which leads
to the change of the power detected by PDs, as shown in Fig. 2(e) and (f). Fig. 2(g) shows the
cross-correlation spectrum of A1 and A2. As we know, by adopting the cross-correlation algorithm
to the reference and probe signal, the measured sensing response and precise locating can be
simultaneously interrogated, where the peak location indicates the position of the sensing point,
and the peak amplitude shows the sensing information [13]. Due to the around 12 m time delay
line between the two filter FBGs, after the cross-correlation operation, there will be two correlation
peaks for each sensing point. Each peak corresponds to one filter FBG, as shown in Fig. 2(g), Pa,
and P,, are the correlation amplitudes of the two peaks related to the narrowband FBG1 and FBG2,
respectively. After the differential detection of the correlation peaks, there is a linear relationship
between the difference in the logarithm of the amplitudes of correlation peaks and the wavelength
shift, as shown in Fig. 2(h). The amplitudes of the correlation peaks in the cross-correlation are
proportional to the overlap between the reflected spectrums by the filter FBGs and the broadband
sensing FBG, respectively.

In the sensing unit, as illustrated in Fig. 1, one end of the sensing FBG is fixed to the bottom of the
container, and the other end is attached to a float which can transfer buoyancy into the axial strain on
the fiber. Thus, the change of the liquid level can cause the wavelength shift of the weak broadband
FBG reflection spectrum. The sensing principle can thus be derived from the following equations:

FfloatZFB+mg (1)
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Fig. 2. The operation principle: (a) Broadband chaos and narrow FBG, (b) broadband FBG, (c) the
waveform filtered by broadband FBG, (e) plot of power responses of A1, (f) plot of power responses of
A2, (g) cross-correlation spectrum of A1 and A2, (h) plot of the subtraction result of these two responses
A1 and A2.

Where Fpq is the buoyancy on the float, m is the mass of the float, g is the gravity acceleration,
and Fg is the tension on the weak broadband FBG.
The buoyancy of the float can be expressed as:

Fiioat = pg (Ah + ho) S ()

Where p is the density of the liquid, (Ah + hg) is the height of the submerged part of the float’s
body, hg is the original height where the gravity and buoyancy are just in balance, Ah is the liquid
level change to be measured, and Sis the base area of the float. When the liquid level is hg, Fp is just
zero. Take this liquid level as the starting point for measurement. Thus, we can get the relationship:

Fg oc Ah (3)

According to (2), the change of the liquid level induces the change of the buoyancy Fyja. Thus,
the tension Fz changes correspondingly, which causes the shift of the reflection spectrum of the
sensing FBG. It is well known that in a certain stress range, there is a linear relationship between
the wavelength shift AL and the applied stress.

According to (3), there will also be a linear relationship between Ah and Ax. As mentioned above,
the output power of the PD is proportional to the overlap between the reflection spectrum of the two
filter FBGs and that of the sensing FBG.

The wavelength dependent power reflection coefficient (R(1)) of weak broadband sensing FBG
can be approximately modeled as Gaussian [21]:

2
R (1) o exp (-4 In (2(%) )) 4)

Where Ag, is the initial center wavelength of the grating, and A is the wavelength shift, and B is
the full width at half maximum (FWHM).

For the filters, because the bandwidth of the filter FBGs are very narrow, they can be approx-
imated as a single wavelength model. We define the center wavelength of narrowband FBGs as
the approximate single wavelength, which is A4 and ,, respectively. So, the power spectral densi-
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ties at the two wavelengths on the reflection spectrum of the sensing FBG represent the powers
corresponding to two narrowband FBGs.

Thus, the powers for the two wavelengths (PA¢(AA) and P12(AX)) can be expressed as two
Gaussian functions [21]:

2

P, (A) o exp (—4 In (2(%) )) (5)
2

P, (A%) o exp (-4 n (2(%) )) 6)

We define the difference (Y(AL)) in the logarithm between P;,(AX) and P;,(AX) as:
Y (AX) = lgP;., (Ar) — lngz(A)‘)
X X ()\1 — )\2) ()\.1 + Ao — 2)»50) —2A\ ()\1 — )\.2) (7)

In the equation, (A1 — A2)(A1 + A2 — 21,) and (A1 — A2) will be two constant terms for the given
experimental setup. And we will get the following relation: Y(AL) and A are linearly related, which
provides a method that turns the wavelength shift to the power difference change. According to the
above discussion, Y(AX) and Ah are also linearly related.

