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ABSTRACT In this paper, an all fiber optic sensor based on a Mach-Zehnder interferometer (MZI) has been
proposed for the simultaneous measurement of underwater pressure and temperature, utilizing a dual-mode
fiber (DMF) which has been specially designed, and supporting only the LPy; and LPy> modes propagating in
the fiber. In this design, an in-line MZI sensor that was constructed by splicing a DMF between two pieces
of single mode fibers, shows a critical wavelength (CWL) which exists in the transmission spectrum of
the LPg;-LPo mode interference. Since the two peaks, located closest to the CWL (and from both lower
and higher wavelengths), shift in opposite directions and show different sensitivities under temperature
and water pressure variations, the DMF-MZI sensor is capable of measuring both the water pressure and
the temperature simultaneously. The CWL-based interference spectrum is stable with the variation of
underwater salinity or impurities seen around the fiber surface and independent of the polarization states
of the transmission light. As a result, in the operation of the DMF-MZI sensor, underwater pressure and
temperature sensitivities increase significantly, when the peak wavelengths are close to that of the CWL.
A theoretical analysis has been developed and used to predict that the sensitivities of this specific DMF-MZI
structure which can be further improved by increasing the physical length of the DMF and by adjusting the
position of the first left/right peak to be closer to the critical wavelength. This co-located, multi-parameter
all-fiber sensor developed in this way and showing relatively high sensitivity is easy to implement in the
underwater environment. It does not require a complex shell design and the peaks nearest to a CWL are
convenient, allowing easy identification and detection, thereby providing a large measurement range to
satisfy the requirements of practical marine and fresh water measurements.

INDEX TERMS Fiber sensor, temperature, pressure, dual mode fiber, Mach-Zehnder interferometer.

I. INTRODUCTION

An accurate knowledge of temperature of seawater is one of
the most important parameters in oceanology and a critical
driving factor in ocean dynamics today [1]. Further, fast
and accurate measurements of underwater depth are partic-
ularly important for building a precise profile of the sea-
water temperature. However, the conventional, expendable
temperature/depth profiler (XBT) probe available and which
is based on the use of a thermistor, can allow the depth
data to be obtained only by calculating this from the speed
and time information and using an algorithm, rather than
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allowing a direct, more accurate measurement. Conductiv-
ity, temperature, and depth sensor systems (CTDs), which
include a piezoelectric sensor, can be used to detect the tem-
perature data which can be related to the depth of seawater:
however, these devices are costly, complex and in general
bulky. In contrast to their electronic counterparts, fiber-optic
temperature/depth sensors exhibit the outstanding advantages
of compactness, fast response, low cost and immunity to elec-
tromagnetic interference. Such an innovative sensor scheme
is the subject of this work.

Currently, various all-fiber detection schemes have been
proposed for measuring water pressure (depth) and temper-
ature, simultaneously. Traditional barometric pressure fiber
optic sensors [2]-[5], which commonly are constructed with
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open cavities, trenches or holes fabricated by chemical etch-
ing or laser micro-machining techniques (to allow the media
on which the measurements are made easy to be placed within
(and removed from) the FPI cavity used), may not be well
suited to marine applications, because these etched structures
are thus physically weakened and may be fragile: so they may
be sensitive to ambient environmental vibrations, and errors
also can occur in their use due to the variation of the salinity of
the seawater or the presence of contaminants from the water
samples in the open FPI cavities thus created. Measuring
errors also exist in fiber in-line Mach-Zehnder Interferome-
ter (MZI) designs, which have a common characteristic of RI
sensitivity to the liquid analyte: thus the following features
1) the sensor is used with a bare fiber core [6]; and 2) a
thin clad fiber structure, which has a large evanescent field
exposed to the surrounding [7]; 3) the sensor is based on
cladding mode and core mode interference, which usually is
formed by employing two heterogenic fibers (e.g., multimode
fiber [8] or PCF [9]) or abnormal fiber fusion splicing (e.g.,
core offset [10], S-shaped [11] or peanut-like [12] arrange-
ments), used to excite the high order/cladding modes prop-
agating in the sensing fiber, which lead to a relatively large
energy spread out of the doped core — as a result, the silica
cladding acts as the ““‘core” of the sensing structure. In light of
this, noting previous work where similar cases were seen and
where extrinsic FP cavity structures were proposed [13]-[17],
particular attention needs to be paid to the use of specialized
materials and the process of packaging shell design, essential
for marine applications. All of this significantly increases the
cost and difficulty of fabrication.

