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Strain-Insensitive Temperature Sensor Based on
Few-Mode Fiber and Photonic Crystal Fiber

Xuekai Gao", Jian Xu”, Caijian Xie

Abstract—Based on few-mode fiber (FMF) and photonic crystal
fiber (PCF), a new temperature sensor with a FMF-PCF-FMF
hybrid construction has been developed. Furthermore, the sensor
has a longitudinally symmetrical structure that makes it have a
flexible sensor head, which enhances the practical performance.
Simulated results show that there are three resonant peaks with
extinction ratio above 18 dB in the wavelength from 1630 nm to
1720 nm, and the temperature can be measured by calculating
wavelength shift of resonant peaks. The experimental results show
that the temperature sensitivity of the proposed sensor is as high
as 38.6 pm/°C when the temperature ranges from 20°C to 80°C.
Meanwhile, the strain sensitivity of the proposed sensor is as low
as —0.457 pm/pe when strain ranges from 0 to 3000 p.e. The high
temperature sensitivity and ultralow strain sensitivity indicate that
the proposed sensor can effectively eliminate the cross-sensitive
issue of temperature and strain. In addition to excellent sensing
performances, simple and compact structure make the proposed
sensor be potential in practical applications.

Index Terms—TFiber optical sensor, few-mode fiber, photonic
crystal fiber.

1. INTRODUCTION

ENSING technology plays a more and more important
S role in the development of science and society. Nowadays,
sensing technology is widely employed in medical health, indus-
trial, security surveillance, intelligent transportation, and other
application fields. Optical fiber sensing technology allows fibers
to work as the transmission medium and optical modulator si-
multaneously. Compared to the other sensors, fiber optic sensors
(FOSs) based on optical fiber sensing technology have attracted
increasing attentions due to the unique advantages, such as
anti-electromagnetic, compactness, high sensitivity and so on.
FOSs can be used to monitor and measure the external phys-
ical variables, including temperature [1]-[3], strain [4], [5],
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refractive index (RI) [6]—[8], liquid level [9]-[11], magnetic field
[12], [13], humidity [14], [15]. Temperature is a significant phys-
ical quantity because many physical phenomena and chemical
processes are carried out at a certain temperature. Production
processes, mechanical operation, and living environment call
for specific temperatures. Therefore, temperature measuring is
an essential procedure to ensure the security of production and
people living [16]. With the rapid development of science and
technology, higher requirements are put forward for temperature
measurement. Fiber temperature sensing technology can be ap-
plied to measure or monitor the changes in temperature, which is
one of the important application directions for FOSs[17]. There
is a wide range of high-performance fiber temperature sensors,
but many of these sensors still suffer from cross-sensitivity
between temperature and the other physical quantities. Thus,
a lot of novel fiber sensor structures are proposed to tackle this
issue. In 2014, Zhigang Cao et al. proposed a strain-insensitive
and high-temperature fiber sensor. The proposed fiber sensor
is composed of a piece of small-core photo-sensitive fiber
(SCPSF), which is spliced to the single mode fiber (SMF) with
the core-offset at the spliced position [18]. The temperature
sensitivity of the sensor is 106.64 pm/°C from 200 °C to 1000 °C,
and the temperature to strain cross sensitivity of the sensor is low
as 0.00675 °C/ue. In 2017, Yu et al. demonstrated a fiber optic
sensor for simultaneous temperature and strain monitoring based
on a few-mode solid-core photonic crystal fiber. The temperature
and strain sensitivities of the fiber sensor are 9.85 pm/°C and 3.24
pm/ e respectively [19]. In 2018, Zhang et al. suggested a novel
SMEF-based up taper-down taper-up taper (UDU) structure based
on miniaturized modal interferometer (MMI) for simultaneous
RI, strain, and temperature measurement, achieving a RI sensi-
tivity of 131.93 nm/RIU, a strain sensitivity of 0.0007 nm/pue,
and a temperature sensitivity of 87.8 pm/°C respectively [20].
In 2019, Song et al. designed and tested a strain-insensitive fiber
temperature sensor by employing a DNA-CTMA (DNA-Cetyl
trimethyl ammonium) solid film coated on micro-tapered fiber
[21], obtaining temperature sensitivity of —900 pm/°C in the
bio-medical temperature region and a very low strain sensitivity
of —7 pm/ue. In 2020, Tong Nan et al. proposed a temperature
sensor constructed by fusion splicing a piece of suspended-core
microstructure optical fiber (SCMF) between two up-tapers,
achieving The sensitivity of —0.011 rad/°C in the temperature
range of 20°C to 90°C [22]. In the same year, Lee et al. proposed
a strain-insensitive fiber-type temperature sensor based on dense
microscale wrinkles on the fiber surface[23]. Most of these FOSs
are designed by utilizing core offset, tapering, and other special
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Fig. 1. Schematic diagram of the sensor structure.

