IEEE PHOTONICS JOURNAL, VOL. 16, NO. 1, FEBRUARY 2024

6300107
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Temperature Measurement Based on a Tapered PMF
Incorporated With an FBG in Sagnac Loop
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Abstract—A flexible and stable optical fiber sensor based on
the Sagnac loop is proposed and experimentally demonstrated for
the measurement of salinity and temperature, simultaneously. The
sensing unit consists of a tapered polarization maintaining fiber
(tPMF) and a fiber Bragg grating (FBG) connected in series in
the Sagnac loop. The temperature response comes from the high
birefringence of PMF inside Sagnac loop, and the salinity response
is enabled by the high-order modes excited in the tapered area
of PMF. Besides, the FBG is for temperature compensation. We
have succeeded in implementing dual-parameter measurements
with the sensitivities of 0.356 nm/%. for salinity and 0.616 nm/°C
for temperature, respectively. The designed sensor has the potential
for long-term monitoring of real ocean states.

Index Terms—Dual-parameter sensors, Sagnac loop, salinity
sensors, temperature sensors, tPMF.

I. INTRODUCTION

CCUPIES vast majority of the planet, the ocean is home to
O alarge amount of species and has inexhaustible resources,
making it vital to the destiny of all humankind. Technology is
developing rapidly nowadays, as a result the ocean is constantly
being exploited to promote sustainable economic development.
However, complex marine environment seriously restricts the
actual exploration rate, and exploration inevitably has an impact
on the ocean and marine ecology at the same time [1], [2].
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Marine environment parameters such as salinity, temperature
and pressure are indispensable for long-term stable monitoring.
The measured data not only provides feedback on the state of the
oceans and marine environmental assessments but also serves
as the basis for further exploitation activities of the ocean, thus
participating in the planning of sustainable coastal economic
development [3], [4], [5]. As industrialized wastewater is dis-
charged into the ocean, the physical and chemical parameters
of seawater change somewhat, starting with the refractive index
(RI). Therefore, to monitor changes in the ocean, tools that can
directly and precisely measure its RI are required.

With particularly favorable gifts of nature, optical fiber has
outstanding performance in the field of sensors in addition to
communication [6], [7]. The low cost allows large number of
preparations and wide range of applications, the small size and
light weight make it easy to transport and lay to suit various
scenarios, and more importantly, the anti-electromagnetic inter-
ference performance, can obtain more accurate sensing results.
Since the working environment is in the ocean, corrosion and
high-pressure resistance are also prominent advantages. Optical
fiber sensing can be well adapted and applied to the salinity [8],
temperature [9], [10], [11], and depth [12], [13] measurement
of the ocean, which is a powerful tool for ocean exploration. A
polymer-covered Mach—Zehnder interferometer (MZI) applying
both arc-shaped and misaligned structures was proposed with a
temperature response of 0.953 nm/°C [14]. However, due to the
strong randomness of the operation process, the reproducibility
of the scheme is poor, and because the presence of UV glue, it
is impossible to support measurements in harsh conditions. The
hydrofluoric acid (HF) etched cavity was used to form the Fabry—
Perot cavity (FP), and the Vernier effect was utilized to achieve
salinity measurement with a sensitivity of 6830.0 nm/RIU [15].
HF is a well-known highly corrosive chemical. Even gel-like HF
employed in this preparation might pose a hazard. Even ignoring
the complexity and difficulty of the operation, the high sensitiv-
ity of these works is basically oriented to a single parameter,
and it is impossible to measure multiple parameters at the same
time. Compared to common MZI and FP structures, Sagnac loop
structure is easier to construct, more repeatable, and more stable.
Thanks to its own advantages, two beams of light propagate si-
multaneously in the clockwise and counterclockwise directions
in the Sagnac loop and form interference [16]. When simple
fiber structure adjustment or modification is supplemented on
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its initial form, it can achieve performance superior to the above
structures. Apart from that, the Sagnac loop sensing module is
more like a stand-alone unit, which can be simply associated
with light source and spectrometer by a coupler or a circulator.
The benefit is that it can be easily connected to the end of a
long conductor to enable far away distance monitoring, which is
necessary for actual ocean monitoring [17]. By applying tapered
side hole fiber (SHF) in Sagnac loop, a dual-parameter sensor
achieving sensitivity of 0.2867 nm/%o for salinity measurement
and 0.3041 nm/°C for temperature measurement was presented
[18]. Nonetheless, there is a problem that the cross-sensitivity
phenomenon makes it impossible to measure the two parameters
simultaneously.