We can get the information of the liquid level from the difference in the logarithm of the reflection
power of the two narrowband FBGs. As mentioned above, the amplitudes of the two correlation
peaks in the cross-correlation spectrum are proportional to the corresponding power relative to
the narrowband FBG1 and FBG2. Thus, the amplitudes of the two correlation peaks in the cross-
correlation spectrum is proportional to P,,(Ax) and P,,(AX), respectively. Moreover, the difference
in the logarithm of the two correlation peak amplitudes P4, and Py, is linearly related to Ah. After the
differential detection of the correlation peaks, there is a linear relationship between the difference
in the logarithm of the amplitudes of correlation peaks and the liquid level.

3. Experiment and Discussion

Experimental studies based on the setup depicted in Fig. 1 have been conducted. In our experiment,
two narrowband FBGs (FBG1, FBG2) acting as filters are centered at 1550.1 nm and 1550.8 nm
with reflectivity of over 95% and 3-dB bandwidth of around 0.2 nm, as shown in Fig. 3(a). The
red dashed line in Fig. 3(a) represents the power spectral density of the broadband chaotic light
source. The characteristics of the broadband chaotic light have been studied in our previous work.
The optical 3-dB bandwidth of the broadband is about 50 nm, and the chaotic light possesses
a random up-and-down waveform in time series [13], [16]. In order to distinguish two relative
amplitudes in the cross-correlation spectrum, an around 12 m fiber delay line is inserted between
the two narrowband FBGs. Two same weak broadband FBGs acting as sensors (A, B) are centered
at 1549.9 nm with the same reflectivity of 3% and 3-dB bandwidth of around 1.3 nm, as shown in
Fig. 3(b). In the meanwhile, the fiber branch with sensor B is around 170 m longer than that with
sensor A. The final waveform filtered by narrowband FBG is shown in Fig. 3(c).

After the cross-correlation operation, the correlation spectrum is shown in Fig. 4(a), where the
x axis has been converted to the relative distance. Two pairs of close peaks can be clearly seen
in the cross-correlation spectrum, and each pair represents one sensing point. For sensing point
A, the peaks related to the narrowband FBG1 and FBG2 are A1 and A2, respectively. Similarly,
for sensing point B, the peaks are B1 and B2, respectively. The distance between the two close
peaks represents the actual distance between the two narrowband FBGs. As shown in Fig. 4(a),
the distance between the two close peaks is 11.9 m, which matches well with the delay-line
around 12 m employed. A distance of 167 m between the two pairs of peaks is the actual length
difference between the two sensing branch, which also matches well with the delay-line around
170 m employed. In the meanwhile, the spatial resolution of the locating is determined by the
full-width at half-maximum (FWHM) of the auto-correlation peak according to 3-dB criterion. The
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waveform filtered by narrowband FBG.
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Fig. 4. (a) Cross-correlation spectrum of a certain liquid level. (b) FWHM of the auto-correlation spectrum
with a spatial resolution of 2.8 cm.

FWHM is related to the bandwidth of the chaotic signal. As shown in the Fig. 4(b), the spatial
resolution is about 2.8 cm.

After calculating the normalized difference (peak to peak ratio, PPR) in the logarithm between
the two peaks in each pair, the relationship between the liquid level and the PPR is shown in
Fig. 5(a) and (b). In our experiment, the liquid level is adjusted by injecting liquid into the water tank
in a step of 3 mm. As the liquid level changes from 0 to 54 mm, the PPR of both sensing units
changes linearly. The linearity (R?) is 0.99653 and 0.98975, respectively. And the sensitivity of two
sensor point is 0.01924 /mm and 0.01885 /mm, which are almost the same, because we use two
floats of the similar shape and size in the experiment. Then, the difference between the real liquid
level measurement and the linear fit data at Point A and Point B are shown in Fig. 5(c) and (d),
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Fig. 5. The relationship between the liquid level and the PPR: (a) Subtraction result of the power A1
and power A2 versus water level variation, (b) subtraction result of the power B1 and power B2 versus
water level variation, (c) the difference between the real level measurement and the linear fit data at
Point A, (d) the difference between the real level measurement and the linear fit data at Point B.

respectively. For sensor point A, the error is within £2.3 mm. For sensor point B, the error is within
+2.5 mm. As shown in Fig. 5(a) and (b), when the liquid level changes 3 mm, the PPR changes are
obvious. So, the sensing resolution of liquid level can reach at least 3 mm. The relative resolution
is defined as the ratio of the actual resolution (3 mm) to measurement range (54 mm), which is
around 0.055.