techniques to ensure high sensing performances. However, the
manufacturing processes of those special structures are difficult
to manage precisely because the fabrication process for these
sensors is sophisticated, which can degrade the sensing per-
formances. For example, sensitivity can decrease when there
is slight deviation from the specially designated degree of the
fiber taper or core-offset. Therefore, it is necessary to take into
account the engineering fabrication difficulty when designing
the fiber sensor.

We propose a fiber temperature sensor composed of the
few-mode fiber (FMF) and photonic crystal fiber (PCF) in this
paper. The proposed sensor has an FMF-PCF-FMF-based hybrid
structure that can be easily achieved by directly splicing the
FMF and PCF. There are resonant peaks in the transmission
spectrum when the mode interference occurs in the FMF-PCF-
FMF structure, and the resonant peaks shift as the temperature
changes. Thus, temperature variation can be measured by mon-
itoring shift of resonant peaks. Experimental results indicate
that the proposed fiber sensor not only has a high temperature
sensitivity of 38.6 pm/°C but also has a low axial strain response,
which illustrates that the proposed sensor solves the issue of
cross-sensitivity effectively. Furthermore, the proposed fiber
temperature sensor has the advantage of being sturdy and easy to
use compared to those sensors proposed in [18]-[21], improving
its engineering practicality and flexibility.

II. SENSING PRINCIPLE

Fig. 1 depicts a schematic design of the proposed sensor struc-
ture. The sensor consists of two pieces of FMF and one pieces
of PCFE. After manual alignment, the two ends of a short piece
of the PCF (YOFC) are fused with two FMFs that support the
modes LPyq, LPy1, LP21, and LPg>. And the refractive index of
core and cladding of FMF are 1.46111 and 1.45601, respectively.
The FMF has a core diameter of 18 ym and a cladding diameter
of 125 pm. The refractive index of PCF is 1.4625. The PCF
have a cladding diameter of 125 ym and an air hole diameter of
3 pm. The fabrication of the proposed sensor does not include
splicing methods such as offset splicing, tapering, etc. Thus, the
structure of the proposed sensor can be completed by the auto
splicing program of the Fiber Fusion Splicer, which avoids the
splicing error caused by manual splicing and greatly improves
the reproducibility of manufacturing of this type of sensor. The
sensor has a symmetrical structure that ensures it is independent
of access direction, making it extremely practical to use. The
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Fig. 2. (a) The cross-section diagram of FMF. (b) The cross-section diagram

of PCFE.

FMF-1 serves as a beam splitter, while the FMF-2 serves as
a combiner. Fig. 1 shows a micrograph of the splicing. The
sensor’s manufacturing is straightforward. The cross-section of
the fiber of FMF and PCF is shown in Fig. 2.

Lead-in and lead-out SMFs are spliced into the two ends of
the FMF-PCF-FMF sensor. When light passes through the FMF-
PCF-FMF, modal interference occurs between the fundamental
mode and the cladding modes because core and cladding modes
have different effective refractive indexes. The phase difference
Ay between the fundamental mode and the cladding modes is
dependent on the effective refractive index, and given by [24]:

2n LAy )
)\‘ )

where L denotes the sensor length and A is the wavelength of light
in a vacuum. The effective refractive index difference between
the fundamental mode and the cladding modes is Anqg. When
the phase difference matches the condition Ay = (2k+1)r, the
wavelength of the resonant peak A, can be expressed as [24]:

Ap =

2
A ———AnessL, 2
ST @
where k is an integer.

Owing to the thermal expansion effect and the thermo-optic
effect, the geometric size and refractive index of the fiber change
with different temperature, resulting in the wavelength shift of
resonant peaks [16]. The wavelength shift induced by tempera-
ture changes can thus be calculated by [25]

Al
— = e+ | AT, 3)
k
where AT denotes temperature change, while o and £ denote
thermal expansion coefficient and thermo-optic coefficient, re-
spectively.