Moreover, the multimode interference created may
decrease the uniformity and clarity of the interference spec-
trum created, and several interferometers in a cascaded con-
figuration (as proposed in the literature [2]-[5], [18], [19])
often then form a complicated structure. Both the multimode
interference and interferometers-cascaded schemes create
multiple interference signals and thus require a high degree of
complexity in the signal analysis and interrogation processes
needed, due to the interference fringes with similar periods
which are seen to overlap in the spectrum obtained. In addi-
tion, the Fiber Bragg Grating-based schemes proposed in the
literature [20]-[22] still show problems due to the system
complexity, instability and relatively short lifetime when
used in practical applications, because of the combination
of pressure sensitive materials or the different geometric
structures used (e.g., the thin walled cylinders, the polymer
diaphragm or the diaphragm-cantilever structures). There-
fore, alternative approaches to create a more appropriate
sensor design are needed, tailored better to the applications
in this work in the underwater environment.

In this article, a compact fiber in-line dual-mode fiber
(DMF) Mach-Zehnder interferometer (MZI) designed for the
simultaneous water pressure and temperature measurement
is presented. The DMF employed in this approach has been
specially designed to support only the fundamental mode,
LPy1, and the higher order core mode, LPy;, propagating in
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the fiber [23]. This is different from the conventional few
mode fiber approach, in which several higher order core
modes (e.g., LP11) are supported. Here the DMF used in this
sensor structure is superior in its polarization behavior [24]
and it is stable, even with the variation of the contaminants
experienced in the underwater environment. As reported in
our previous work [25], the propagation constant difference
between the LPg; and the LPgp, modes, AS, has a maximum
corresponding to the critical wavelength (CWL) in the trans-
mission spectrum. The peaks that lie closest to the CWL on
each side have their maximum spacing from the adjacent
peaks, which can readily be identified in the interference
spectrum. Moreover, due to fact that the peaks which are clos-
est to the CWL on each side shift in opposite directions, (hav-
ing different strain and temperature sensitivities [26]), a high
resolution in the measurement of co-located dual-parameters
was made possible by monitoring the shifts of the observed
‘Right Peak1’ and ‘Left Peak1’ seen respectively in the spec-
trum obtained. This approach has been extended to form the
basis of the sensor design discussed in this current work.

In our previous research, the interferometers used and
based on the DMF approach have functioned to monitor var-
ious measurands: as a displacement sensor [27], a refractive
index sensor [28], and a humidity sensor [29], for example.
In this paper, the unique characteristics of this approach are
presented as the basis of a simultaneous water pressure/depth
and temperature measurement system for application in the
marine or fresh water environments. The DMF-MZI struc-
ture proposed, based on two core-mode interference, can
readily be fabricated by splicing a piece of DMF between
two segments of single mode fibers (SMFs). This sim-
ple DMF-MZI configuration for dual-parameter measure-
ment also allows several advantages over these alternative
approaches to be shown, which include: 1) it is simple,
robust and low cost, when compared to the fiber grating-
inscribed schemes for temperature compensation, which may
require an additional processing stage, such as high-pressure
hydrogen-loading or a laser machining approach; 2) it uses
relatively low optical loss compared to other non-standard
spliced fiber in-line arrangements, such as suspended core
fiber [30], thin core fiber [31], dual-core photonic crystal
fiber [32], [33] or other lateral shifted splicing structures —
it is essential for long distance operation to have low optical
loss; 3) it is easy to implement and the peaks nearest to a
CWL are conveniently used for identification and detection,
when compared to the cladding-mode-excited all fiber in-line
sensor structures — generally showing a similar uniform inter-
ference spectrum, easily disturbed by the variation of the
refractive index of seawater and then requiring a special
design of the ‘packaging’ of the sensor for the applications
in the marine environment; 4) a wide measurement range
and good linearity for deep water measurement is seen, com-
pared to the traditional FP pressure sensor structures, whose
measurement range and sensitivity are limited in a variable
length of resonance cavity, as well as the deformation of
the diaphragm materials or other geometric constructions
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used [13], [14], [18]-[22]: these may exhibit a nonlinear
relationship between the depth or pressure and the sensitiv-
ity; 5) a relatively high sensitivity is characteristic of these
sensors, where the maximum pressure sensitivity obtained
in experiments carried out is 1-3 orders of magnitude larger
than is seen in dual-core fiber, PCF or FBG-based pressure
sensors reported in the literature [32], [33], [20]. This design
could be further improved by increasing the physical length
of the DMF, using this characteristic in the prediction of the
experimental measurements or the results of simulation. As a
result, the all fiber sensor device discussed shows promising
and significant prospects for use in making simultaneous
underwater pressure and temperature measurements, imple-
mented in different practical applications.