The liquid level sensing range is 54 mm in our experiment. The sensing range is determined by
many factors, such as the bandwidth of weak broadband FBG, the base area of the float, and the
density of the liquid. For example, as shown in Fig. 2(b), the change of the liquid level leads to the
wavelength shift of the weak broadband FBG reflection spectrum. Thus, if the bandwidth of weak
FBG is wider, it will provide more room for the center wavelength change and result in a larger
sensing range.

Another advantage of adopting the differential calculation is its robustness against the power
variation from the broadband chaos. For an intensity demodulation system, the power variation
of the light source or the loss variation of the system such as fiber bend loss presents significant
challenges, which may lead to unstable results. This can easily happen in the large scale distributed
measurements.

The impact of source fluctuations on the measurement has been investigated. We decrease the
power of the light source by 2.6 dBm, and then compare the normalized sensor responses obtained
before and after the power decrease. The results are shown in Fig. 6. Fig. 6(a) shows the original
response, while Fig. 6(b) represents the response after the test. As shown in Fig. 6(b), the peak
amplitudes drop significantly, which is apparently due to the reduction of the optical source power.
Although the normalized power becomes lower after the source power is reduced, the ratio between
the two relative peaks in the correlation spectrum will remain unchanged. After calculation, the PPR
are 0.364 and 0.358, respectively. So, despite the considerable changes of the peak values, the
PPR remains almost unchanged during the source power change.
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Fig. 7. Experiment results of the real-time fiber fault monitoring: (a) Without breakpoint,
(b) with breakpoint.

At last, the experiment of real-time fiber fault monitoring is implemented. In the experiment, we
cut off the branch with sensor B at around 90 m from the optical coupler 3. As shown in Fig. 7(b),
the peak B1 and peak B2 disappear and two fiber breakpoints of C1 and C2 peaks appear in the
correlation spectrum. These peaks can be easily distinguished due to their different positions in
the correlation spectrum. Compared with the peak amplitude B1 and B2 shown in Fig. 7(a), the
C1 and C2 peaks are significantly higher. This is because the reflection of the weak broadband
FBG is only 3%, while the reflection of the end of the fiber is about 4%. Moreover, the reflection
spectrum of the broadband FBG is not uniform, and the center wavelength of narrowband FBG
may be located at the lossy side of the spectrum of broadband FBG. This also leads to the reduced
power. In the unaffected branch with sensor A, the peaks A1 and A2 remain unchanged. Through
the peak searching algorithm, precise locating of the breakpoints can be pinpointed with a spatial
resolution of 2.8 cm.

It is noted that the fiber fault occurring in one sensing line will not impede the operation in other
sensing lines, and the precise pinpoint of the fiber breakpoints can be implemented without extra
manpower and waiting time. Consequently, the operational reliability and survivability is improved.

The temperature variation does have some impact on the sensing results. It is indeed necessary
to stabilize the FBG1 and FBG2 in temperature for a better and more accurate operation in our
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experiment. However, if it is not stabilized and the change of environment temperature is not very
large (a few degrees), the wavelength shift of FBG1 and FBG2 will be within tens of pm. With the
differential algorithm, it will result in the error of liquid-level sensing to be around 0.5 mm. This is
still acceptable compared to the large measurement range.

4. Conclusion

In this work, a highly sensitive liquid-level sensing technique is proposed and experimentally demon-
strated. Measurement of the liquid level is realized by the differential calculation of the amplitudes of
two neighboring correlation peaks in the cross-correlation spectrum. Differential algorithm is robust
against the power variation and other power losses in the sensing network. Meanwhile, real-time
fiber fault monitoring with a high spatial resolution of 2.8 cm promotes survivability in harsh envi-
ronment. In addition, network capacity can be greatly expanded by adding sensing branches and
sensing points in one branch. Our sensing network provides great potential for the liquid level mea-
surement in large bodies of water such as dams, rivers and lakes. Finally, this method is not limited
to the liquid level sensing, but can also be used to measure other parameter such as temperature,
strain, etc.
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