The wavelength can also shift when strain is applied to the
fiber sensor and the sensor geometry changes in fiber dimensions
due to the photo-elastic effect [26]. The wavelength shiftinduced
by strain can be calculated by [27].

A\ L 0 (Ane f f)

— =11 . A =
Ak +A7’Leff oL ¢

(I1+P)Ae @b

where P, is the effective photo-elastic coefficient and Ae rep-
resents the change in strain.

Transmission spectrum of the sensor can be simulated by us-
ing the beam propagation method (BPM). The core and cladding
diameters of FMFs are 18 pm and 125 pum respectively, while
the refractive indexes of the core and cladding are 1.45601 and
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Fig. 4. (a) Schematic diagram of the strain experimental setup. (b) Schematic
diagram of the temperature experimental setup.

1.46111. The diameter of the PCF is 125 pm, and the cladding
has arefractive index of 1.4625 while the air hole has a refractive
index of 1. The length of the PCF employed in the simulation
is 1 cm, and the length of the two pieces FMFs is 2 cm. The
simulation spectrum of the fiber sensor is shown in Fig. 3. There
are three resonant peaks in the wavelength between 1630 nm
and 1720 nm. Dip A has an extinction ratio of roughly 18 dB at
the wavelength of 1649.4 nm. At the wavelength of 1671.2 nm,
dip B has an extinction ratio of roughly 23 dB. Dip C has an
extinction ratio of around 20 dB at the wavelength of 1690 nm.
Temperature changes can be measured by the wavelength shifts
of the dips A, B, and C.

III. EXPERIMENT

The experimental setup of the sensor under strain and temper-
ature measurement is shown in Fig. 4. The light from a broad-
band light source (BBS, YLS SC-5) is launched into the sensor
that is imposed strain or temperature. The optical spectrum of
modulated light signals from the sensor can be obtained through
an optical spectrum analyzer (OSA, YOKOGAWA AQG6375).
We measured the spectrum of the sensor under initial state, and
the transmission spectrum of the sensor under room temperature
of 20 °C and strain of 0 pe is depicted in Fig. 5(a). The spectrum
shows multiple resonant peaks in the wavelength region of 1630
to 1720 nm. There are three resonant peaks and dips, which is
in agreement with the simulated results shown in Fig.3. At the
wavelength of 1642 nm, dip A has an extinction ratio of about
17 dB. At the wavelength of 1675 nm, dip B has an extinction
ratio of roughly 15 dB. Dip C has an extinction ratio of roughly
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Fig. 5. (a) The transmission spectrum and (b) the spatial frequency spectrum
of the proposed sensor.

16 dB at the wavelength of 1699 nm. Compared with the simu-
lated results in the Fig.3, the experimental spectrum exhibits a
higher power loss than the simulation spectrum, and there is a
slight discrepancy in the wavelength of the interference peak. It
can be attributed to the fact that there is power loss induced by
the fiber fusion for the sensor, resulting in the above-mentioned
disparities. Wavelengths of Dips A, B, and C will shift when the
sensor is imposed external temperature and strain, which can be
measured by OSA.

The spatial frequency spectrum of the transmission spectrum
is derived by using the Fast Fourier Transformation (FFT),
as shown in Fig. 5(b). The fundamental mode is the domi-
nating peak in the spatial frequency spectrum, and there are
three cladding modes at 0.033 nm ™', 0.089 nm~', and 0.122
nm~'. In addition, there are more peaks with lower amplitude
intensities [28]. The relationship between spatial frequency &
and the effective refractive index difference An.yy is given by
[29]:

Angpp = 2*¢/2L 6))

where L and A are the length and the center wavelength of
the sensor. The An.ys is calculated to be the 10~* order of
magnitude at the peak of 0.033 nm ™. The An,y is calculated
to be the 10~2 order of magnitude at the peak of 0.089 nm™!.
The An. is calculated to be at 10~ orders of magnitude at the
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peak of 0.122 nm ™. Those effective refractive index differences
are almost the same as the refractive index difference between
core and cladding in the Reference [30].