Since temperature directly affects the density of the liquid, it
leads to a variation in the RI. Cross-sensitive makes it impossible
to accurately analyze the reading results of the fiber optic sensor
when the temperature and salinity varies in same period. In
the process of measuring the RI, the monitoring results can
be obtained more accurately when avoiding the influence of
temperature changes. However, this will be more demanding
on the monitoring conditions. A cascade sensor of FP and MZI
was proposed to solve the problem of cross-sensitivity of salinity
and temperature, which used a laser to etch a U-shaped defect
[19]. Even if high sensitivity was obtained, the mechanical
strength of the structure was sacrificed, and the manufacturing
difficulty and cost were greatly increased, making it difficult to
be widely used. Cascading FBG is an effective way to solve
temperature-induced crosstalk in many studies [20], [21]. FBG
has same spacing gratings on single mode fiber formed by
periodically laser etching. It has a specific spectrum and is only
temperature modulated, although the modulation shift is small.
By welding FBG to a multimode fiber with micro bubbles, tem-
perature and pressure monitoring were realized simultaneously,
and performance tests were carried out in cardiovascular simu-
lations. Itis expected to be applied to minimally invasive surgery
[22]. A polyimide coated FBG was also designed to meet the
demand of measuring salinity and temperature simultaneously
[23]. Still, the use of organic materials, structural complexity,
low repeatability, and low temperature sensitivity limit their
application in marine monitoring. Therefore, salinity and tem-
perature marine sensors with simple fabrication, high repeata-
bility, low cost, and high responsivity are urgently needed to be
presented.

In this article, a fiber sensor for simultaneous detection of
salinity and temperature is proposed. An FBG and a tPMF, with
a waist of 6.8 pum, connect in series in the Sagnac loop to form
the sensing unit. The sensor with the sensitivity of 0.356 nm/%o
for salinity measurement is achieved. At the same time, the
sensor has the response to temperature, and with the help of high
birefringence index of PMF [24], the temperature measuring can
reach sensitivity of 0.616 nm/°C in the range of 22 °C-36 °C.
Thanks to the temperature compensation provided by FBG,
dual-parameter measurement of salinity and temperature can be
realized. The designed system for simultaneous monitoring of
dual parameters has strengths of simple structure, low hardware
requirements, low cost, and easy preparation, which has been
verified in laboratory level for the monitoring of salinity and
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Fig. 1.

Schematic diagram of PMF in Sagnac loop.

temperature. It is expected to be applied to practical ocean
monitoring.

II. EXPERIMENTAL PRINCIPLE AND SETUP
A. Principle of PMF in Sagnac Loop

Fig. 1 describes the basic working principle of PMF in Sagnac
loop. In the beginning, light from broadband source (BBS) enters
the Sagnac loop through a 3 dB coupler, transmits in both
clockwise and counterclockwise directions, creating a phase
difference ¢. Two beams of light meet again and interfere with
each other at the coupler. The final signal then outputs to the
optical spectrum analyzer (OSA). At initial condition of Sagnac
loop, the output light intensity I, has a relationship with the
input [;y, thatis Iy =t - Ii,. t represents the transmittance and
can be expressed as the following equation:

_ 1—cos¢

t
2

ey

Barely, SMF leads tiny phase changes and requires a long
length to achieve Sagnac effect. The utilization of highly bire-
fringence fibers like PMF, which has difference Rls as n? T for
ordinary wave in fast axis and n¢ ., for extraordinary wave in
slow axis, can greatly shorten the length of the fiber used and
significantly expand phase differentiation ¢, which can be given
as:

¢ = 2777 ()

inwhich, B = n? fr ne £f refers to the birefringence of PMF,
while L represents the length of the PMF spliced and fused into
the loop. A is the wavelength of light. Due to the extremely high
birefringence characteristic, a section of PMF introduced into the
loop, not only helps to realize the Sagnac effect, but also greatly
improves the sensing response to temperature. At the resonance
dip of the transmission interference spectrum, the condition of
¢ = (2k + 1)m is satisfied, i.e., Agip, = 2BL/(2k + 1), where
k is an integer. When the surrounding temperature 7' changes,
the temperature sensitivity St of this sensor can be expressed
as [25]:

dL

= dT L

Aww AT ~dT'B
The effect of temperature on the SMF quartz material is
minimal, and the PMF’s length variation amounts come from
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Fig. 3. Schematic diagram of FBG in Sagnac loop.

temperature is negligible comparing to its total length. There-
fore, the temperature response mainly results from the B of
PMF.