Il. OPERATIONAL PRINCIPLE OF THE SENSOR

Relative Refractive Index Difference

(b) Distance to Center ( pm) (c)

FIGURE 1. Configuration and index profile of the DMF. (a) SEM
micrograph of the DMF; (b) Geometrical structure of the DMF; (c) Relative
refractive index difference profile of the DMF, measured at a wavelength
of 670nm.

The DMFs used in the experimental verification were
provided by the Yangtze Optical Fiber and Cable Limited
Company Ltd, and a scanning electron microscope (SEM)
micrograph of the fiber itself is shown in Fig. 1(a). The
DMFs employed here were specially designed using a highly
GeO,-doped inner core, three inner claddings, and a pure sil-
ica outer cladding to ensure that only the fundamental mode,
LPg;, and the higher order core mode, LP¢,, were allowed
to propagate along the fiber. The multi-layer geometrical
structure and the W-shaped refractive index difference profile
of the DMF used is shown in Fig.1 (b) and (c). In the exper-
iment carried out, the Mach-Zehnder interferometer (MZI)
was formed by splicing a section of the DMF between two
pieces of SMFs. The LPy; and LPy; modes that propagate in
the DMF were excited by the fundamental core mode, LPy,
in the input SMF. The interference between the LPy; and LPg>
modes was selected by using the output SMF. If the optical
power ratios transferred from the input SMF to the LP(; and
LPgy modes are tg; =Pp/Pin and to; =Pgy/Pin, respectively,
then the transmission through the DMF is given simply as
follows [34]:

T = Pou /Pin = 13, + 135 + 2001102 cos(p(1)) (1)

where ¢(A) is the phase difference developed between the
LPy; and LPg> modes in the DMF with a physical length, L,
which is represented as follows:

) =AML @

VOLUME 8, 2020

where AB = Bo1 — Bo2 is the propagation constant difference
between the LPg; and LPg> modes. By; and Bg; are the prop-
agation constants of the LPy; and LPyp; modes in the DMF,
respectively. The phase difference between the LPy; and LPq;
modes is a function of both the operating wavelength, A, and
the perturbation parameter, x (temperature or pressure), as
shown in Equation (2). Therefore, the change in the phase
difference can be expressed as [35]:

d¢ d¢
Ap = —AL+ —A 3
¢ = A+ 3y O 3)
For a constant phase point, we have:
Ah 1 {3\ (a(AB\ @
Ax L \dyx N

where d¢ / dyx is the phase difference induced by the pres-
sure or temperature that was applied. L is a positive quantity
at the operational wavelength, A. With the fiber parameters
given in Fig.1 and a core refractive index of 1.473, using the
finite element analysis method, the calculated transmission
spectrum of the DMF-MZI structure, of 0.34m length DMF,
combining (1) and ApB, is shown as the solid line in Fig. 2(a).
The corresponding experimental transmission spectrum is
depicted in Fig. 2(b), which is consistent with the simulated
results obtained. As shown in Fig. 2, numbering from the
peaks that lie closest to the CWL from both sides, the peaks
on the right-hand side of CWL are denoted by PRy, Pro, ...,
respectively. The peaks that are located on the left-hand side
of CWL are denoted as Pp 1, P12, ..., respectively. d(Af) / oA
is positive on the lower wavelength side of the CWL, while
negative on the longer wavelength side of the CWL [26],
which leads to an opposite shift of the peaks located on
the both sides of the CWL, with a change in the temper-
ature/water pressure. The spacing between the peaks/dips
that lay closest to the CWL on each side and the adjacent
peaks/dips is the maximum compared to rest, so they can be
easily identified from the observed interference fringes. As a
consequence, the change of the ambient temperature or the
pressure (due to the water depth) can be monitored by tracing
the wavelength shift of the peaks in the interference spectrum.