Two ends of the sensor are clamped by a stationary stage
and a translation stage in the experiment to detect strain. At
room temperature, the strain can be modified by altering the
distance between the fixed stage and the translation stage. In
the experiment, the length of the sensor increases 0.03 mm
as the sensor is stretched once, and the step of the imposed strain
is set as 600 pe. The transmission spectra of dips A, B, and C
under strain of 0, 600, 1200, 1800, 2400, and 3000 pe are shown
in Fig. 6(a), (b), and (c), respectively. The wavelengths of the
dips A, B, and C shift slightly towards the shorter wavelength as
the strain increases. In the range of 0 to 3000 ue, the wavelength
shifts of dip A, B, and C are —1.6 nm, —1.4 nm, and —1.6 nm,
respectively. Linear fitting curves of wavelength shift for dips
A, B, and C under increasing strain are represented in Fig. 6(d).
The red line, blue line, and orange line denote the wavelength
shifts for dips A, B, and C respectively. According to the linear
fitting curves, the strain sensitivities of the dips A, B, and C in the
range of 0 to 3000 ue are —0.457 pm/ue, —0.495 pm/pue, and
—0.53 pm/ e, respectively. The three dips present the very low
strain sensitivities in the wide range of strain, which indicates
the proposed sensor is insensitive to the strain. Moreover, we
find the depth and width variations of resonating dips with the
changing of strain. The reason for this phenomenon is that the
length of the sensor will increase when the strain increases and
the refractive index difference between the core and the cladding
decrease as the strain increases. The changes in the fiber length
and the refractive index difference can cause the change of phase
difference between the core mode and cladding mode of optical
fiber, which will lead to the change in interference spectrum.
Thus, the extinction ratio and the spectral width of resonating
dips slightly fluctuate [31], [32].

For the temperature sensing experiment, the sensor is placed in
the Weiss WTI-180/40 High-Low Temperature Chamber, which
has a temperature resolution of 1 °C. In the experiment, the
temperature increases from 20 °C to 80 °C, and the transmission
spectra at 20, 30, 40, 50, 60, 70, and 80 °C are shown in
Fig. 7(a), (b), and (c), the wavelengths of the dips A, B, and
C shift to the longer wavelength as the temperature increases, as
illustrated in Fig. 7(a), (b), and (c). In the region of 20 to 80°C,
the wavelength of dip A, B, and C shift 1.8 nm, 2.2 nm, and
2 nm, respectively. Based on the wavelength shifts at 20, 30, 40,
50, 60, 70, and 80 °C, temperature sensitivity can be calculated
by linear fitting. The orange, red, and blue lines in Fig. 7(d)
represent linear fitting curves of dip A, B, and C with increasing
temperature, respectively. According to the linear fitting results,
the temperature sensitivities of the dips A, B, and C in the range
of 20 to 80 °C are 30 pm/°C, 38.6 pm/°C, and 35.7 pm/°C,
respectively. Thus, the dip B present the highest temperature
response. These high temperature sensitivities suggest that the
proposed sensor is very sensitive the temperature change, which
can be applied to temperature measurement. In the temperature
measurement experiment, owing to the thermal expansion ef-
fect and the thermo-optic effect, there also is depth and width
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Fig. 6. (a), (b), and (c) The transmission spectra of the dip A, B, and C under
increasing strain from 0 to 3000 pe, respectively. (d) The linear fitting of the
sensor with increasing strain.
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variations of resonating dips under different temperatures. This
is because the geometric size and refractive index of the fibers
vary when the response temperature varies. The changes in the
geometric size and refractive index of fibers have impacts on
the mode interference effect, which results in depth and width
variations of resonating dips.

