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A novel quasi-distributed liquid pressure sensing system based on distributed polarization crosstalk analysis (DPXA)
in polarization maintaining fiber (PMF) is proposed and demonstrated. We design a special structure of liquid pressure
sensing units and invent a corresponding nonlinear calibration method. Five sensing units deployed on a sensing tape
can effectively transform the liquid pressure into the transverse-force applied on the sensing PMF, and the induced
polarization crosstalk can be measured and located by the DPXA system, so as to further establish the relationship
between liquid pressure and crosstalk through the nonlinear calibration method. The liquid pressure sensing system has
good sensitivity and high repeatability, and a maximal measurement relative error of 8.96% is measured for the five
sensing units, which can be much improved by optimizing the packaging of sensing units. We believe our sensing sys-

tem will find great applications in the field of engineering liquid pressure sensing.
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Depth-resolved liquid pressure is a very important pa-
rameter for large industry liquid storage tank manage-
ment, healthy monitoring of water conservancy facilities,
petroleum and natural gas exploitation and liquid strati-
fication detection!). However, traditional electrical pres-
sure sensor is difficult to satisfy the requirements of in-
dustrial engineering, especially in complex environments,
due to its live line work mode and discrete measurement
characteristic. Distributed optical fiber sensing (DOFS)
technique has been paid broad attention in industrial en-
gineering sensing field in recent years by means of its
merits of small in size, electric insulation, high tempera-
ture resistance, corrosion resistance and posi-
tion-resolved sensing capability!>®. What’s more, DOFS
for liquid pressure or liquid depth measurement has also
made lots of progresses. There are mainly two types of
fiber sensors to measure liquid pressure or liquid depth
(or level). The first one is based on the interaction be-
tween ambient conditions and optical field, and the most
representative one is the fiber Mach-Zehnder interfer-
ometer. In 2014, GONG et al'” proposed a modal inter-
ferometer based on polarization maintaining fiber (PMF)
to sense liquid level, and its sensitivity achieves
279 pm/mm. However, this type of fiber sensor is sus-

ceptible to temperature and its spatial sensing range is
quite limited. The other type is based on converting the
measurement of external liquid pressure to the measure-
ment of fiber strain, since most fiber sensors are insensi-
tive to transverse pressure, such as optical backscattered
reflectometer'™ and fiber Bragg grating’”. SCHENATO
et al'"” reported a liquid pressure sensing probe in 2016,
and the main effort made is improving the low pressure
sensitivity of optical fiber and coping with the
cross-sensitivity to temperature. They proposed a
dual-chamber fiber probe whose chambers have different
behaviors under pressure and temperature influences,
thus by demodulating the differential strain induced in
two chambers, both pressure and temperature informa-
tion can be obtained. The liquid pressure resolution of
the proposed probe achieves 0.3 kPa, but this method can
not realize depth-resolved sensing. In 2020, they came
up with a new liquid pressure sensing unit, in which two
D-shape rubber slabs were used to constitute the
stress-strain converter and the sensing fiber was affixed
on the inner surface of the D-shape rubber slab in a zig-
zag shape!'. Its sensitivity and accuracy were respec-
tively 30 GHz/kPa and 1 kPa. However, its capability to
measure the continuously changing liquid pressure along
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the depth direction was not validated.

To achieve the depth-resolved liquid-pressure meas-
urement, we want to introduce the PMF based distributed
polarization crosstalk analysis (DPXA) technique''*'" to
realize liquid pressure sensing. The DPXA has been
proved owning outstanding transverse-force (TF) sensing
capability, with cm-level resolution and km-level meas-
urement distance!"'¥. In addition, unlike other fiber
sensing techniques based on the stress-to-strain conver-
sion, the DPXA can directly obtain the TF information
by means of measuring the force-induced polarization
crosstalk along the PMF. Besides, although the DPXA
technique is sensitive to temperature!'”, the measure-
ments of TF and temperature are orthogonal and inde-
pendent!'>'%],

In this letter, we report a quasi-distributed liquid pres-
sure sensing system based on the DPXA, using a spe-
cially designed sensing tape with multiple sensing units.
The sensing units can convert liquid pressure to TF ap-
plied on the PMF effectively. Moreover, a nonlinear
calibration method is proposed accordingly which estab-
lishes the relationship between the liquid pressure and
the polarization crosstalk for every sensing unit. Our
system has the advantages of high sensitivity and large
measurement dynamic range, which enable it to be with
good potential in depth-resolved liquid pressure sensing
applications.