B. Principle of tPMF

Since the Sagnac structure and PMF itself are not sensitive
to the RI, the response to salinity can be further introduced by
tapering PMF to tPMF. As shown in Fig. 2, when passing through
the tapered area, a part of light leaks into the surroundings around
the fiber waist. The RI difference between the environmental
and the fiber causes the optical path difference, and the light
entering the fiber again interferes with the light in the original
optical path. At this time, the sensor can response to RI, the
phase differentiation ¢ bought by tPMF can be written as:
Aneyy

T “)
where, An.s is the RI difference between tPMF core mode
and effective index of cladding mode. [ represents the effective
length of interferometer. The dip wavelength can be given as
Adip = 2Ancppl/(2m + 1), L is fixed, and m is an integer [26].
Therefore, the RI sensitivity Sy can be expressed to [27]:

S o A - dAneff A
RE="An ~  dn

p=2r

oy 5)

Through tapering operation, the salinity variation can be
measured. However, the light leaking at this structure inevitably
makes the sensing system suffer from large transmission loss,
which is about 18 dBm.

C. Principle of FBG in Sagnac Loop

FBG structure is shown in Fig. 3. It is able to work as a
sensor with periodic changes in the RI of optical fiber. When
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3dB Coupler

Tapered PMF

Chamber Salt Solution

Fig. 4. Schematic diagram of dual-parameter measurement setup under BBS.

the light propagates in FBG, most of light pass through the
gratings, while light waves of specific wavelength is reflected
due to different refractive properties. The Bragg wavelength A
can be expressed as [28]:

Ap = 2nA (©6)

wherein, n is effective RI of fiber core, A refers to interval length
between gratings. Temperature effects both the n and A, and the
warmth sensitivity of FBG can be calculated as:

Alp

AT
here, wavelength movement is expressed by Aip, «a, and
o represent thermo-optical and thermo-expansion coefficient,
respectively.

When FBG is connected in series into the Sagnac loop as
shown in Fig. 3, the clockwise (dark blue) and counterclockwise
(light blue) light passing through the FBG has the same optical
path, that equals to L; + Lo, which is equivalent to the basic
SMF Sagnac loop structure and has no effect on the spectrum.
As Lq has different value with Lo, interference occurs when
the reflected waves meet at the coupler because two beams of
reflected light passing through different optical paths. Further-
more, due to the presence of tPMF in one side in this experiment,
there must be path difference of the light reflected by FBG in
two directions. These parts of light then interfere at the 3 dB
coupler [29].

Sr = = (an +ap) Ap @)

D. Setup of tPMF and FBG in Sagnac Loop

The entire experiment was conducted under the condition of
using a BBS (HOYATEK, HY-SLED-1550-10-90-8-FC/APC-
T) as the light input. Illustrated in Fig. 4, broad-spectrum light
enters the ring part by 3 dB coupler. Light passes in two direc-
tions through tPMF and FBG, respectively, and finally meets at
the coupler and outputs to the OSA. Where the length of PMF
chosen for this experiment is 30 cm, it is tapered by the tapering
machine (AFBT-8000LE-HO, Shandong Coupler Technology
Co., Ltd., Jinan, Shandong, China) under the parameter of 15000
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Fig. 5. Waist diameter of tapered PMF.

pulling length. As shown in Fig. 5, the waist of tPMF is about
6.8 pum. The working principle of the tapering machine is to heat
and then pull the fiber at two sides. Generally, longer pulling
length results in thinner fiber waist. While using thinner fiber
in the sensing system, better performance in sensing sensitivity
can be reached. Unfortunately, thinner waist reduces the fiber
mechanical strength, enlarges the transmission loss and lows
repeatability. Here, after taking sensitivity, transmission loss,
and fabrication repeatability into account, the parameters chosen
in the experiment result in a fairly balanced sensor performance
in these aspects. FBG utilized in this experiment has a center
wavelength of 1544.906 nm with bandwidth of 0.227 nm. Its
side mode rejection ratio is 16 dB. And its grating length is 10
mm. The tPMF and FBG sharing the role of sensing are fixed
together on the temperature control platform (MK-20, Allsheng,
Hangzhou, China). The commercial temperature chamber is
warmth adjustable and has a precision of 0.1 °C. During the
whole test, both tPMF and FBG are completely soaked by the
specified solutions to simulate actual ocean tests.

