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Abstract—This paper analyses the effect of the waist diame-
ter on the sensitivity of different sensors based on non-adiabatic
multicore fiber couplers. The sensors have been evaluated for
high-temperature and strain measurements. A homogeneous 7-
core multicore fiber has been used to fabricate three different
coupler sensors based on the tapering technique, using a special
CO2 laser splicer. The waist length for all cases is 60 mm, while
the studied waist diameters are 20 μm, 40 μm, and 60 μm. We
report that the central core exhibits sensitivities of 62.1 pm/°C
and −5.2 pm/με for temperature and strain, respectively. The
evaluated high-temperature range is from 100 °C to 600 °C, and
the strain range is from 0 με to 3333 με. Based on our findings
regarding the evaluated waist diameters, we observed that the mul-
ticore fiber coupler with a waist diameter of 20 μm exhibits a large
sensitivity to strain variations. Conversely, the sensor with a waist
diameter of 60 μm demonstrates better sensitivity for temperature
measurements. Additionally, we have used fan-in/fan-out optical
devices to enable individual access to each core. This allowed us to
extend our study and conduct sensitivity analysis in the outer cores.

Index Terms—High-temperature, multicore fiber, strain, taper,
waist diameter.

I. INTRODUCTION

F IBER optic sensors are employed in various industrial
applications thanks to their outstanding features, such as

immunity to electromagnetic interference, low power consump-
tion, resistance to corrosive environments, remote interrogation
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possibility, high thermal stability, and easy fabrication, which
can be challenging for traditional sensors [1], [2]. They are
widely used for measuring refractive index, temperature, liquid
level, pressure, and strain, among others [2].

The aforementioned characteristics make fiber optic sensors
ideal for harsh environments, where precision is crucial for
ensuring safe and controlled processes. Examples of such ap-
plications include down-hole drilling for fossil fuels, power
plant turbines, aerospace systems, and testing the structural
health of different engineering structures, where the measure-
ment of high temperatures and strain is necessary, even under
extreme conditions [1], [3], [4]. Electronic sensors have fre-
quently been used for temperature and strain measurements.
However, they have some drawbacks, such as resistance errors,
susceptibility to vibration, and high response time in elec-
tronic temperature sensors [5]. Moreover, conventional micro-
electromechanical systems (MEMS) and piezoelectric sensors
cannot operate effectively at high temperatures [6]. Therefore,
in critical scenarios, the inherent high thermal stability and
the minimal risk of heat damage associated with fiber op-
tic sensors make them the preferred choice over electronic
sensors.

Temperature and strain monitoring have been typically carried
out using fiber optic gratings. However, it has been reported
in the literature that fiber grating sensors may degrade the
optical performances of the resonant peaks when exposed to
high-temperature environments [4]. Meanwhile, interferometers
and couplers based on multicore fibers (MCFs) are promising
cost-effective alternatives that also offer good thermal stability
[1], [4]. A standard MCF has a well-spaced core pitch to ensure
effective isolation between its cores. However, through some
techniques, a propagating mode could be coupled between the
cores. This property could be used to develop fiber optic sensors
[7], [8], [9], [10], [11].

Antonio-Lopez et al. have proposed a temperature sensor that
is fabricated via splicing a few-centimeter-long piece of MCF
between two standard single mode fibers (SMFs) and reported
a sensitivity of 52 pm/°C at high temperatures, between 100 °C
and 1000 °C [1]. In the literature, other techniques, such as
chemical etching [7] and tapering [4], [10], have been pro-
posed to improve the performance of MCF-based temperature
sensors. Meanwhile, several strain sensors fabricated in MCFs
have also been reported, such as those based on Mach-Zehnder
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Fig. 1. (a) Cross-section image of the 7-core MCF. (b) Taper structure imple-
mented in the MCF.

interferometers [10], [12], helical structure fiber [12] and
mode-coupling theory [8], [13], [14], to mention a few. For
instance, Gan et al. have presented a sensor based on a Mach-
Zehnder interferometer integrating two MCF tapers with a
waist diameter of around 42 μm, which could simultaneously
measure temperature and strain, with maximum sensitivities of
53.20 pm/°C and −1.10 pm/με, respectively [10]. A shortcom-
ing of fiber-based strain sensors is their inherent susceptibil-
ity to temperature [3], [10], [15]. Nevertheless, constructing a
cross-sensitivity matrix could compensate for this relationship
between the two parameters [3].