The structure of the liquid pressure sensing system
based on the DPXA system is shown in Fig.1.
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SLED: super luminescent diode; P1 and P2: polarizers; PMF: polariza-
tion maintaining fiber; DGDD: differential group delay device; VDL:
variable delay line; FRM1 and FRM2: Faraday rotation mirrors; PD:
photo-detector; DAQ: data acquisition card; PC: personal computer

Fig.1 lllustration of liquid pressure sensing system
based on a ghost-peak-free DPXA system

The DPXA system is constructed based on a scanning
white light Michelson interferometer, whose working
principle can be simply described as follows (as illus-
trated in the inset of Fig.1). The probe light emitted by a
super luminescent diode (SLED), centered at 1 550 nm
with a coherence length ~25 pm (corresponding to a
3-dB Gaussian linewidth of ~30 nm), is polarized by a
polarizer P1 and enters the sensing PMF along the slow
axis at the input point (A). When the PMF is perturbed
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by an external TF at a certain point (B), a part of the
probe light along the slow axis will couple into the fast
axis. Because the propagation constants of fast axis and
slow axis are different, the two light components will
have a certain optical path difference AZ when they to-
gether propagate a fiber distance Z to reach the output
point (C) of PMF, and we can obtain the relationship as

AZ=ZxAn, (M
where An is the birefringence of the PMF. After output-
ting from the sensing PMF, the two light components are
projected to the same polarization state through a polar-
izer (P2) with the transmission polarization principal axis
45° oriented with the slow axis of the PMF, and then
interfere in the white light Michelson interferometer by
changing the delay value (Dp) introduced in one of the
two arms via a variable delay line (VDL) to compensate
the optical path difference AZ. Here, we get the Dy equal
to the optical path difference AZ. Subsequently, by ana-
lyzing the interference pattern and according to Eq.(1),
the intensity of TF-induced polarization crosstalk and the
TF position (point B) can be obtained. It should be noted
that, when there are several TFs applied to the sensing
PMF, the iterative optical couplings between slow and
fast axes will lead to the appearance of ghost peaks. In
order to eliminate the influence of ghost peaks, a differ-
ential group delay device (DGDD) is installed behind the
output end of PMF to add a sufficient delay difference
between the orthogonal polarization light compo-
nents!'">"*! which enable the DPXA to unambiguously
and accurately identify every polarization crosstalk along
the sensing PMF.

The polarization crosstalk intensity in a PMF can be
defined as!'”'™

h=F?xsin’(2a)x

sin|:7t\/1+F2 +2Fcos(2a)(l/Lb0)J ’

)
\/1 +F? +2F cos(Ca)

where a=45° is the angle between the TF and the slow
axis of the PMF, /=0.5 mm is the TF-applying length,
Ly=2.32 mm is the beat length, and F is the normalized
force defined as

458.
F=5 586Lb0f,
rA

where f'is TF (line-force) value, =62.5 um is the fiber
radius, and A=1550nm is the center wavelength of
SLED.

The liquid pressure sensing tape was made by
glue-fixing five sensing units (from No.l to No.5) on a
steel ruler with an adjacent distance of 30 cm. The struc-
ture of the sensing unit is shown by the disassembly view
in Fig.2, mainly composed of a base sheet, the sensing
PMF, a pressing sheet, a silicone film, a seal ring and a
seal sheet, from bottom to top. The base sheet and seal
sheet were made by the 3-D printer using resin material.
The base sheet has a circular hole channel with a diameter
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of 1 mm for the sensing fiber to pass through, and the
corresponding position of the seal sheet is hollowed with
a circular groove to avoid introducing extra pressure on
the fiber. The PMF is fixed on the inner surface of the
base sheet with UV glue and the passing hole is sealed
by waterproof glue. The pressure induced TF is applied
on the PMF through a pressing sheet, three metal rods
and a piece of silicone film. The pressing rod on the
sensing PMF transmits the TF to the fiber, and the two
supporting rods on two segments of supporting PMFs
keep balance of the pressing sheet. The silicone film has
good ductility and water proof property, whose edge is
tightly pressed in the groove of the base sheet by the seal
ring and clamped by the base sheet and the seal sheet.
Eight screw holes are deployed correspondingly on the
base sheet and seal sheet to integrate all of the compo-
nents to a whole with screws. It is worth noting that ac-
cording to Eq.(2), the crosstalk intensity /4 is closely re-
lated to o. In order to ensure a high sensitivity of the
sensing unit, the PMF was rotated to seek the optimal
radial direction of the slow axis before the packaging.
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Fig.2 Disassembly view of the sensing unit