III. RESULT

The salinity test is finished under temperature of 25 °C. The
instrumentation and the prepared simulated seawater samples
were kept at a room temperature of approximately 25 °C. 25 °C
is a temperature at which the sensing system can reach a steady
state more quickly and itis also areasonable value in the seawater
temperature range. As shown in Fig. 6, the wavelength dip is
jointly decided by both Sagnac loop and tPMF, while the peak
of FBG stays stable at about 1545 nm and has no influence with
interference spectra, which can be seen obviously in Fig. 7 and
dark blue dots in Fig. 8. As for interference spectra, when salinity
grows, the spectrum has a red shift. The linear fitting shows good
linearity on salinity sensing with R square more than 0.998 and
the salinity measurement sensitivity is 0.356 nm/%o within range
from 0%o to 40%o.

When measuring the temperature variation, the environment
salinity around the sensing unit is 40%o0 and kept no change.
In order to make the test results more consistent with the
realistic situation, a common seawater concentration of 40%eo
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was selected. From the Fig. 9, there is a blue-shift of interfence
spectrum as temperature increases. While the spectrum of FBG
has a opposite movement due to the different response principle,
as illustrated in Fig. 10. The modulations of the spectrum by
the two parts do not interfere with each other. After analyzing
the data in Fig. 11, both the responses of FBG and tPMF in
Sagnac loop exhibites good linearity. The temperature sensitivity
of FBG is 0.014 nm/°C, and which of tPMF in ring is —0.616
nm/°C, both with high R? more than 0.998.

Furthermore, in order to simultaneously obtain salinity and
temperature monitoring results from single measurement data,
the matrix methodology, a way for dealing with simultaneous
variation of double parameters, is applied. When the two sensing
units in the system are sensitive to the two measured parameters
at the same time, and have a linear relationship with differ-
ent sensitivity coefficients, two independent equations can be
formed, respectively. The change in the two parameters can
then be determined by solving the system of equations. In this
experiment, since the FBG only response to the warmth, the
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Fig. 12.  Linear fitting curve for salinity sensing with matrix calibration.

accurate temperature can be directly read by the wavelength
movement of FBG spectrum. The temperature result is then
substituted in the acquired interference spectrum to get the
answer of salinity. The relationship can be expressed in a matrix
approach as follow [20]:

Ariprprr  (0.356
(A)»FBG> B ( 0
Based on actual multiple measurements, from our calcula-

tions, under temperature changes, the standard error of matrix
demodulation is 0.163 nm compared to the stable temperature
situation, as shown in Fig. 12. Besides, the sensitivity of the
sensor is 0.355 nm/%o which is equivalent to the result as shown
in Fig. 8. The result shows both the consistency and repeatability
for our designed sensing system.

The dual-parameter detection of salinity and temperature can
be carried out with the temperature compensation of FBG.

—0.616\ (ASALINITY 3
0.014 AT ®
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TABLE I
COMPARISON BETWEEN THE PROPOSED SENSOR AND REFERENCES

St SsaLINITY
Ref Structure (m/°C)  (nm/%)
[30]  U-shaped tapered fiber 0.115 0.068
[31]  U-shaped few-mode fiber ~ 0.185
[32] SPR-MZI 0.317 0.429
[33] Semi-Open Cavity 1.280 0.309
[34]  balloon shaped SMF 0.735 0.168
This
work tPMF- Sagnac loop 0.616 0.356

Table I shows the cmparision betweent different kind of dual-
parameter fiber sensors, the result proves that the sensing unit
has excellent performance.

Futhermore, the stability measurements for salinity and tem-
perature sensing were also tested for five times each, as shown
in Figs. 13 and 14. The difference in salinity test is less than
0.14 nm, and that in temperature measurement is less than
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0.16 nm. The data difference is very small, which reflects the
good repeatability on salinity and temperature measurements
of the sensing system. High resolution and stability ensure
the application of realistic ocean measurements. Besides, due
to the cumbersomeness of usual OSA in lab, portable OSAs
provide choices for practical test. Additionally, using a spectrum
interrogator to demodulate the intensity is also another effective
approach.

IV. CONCLUSION

In conclusion, a dual-parameter fiber sensor for the measure-
ment of salinity and temperature are realized by serial connection
of tPMF and FBG inside the Sagnac loop. Thanks to the high
birefringence of PMF, the temperature monitoring has achieved
the sensitivity of 0.616 nm/°C. And the chose of a tPMF with a
waist of 6.8 um enhances the reaction between the environment
salinity change and fiber core, and has yielded a sensitivity of
0.356 nm/%o. The FBG facilitates temperature compensation
and eliminates the errors caused by cross-sensitivity problem.
The designed fiber sensing structure enables to accurate measure
the salinity of seawater under temperature interference, which
is conducive to practical marine applications and has great
application prospects.
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