In sensors based on MCF couplers, it is well-known that the
coupling among the cores and, consequently, the sensitivity of
the sensor depends on the waist diameter of the tapered region.
For instance, it has been demonstrated that in a refractive index
sensor based on a tapered MCF, the smaller the waist diameter,
the higher the sensitivity [13]. However, to our knowledge, how
the waist diameter of an MCF coupler affects the sensitivity of
temperature and strain measurements has not been investigated
yet.

In this paper, we demonstrate temperature and strain sensors
based on tapered MCFs. To study the impact of the taper waist
diameter on the sensitivity of these sensors, we fabricated MCF
couplers with different waist diameters. Moreover, we used fan-
in/fan-out devices to exploit the spatial division multiplexing
(SDM) technology typical in MCFs, to study the sensitivity in
the outer cores besides the central core.

II. ANALYSIS AND FABRICATION

The cross-section of the homogeneous MCF with seven cores
used to fabricate the sensors is shown in Fig. 1(a). The cladding
diameter is 125 μm, each core has a diameter of 6 μm, and the
core pitch is Λ = 35 μm. It is a commercial optical fiber for
communication systems. It should be noted that the measured
crosstalk level in each core of the multicore fiber before tapering
was less than −50 dB. This highlights the effective isolation
between cores, a characteristic feature of this type of fiber.

The schematic structure of the proposed sensor is shown in
Fig. 1(b). It is a non-adiabatic taper consisting of two transition
zones, whose lengths are denoted as Lt. The sensor size is de-
fined by the waist length, Lw, and the waist diameter, Dw, of the

tapered region. Once a taper structure is fabricated in an MCF,
coupling is introduced among the cores due to the reduction of
the core diameter and pitch. The coupling coefficient could be
defined using the coupled-mode theory, expressed as [16]

k =
λ

2πnco

U2

r2V 2

K0 (WΛ/r)

K2
1 (W )

, (1)

where r is the core radius, λ is the operating wavelength,Km(x)
are the modified Bessel functions of the second kind of order
m = [0, 1], k0 = 2π/λ is the wave number, nco and ncl

are the core and cladding refractive indices, respectively, and
β is the propagation constant of the fundamental mode of each
core before coupling [16], [17]. The coupling coefficient also
depends on the normalized frequency (V ) and the normalized
transverse propagation constants of the fundamental mode in the
core (U ) and cladding (W ).

When light is launched into the central core, the normalized
transmitted power in the central and outer cores at a propagation
distance of z, denoted byAc andAo, respectively, can be derived
according to the coupled-mode equations, as [16], [17]
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It can be understood from (2) and (3), that the light injected
in the central core oscillates periodically between the central
and outer cores along the propagation distance. Moreover, the
output power of each core depends on the coupling coefficient,
which in turn is a function of the operating wavelength, as can be
seen in (1). This means that for a fixed propagation distance, if
the optical wavelength is continuously varied, the output power
oscillates between the central and outer cores in a periodic
manner. Thus, the power in each core is not just periodic in
z, but also in λ.

Several multicore fiber tapers were fabricated using a CO2

laser splicer (LZM100, Fujikura). The final diameter of each
fabricated taper is shown in Fig. 2(a). All tapers have two tran-
sition lengths of Lt = 5 mm and a constant waist length of Lw =
60 mm. Three different waist diameters of Dw = 20 μm, 40 μm,
and 60 μm were selected for our three sensors, corresponding to
core pitch values of 5.6 μm, 11.2 μm, and 16.8 μm, respectively.

To measure the optical transmission spectrum of each sensor,
we spliced the MCF end of the fan-in/fan-out devices (FAN-7C,
Fibercore) to each end of the MCF taper to access the central
and outer cores individually. An alternative method that allows
individual core access is the offset splicing technique [17].
However, achieving simultaneous individual access to different
cores is not possible in this scenario. The measured optical
spectrum at the output of the central core, when light is launched
into this core, is shown in Fig. 2(b). The separation between
two consecutive dips represents the free spectral range (FSR).
These values are 7.73 nm, 21.95 nm, and 29.52 nm for waist
diameters of 20 μm, 40 μm, and 60 μm, respectively. It is worth
noting that the smaller the waist diameter, the smaller the FSR.
In the characterization and measurement steps, each spectrum
was processed using a peak fitting function to identify the value
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Fig. 2. (a) MCF taper diameter measurements. (b) Normalized transmission
spectra of the central core.