Both the pressure-induced refractive index change and the
pressure-induced structural deformation will be affected by
the hydrostatic pressure applied to the optical fiber, thus
affecting the light guidance in the optical fiber. Based on
the well-known photo-elastic effect, the refractive index of
the silica under the hydrostatic pressure can be expressed as
follows [36]:

Any = —Crox — Ca(oy + 03)
Any, = —ClUy — Ca(ox +07)

Ang = —Cro, — Ca(ox + Uy) ©)

where oy, 0y and o, are the stress components in the X, Y and
Z axes, C; = 6.5 x 1073m?/N and C; = 4.2 x 10~ 2m? /N
are the stress-optic coefficients of pure silica. The stress com-
ponents of the silica can be determined, based on the results

146465



IEEE Access

X. Lei et al.: Underwater Pressure and Temperature Sensor

a) =

“’-10- ] 008384 _
L E
c 4| 0.08358 2
205 B
@ 0.08352 =
£ e
2 0.0 A b
o Caculahel:l Resulles (L=0. 34n1: « -1 0.08346
= . y . .

1530 1540 1550 1550 1570 1580

B) —~
8 13-
&
2 -14 4
8 CWL
E 15+
m Experimental Resultes (L=0.34m)
= -16 4

1530 1540 1550 1560 1570 1580
Wavelength (nm)

FIGURE 2. Calculated AB vs. wavelength, simulated and experimental

transmission spectrum of the DMF-MZI structure with straight unstrained

0.34m DMF at a temperature of 25 °C: (a) Calculated results for Ag and

transmission spectrum. (b) Experimental results for the transmission
spectrum.

of a Finite Element Method analysis of the optical fiber under
the hydrostatic pressure. It should be noted that the values
for Young’s modulus, E;,, = 73.1GPa and Poisson’s ratio,
Usio, = 0.17 are used for the pure silica in these calculations.
The axial length elongation, AL, = Ag; XL = (o;/Ej9,) X L,
where Ag, is the strain in the axial direction of the DMF.
Assuming that o, is constant, the pressure-induced elongation
in the axial direction, AL,, increases with the increase of the
length of the DMF, L, which corresponding contributes to
causing a variation in ¢ (X).

The results of the simulation of the relationship between
A and the wavelength (at a temperature of 25°C) and
without axial pressure applied, is depicted as a dashed line
in Fig.3. Based on the fact that at the operational wave-
length chosen, the dispersion of AB exhibits a non-linear
behavior and shows a maximum, the periods of the inter-
ference fringes closest to the CWL, from both sides, also
reach a maximum corresponding to the value of the CWL
in the transmission spectrum. Therefore, the high sensitivity
obtained is seen when the nearest peak is as close as possible
to the CWL. As shown in Fig.4, the periods of the interfer-
ence fringes closest to the CWL, from both sides, and the
maximum wavelength spacing between the Right Peakl and
Left Peak1 decreased with the increase in the DMF physical
length. As a result, the position of Right Peakl and Left
Peakl are closer to the CWL, as the length of the DMF is
increasing. Thus, the water pressure sensitivity of DMF-MZI
can be further improved by increasing the length of the DMF
used.

Assuming the water pressure and temperature sensitivities
on the Left Peakl of the MZI are Sp; and Sy, respec-
tively, then with an water pressure variation of AP, and a
temperature variation of AT, the wavelength response of
the peak, A\, to the water pressure and the temperature
can be expressed asAir; = Spr AP + St AT. For Right
Peakl with pressure and temperature sensitivities of Spy
and S7g, respectively, the wavelength response, AAg1, to the
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FIGURE 4. Calculated transmission spectra of the DMF-MZI structures
employing 0.18m, 0.34m, 1.4m lengths of DMF.

water pressure and temperature can be expressed as Aig; =
SprAP + StrAT. Thus, the method discussed of simultane-
ously measuring the water pressure and temperature, using
the DMF-MZI structure, can be realized by solving the fol-
lowing sensor matrix equation [37]:

Arp1\ _ (SeL St (AP (6)
Axgr ) = \Ser Str ) \AT
The change of water pressure and temperature can be
simultaneously determined by use of equations:

(87) = 5 (%, 55m) (3%) 9
D —OPR OPL R
where D = |Spr.Str — S71.SpPR| 1S the absolute value of the
determinant of the coefficient matrix. The matrix coefficients
can be calculated by making separate measurements of the
water pressure and temperature response through the changes
in the left/right peak wavelength of the MZI. Therefore,
the ambient water pressure and temperature variation can
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be determined by the simultaneous measurement of the res-
onant wavelength changes of the DMF-MZI. According to
the error analysis method given by Jin et al. [38], if the
wavelength measurement resolution of the Optical Spectrum
Analyzer (OSA) used is §(AAr1) and (AXg) at these wave-
lengths, the theoretical pressure and temperature resolution
of the sensor scheme discussed, §(AP) and §(AT), can be
expressed by:

scapyy _ L ise 1 ismly (san) ®)
sa7)) = 1 s | 1seel) \san)

u DD CU O

The experimental setup of the hydraulic pressure measure-
ment scheme used is shown in Fig.5. In order to create a prac-
tical sensor of this sort, a section of DMF was spliced between
two pieces of standard SMF (Coring SMF-28e) to form a MZI
structure. The splicing operation was performed by using an
automatic fusion splicer (Ruiyan, RYF600P). The DMF-MZI
sensor thus created was placed in a commercial hydraulic
pressure test chamber (which was provided by the San You
Limited Company) and has a measuring range of OMPa
to 7MPa. A supercontinuum laser source (SC-5, YSL Co.
Ltd., operating between wavelengths of 480nm-2400nm) was
deployed as a broadband light source in this experiment.
The transmission spectra obtained were recorded by using an
Optical Spectrum Analyzer (OSA, ANDO AQ6317B) with a
wavelength resolution of 0.01 nm.

SCS Hydraulic test chamber OSA

_ : [ smF SMF | - 5
- S| DMF-MZI ) sme * #@3’

FGU 5 Schematic diagram of the experimental setup for water
pressure sensing. SCS - supercontinuum laser Source; OSA- Optical
Spectrum Analyzer; SMF - single mode fiber; DMF - dual mode fiber;
MZI- Mach-Zehnder interferometer.

The sensing responses of the DMF-MZI structure to the
water pressure and temperature changes were measured sep-
arately for each parameter. The water pressure coefficients
were measured while maintaining the room temperature at a
value of ~22°C. The experimental transmission spectra of the
DMEF-MZI structure (with 0.34m and 1.4m lengths of DMF)
monitored when the water pressure increased from 1MPa to
7MPa, are shown in Fig.6 and Fig.8 respectively. It can be
clearly observed that the peaks on each side of the CWL
shift in opposite directions due to the variation of the water
pressure. Moreover, the wavelength shifts, PL1,..., PL7, and
PR1,..., PR7, under water pressure changes from OMPa to
7MPa (with the 0.34m length DMF) are shown in Fig.7. The
pressure sensitivity of the DMF-MZI increases dramatically
as the peaks approach the CWL, which is experimentally
demonstrated in Fig.7 and is consistent with work reported
previously by us [26]. The experimental pressure sensitivities
monitored as a function of the normalized wavelength of
the DMF-MZI sensor, employing different lengths of DMF
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FGU 7 Experimental wavelength shifts of peaks in the transmission
spectra of the DMF-MZI sensor from the water pressure sensing system
with a DMF physical length of 0.34m.

(0.18m, 0.34m, and 1.4m), measured at pressures of OMPa
and 7MPa, were plotted as shown in Fig.9, and these results
determined and illustrated here agree well with the simulated
results also obtained. In this work, we selected three sam-
ples, as exemplars through which to study the transmission
spectrum and sensitivity of the DMF-MZI sensor with the
different lengths of DMF chosen. Relatively large lengths of
TDFs were used in this work, because of the smaller length
of DMF corresponding to a larger period of the interference
fringes and the space between Left Dipl and Right Dipl,
which are not ideal in the discussion of the characteristics
of the critical wavelength interference fringes, in the lim-
ited measured spectrum. However, the characteristics of the
DMF with lower lengths are also seen to work, in practical
applications.

The measurement range demonstrated for the hydrostatic
pressure sensor is about 7MPa (this being limited by the test
system used) but this upper limit can be further extended for
many practical applications. As shown in Fig. 9, the pres-
sure sensitivity of the wavelength peak measured is only
relevant to the wavelength spacing of the measured wave-
length of the CWL. The physical length of the DMF used in
the DMF-MZI sensor and the pressure applied to the DMF
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