For implementing the quasi-distributed liquid pressure
sensing, the relationship of crosstalk versus pressure
must be obtained for each sensing unit. We custom-made
a cylinder water tank with a height of 200 cm and fixed
the sensing tape on its inner surface, as shown in Fig.1.
The sensing unit 1 is fixed 10 cm away from the bottom
of the sensing tape, and the bottom of the sensing tape is
10 cm away from the bottom of the water tank. In order
to simulate the change of liquid pressure for every sens-
ing unit, we changed the water level by injecting water
from the hole of the water tank top or discharging water
from the hydrovalve. The distributed polarization
crosstalk curves along the sensing PMF were measured
with water levels of 100 cm and 190 cm respectively in
the water tank, as shown in Fig.3. The crosstalk peaks
marked as No.l to No.5 correspond to the five sensing
units on the sensing tape, and different sensing units are
subjected to different pressures at different water depths
to induce crosstalk peaks with different heights. The
crosstalk peak between sensing units 1 and 2 is caused
by the stress from fiber fixing on the sensing tape using
the sellotape. In addition, according to the results in
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Fig.3, it can be known that the radial uniform stress from
the water applied to the PMF outside the five sensing
units cannot induce polarization crosstalk. Note that, due
to the low repeatability of handwork packaging, the
original crosstalk intensities of five sensing units without
applying pressure were different.
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Fig.3 Distributed crosstalk measurement along the

sensing PMF with different water levels of 100 cm and

190 cm of the water tank

We change the water level from 100 cm to 190 cm and
from 190 cm to 100 cm, respectively, with a depth varia-
tion of 10 cm each time. The measured crosstalk values
for five sensing units are shown in Fig.4(a) to Fig.4(e),
respectively. Since the sensing units 1 to 3 are always
under the water level while the sensing units 4 and 5
gradually sink into or emerge from the water at the depth
of 110 cm and 150 cm respectively, we can investigate
the crosstalk variation processes for different measure-
ment states. The crosstalk distribution curves were
measured after the water level stabilized for 5 min for
each depth variation, and at each level 10 times meas-
urements were carried out and averaged to reduce the
random errors. As can be seen in Fig.4, all of the sensing
units work well and have a very good repeatability for
water level increase and decrease. However, due to the
handwork packaging induced different original crosstalk
values and sensing sensitivity deviations for five sensing
units, their sensing effects seem quite different from each
other. In addition, obvious nonlinearity between crosstalk
and water level can be seen for sensing units 1, 4 and 5.
Therefore, a nonlinear calibration for each sensing unit
must be implemented for achieving accurate sensing of
our system, similar to that of most fiber optic sensing
systems reported in literatures.

The theory in Eq.(2) gives the relationship between
crosstalk % and line-force f. Theoretically, a water level L
corresponds to a line-force /' with a fixed conversion co-
efficient ¢ for each sensing unit, but five sensing units
are with different conversion coefficients due to the limit
of handwork packaging. For achieving the calibration of
sensing relationship between crosstalk and water level,
we must obtain the conversion coefficient between water
level and line-force for every sensing unit according to
the theory. We develop the following method for calibra-
tion, and take sensing unit 1 as an example, as shown in
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Fig.5. We define Af as a line-force interval corresponding
to the water level changing step of 10 cm used for ex-
periments, /4, to sy as the crosstalk values respectively at
the water levels used in experiments from 100 cm to
190 cm with a changing step AL of 10 cm, and carry out
the following processes.
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Fig.4 Polarization crosstalk values measured for
sensing units (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5, respec-
tively, when the water level increasing from 100 cm to
190 cm and decreasing from 190 cm to 100 cm

(1) Substituting the measured first crosstalk value de-
fined as h; at the initial water depth L, (L,=100 cm for
sensing unit 1) into Eq.(2) to calculate the corresponding
line-force £}, and defining the (f}, /) as the starting point
for calibration.

(2) Plotting the theoretical curve of crosstalk / versus
line-force f, and obtaining a series of points (fi+Af, /,"),
(Ait241, 1), (A+3Af, ha), ..., (AT9Af, hy') from the
curve.

(3) Defining a fitting residual S to denote the differ-
ence between experimental data and corresponding
points obtained in process (2), and calculating it as

S=(hy =) +(h =)+ (hg = hy)". 4)

(4) Numerical calculating and plotting the relationship
between S and Af, as shown in Fig.6, and finding the Af
corresponding to the minimum S, which provides the
best fit between the experiment and theory.

(5) Establishing the relationship between water level L
and line-force fas
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Fig.5 Fitting result of experimental data and theoreti-
cal curve for sensing unit 1

For sensing unit 1, /{=3.866 N/mm is obtained in Fig.5,
Af=1 N/mm is obtained in Fig.6 (marked as the red
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point), and ¢=0.10 N/mm/cm is calculated as ¢=Af/AL.
Therefore, we can obtain the calibrated relationship be-
tween water level L and line-force [ as
L=10(f-3.866)+100 for sensing unit 1, and plot the
measured crosstalk values in Fig.5. As can be seen, the
experiment and theory agree well with each other. Using
the above method, a calibration for every sensing unit
can be implemented.
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Fig.6 Fitting residual S versus Af for sensing unit 1