According to Fig.7, the largest temperature sensitivity
is 38.6 pm/°C. The dip wavelength shift under per unit tempera-
ture can be measured when the resolution of the optical spectrum
analyzer is higher than 38.6 pm. In other words, the quality of this
measurement can be improved by the optical spectrum analyzer
with a higher resolution. For example, the dip wavelength shift as
the temperature increases 0.5°C can be measured by the optical
spectrum analyzer with a resolution of 19.3 pm. In application, it
can be found the slight fluctuation of the transmission spectrum
when the data is obtained at a smaller sampling interval. In order
to obtain a more accurate dip wavelength, a demodulator can
be applied in the specific measurement. Thus, employing the
demodulator also is an important method to improve the quality
of the measurement.

In order to further investigate performances of the proposed
sensor, the transmission spectrum as a function of temperature
can be analyzed by the amplitude of the spatial frequency
spectra as referring to [25]. Fig. 8(a) depicts the spatial fre-
quency spectrum of the sensor under temperatures of 20, 30,



6834007

TABLE I
COMPARISON OF SENSITIVITY OF THE FIBER SENSORS

Structures of sensors
Few-mode PCF [19]
Few-mode PCF [33]

Cascaded Two-Core PCFs[34]
The proposed sensor

pm /°C(range)
9.85(20-60 °C)
1.66(20-60 °C)
9.7(20-350 °C)
38.6(20-80 °C)

pm/pe(range)
3.24(0-541.2p¢)
2.74(0-420 pe)
1.86(0-3600 pie)
-0.457(0-3000€)

40, 50, 60, 70, and 80 °C. At the spatial frequency of 0.033
nm~!, the amplitude the spatial frequency decreases from 3.54
to 3.1 when the temperature increases from 20 to 80 °C, which
can be used to analyze temperature change more simply and
intuitively. In Fig. 8(b), the orange and bule lines denote the
changes of the amplitude and spatial frequency, respectively.
There is a strong linear match between amplitude and tem-
perature, and the temperature sensitivity is 0.00759 a.u./°C
according to the amplitude changes induced by temperature
changes. Furthermore, the stable blue line indicates an excellent
linear fit between the spatial frequency and temperature, which
suggests that the spatial frequency keeps stable. From the above
analysis, temperature sensitivity of temperature sensor can also
be analyzed accurately by the spatial frequency spectra.

The temperature resolution in the region of 20 to 80 °C is
1.25 °C based on the wavelength resolution of 50 pm of the
optical spectrum analyzer and the temperature sensitivity of 38.6
pm/°C of the dip B. Table I makes comparison between the
proposed fiber sensor and fiber sensors with other structures
based on PCFs. The wavelength shift of 38.6 pm is much
greater than 9.85, 1.66, and 9.7 pm for the fiber temperature
sensors proposed in Refs. [19], [33], and [34], as illustrated
in Table I. Therefore, the fiber temperature sensor proposed in
this paper represents higher responsiveness, which also reduces
the demand for the resolution of the optical spectrum analyzer.
Results suggest that the proposed fiber sensor not only has a high
temperature sensitivity but also has a lower strain sensitivity
compared to the other similar fiber sensors, which indicates
the proposed sensor can solve the cross-sensitivity to a certain
extent.

IV. CONCLUSION

In conclusion, we design and experimentally demonstrate a
novel strain-insensitive temperature sensor composed of FMF
and PCF. The sensor is an FMF-PCF-FMF hybrid construction,
and the symmetrical structure makes the sensor be independent
of light inject direction, ensuring that it is extremely practical to
use. Experimental results suggest that the temperature sensitivity
of the proposed fiber sensor is high as 38.6 pm/°C when the
temperature ranging from 20 to 80 °C, and the temperature
sensitivity is 0.00759 a.u./°C by evaluating the amplitude of
the spatial frequency spectrum. Meanwhile, the sensor has
a strain sensitivity of —0.457 pm/ue in the range of 0 to
3000 pe , showing insensitive to strain. Furthermore, the pro-
posed sensor structure is compact, and the fabrication is simple
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and easy. The advantages of high temperature sensitivity, ul-
tralow strain sensitivity, and convenient fabrication make the
proposed sensor be applied for sensing applications.
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