The liquid pressure P can be calculated using

P=pgH, (6)
where p=1 g/cm® is the water density, g=9.8 N/kg is the
gravitational acceleration, and H is the water depth. The
water depth H for each sensing unit can be calculated
using the position of sensing unit in the water tank as
marked in Fig.1 and the water level L measured above.
Therefore, according to Eq.(6) and the relationship be-
tween the TF liquid pressure obtained by the above cali-
bration method, the relationships of crosstalk versus lig-
uid pressure for all five sensing units are obtained, as
shown in Fig.7. The ¢ values of the five sensing units
obtained are 0.10 N/mm/cm, 0.43 N/mm/cm,
0.32 N/mm/cm, 0.17 N/mm/cm and 0.12 N/mm/cm, re-
spectively. It can be seen from Fig.7 that the sensing sen-
sitivity cannot be given because the relationship of
crosstalk versus liquid pressure for each sensing unit is
not linear, and due to the error of handwork packaging,
different sensing units have different sensing curves. In
addition, according to the theoretical analysis process
above and the calibration relationship between the po-
larization crosstalk and liquid pressure obtained in Fig.7,
the crosstalk dynamic-range induced liquid pressure
measurement range is 0—135 kPa in theory.

To verify the liquid pressure sensing effect of our
sensing system with the above calibration method, we set
several water levels of the water tank to simulate differ-
ent liquid pressures applied to each sensing units and
compared the measured pressure values and the corre-
sponding absolute pressures calculated using the real
water-depths. In the experiments, the absolute wa-
ter-depths were read out by a band tape measure. We set
five experiments with five water levels for the water tank,
and, for each water level, we measured the liquid pres-
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sures using the five pressing units respectively. In each
experiment, 10 times of repeated measurements were
performed and averaged to obtain the pressure value for
each sensing unit. The verification experimental results
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Fig.7 Calibrated relationship between crosstalk and
liquid pressure for sensing units (a) 1, (b) 2, (c) 3, (d) 4,
and (e) 5

are listed in Tab.l. It can be seen from Tab.l that the
maximum measurement error of five sensing units occurs
when the fourth sensing unit senses the liquid pressure of
13.23 kPa, and the error is 1.19 kPa, indicating a maxi-
mal relative error of 8.96%. The different errors between
different sensing units are mainly due to the low repeat-
ability of handwork packaging of the sensing units, so
the next work is to further improve the packaging re-
peatability and enhance the robustness of the sensing
units.

Tab.1 Experimental data of sensing verification

Absolute Measured pressure (kPa) Maximal
pressure Unit 1 Unit2 Unit3 Unit4 Unit$5 error
(kPa) (kPa/%)
9.31 934 937 940 - - 0.09/0.97
11.27 11.29 10.97 10.77 11.02 - 0.50/4.43
13.23 13.04 12.59 12.64 12.04 13.721 1.19/8.96
15.19 15.09 14.81 14.87 1538 14.66  0.53/3.49
17.15 17.41 17.62 17.60 * 17.24  0.47/2.73

“-” denotes the sensing unit is out of the water;

“*” denotes the sensing unit is measurement-abnormal.

The main factors that cause the sensing error in the
verification experiment may include the following fac-
tors. (1) System error: the DPXA system’s inherent
measurement error is about £0.5 dB at —30 dB, obtained
by carrying out 100 repeated measurements with a TF
induced polarization crosstalk of ~—30 dB; (2) Calibra-
tion error: the experimental data points do not com-
pletely coincide with the calibration curve, inducing that
the calibration curves have little errors; (3) Absolute wa-
ter-depth measurement error: the water-depth of each
sensing unit located is read out by the band tape measure
with an error ~0.2 cm; (4) Liquid pressure error: the ac-
curate liquid pressure should be measured using a high
precision pressure measurement instrument rather than
calculated according to the water depth.

In summary, we demonstrate a quasi-distributed liquid
pressure sensing system composed of a DXPA system
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and a novel PMF sensing tape. Five sensing units with a
specially designed structure are deployed on the sensing
tape based on the PMF. By fixing the sensing tape in a
water tank and changing the water-level to simulate the
liquid pressure changing, we propose a nonlinear calibra-
tion method capable of obtaining the calibration curve on
the relationship between polarization crosstalk and liquid
pressure for every sensing unit. In the calibration ex-
periment, every sensing unit shows good response sensi-
tivity and measurement repeatability, and in the verifica-
tion experiment the liquid pressure measurement shows
good accuracy with a maximal relative error of 8.96%.
The results have validated the good feasibility of
quasi-distributed liquid pressure sensing of our sensing
system, and its performance can be much improved by
optimizing the packaging technique and further reducing
the measurement errors, expanding the measurement
range and improving the measurement accuracy.
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