Fig. 3. Transfer function of the central and outer core of the MCF taper with
a waist diameter of 40 µm.

of the wavelength dips. The measurement resolution is limited
by the equipment resolution and the full width at half maximum
(FWHM) of the dips [18]. The FWHM values are 1.29 nm,
3.76 nm, and 4.41 nm for waist diameters of 20 μm, 40 μm, and
60μm, respectively. Accordingly, a resolution of 5 pm belonging
to the detection equipment represents 0.38%, 0.13%, and 0.11%
of the FWHM of the evaluated waist diameters, in increasing
order.

The multiplexing devices allow us to measure the coupled
transmitted power in the outer cores when the light is injected
into the central core. Fig. 3 shows the transfer function of the
central and one outer core of the MCF coupler with a waist
diameter of 40 μm. It is observed that the transfer function of
the outer core is approximately π

2 shifted compared to that of
the central core, as described by (2) and (3).

The sensors were measured using an interrogation module
with an accuracy of 1 pm (SM125, Micron Optic), as depicted in
Fig. 4, which operates within a wavelength range from 1510 nm
to 1590 nm. The light was injected from channel one (top channel
in the figure) of the interrogator, while the transmitted signal
from the sensor was received in the second channel. Since
interrogation modules inject light and measure the reflected
signal, an isolator was essential to suppress the injected light

Fig. 4. Central core interrogation setup.

from the receiving channel, and therefore, enable the reception
of the signal.

III. TEMPERATURE AND STRAIN MEASUREMENTS

A. Temperature

The sensors were placed into a high-temperature tube furnace
to investigate the temperature sensitivity. The optical fiber was
carefully positioned in the furnace between two translation
stages, which also subjected the fiber to a small amount of strain
to prevent any sagging of the fiber due to gravity in the furnace.
The temperature was set from 100 °C to 600 °C with steps of
25 °C. The stabilization process of the furnace took about 30
minutes at every step. The light was injected into the central core,
and the outputs from the central and outer cores were monitored
by the interrogator.

The transmitted optical signals of the central core of each of
our three sensors, at different temperatures, are shown in Fig. 5.
All sensors show a red shift with temperature increments. A
wavelength dip around 1550 nm was selected for each measured
transmission spectrum, using a peak fitting function, in order to
analyze the wavelength shift and study the effect of the waist
diameter on the temperature sensitivity. Fig. 5(a), (b) and (c)
show the wavelength dips of the sensors with waist diameters of
20 μm, 40 μm, and 60 μm, revealing a total wavelength shift of
approximately 10 nm, 16 nm, and 30 nm, respectively.

The wavelength shifts of the three sensors as a function of
the temperature are illustrated in Fig. 6. The fitted equation for
each curve, displayed in the figure, is a quadratic function with a
coefficient of determination, R2, above 0.99. If the temperature
measurement data from 225 °C to 600°C are linearly fitted with
a coefficient of determination R2 = 0.99, as shown by the red
dashed lines in Fig. 6, temperature sensitivities of approximately
19.6 pm/°C, 35.4 pm/°C, and 62.1 pm/°C in the central core
are obtained for waist diameters of 20 μm, 40 μm, and 60 μm,
respectively. As observed, the sensor with a larger waist diameter
has a larger wavelength shift, leading to a better sensitivity.
Moreover, according to the FSR value of each sensor (see
Fig. 2(b)), unequivocal high-temperature measurements span
over a range of around 390 °C, 620 °C, and 470 °C, for the
evaluated waist diameters, in increasing order.

The quadratic trend of the wavelength shift could be attributed
to the nonlinear relationship between the temperature and the
refractive index of silica fiber for high-temperature ranges [19],
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Fig. 5. Transmission spectra of the central core showing a red shift with
increasing temperature, for sensors with waist diameters of (a) Dw = 20 µm,
(b) Dw = 40 µm, and (c) Dw = 60 µm.

Fig. 6. Wavelength shifts of the central core at different temperatures.

expressed as

n (T ) = n0 + αnT + βnT
2, (4)

where αn and βn are the first and second orders of the thermo-
optic coefficient. Based on this relationship, the wavelength
shift, and consequently the sensitivity, can also be reasonably

Fig. 7. Temperature sensitivity variation as a function of the taper waist
diameter.

Fig. 8. Wavelength shift of the central and outer cores of the 20 µm waist
diameter MCF taper at different temperatures.

assumed to depend quadratically on temperature. The depen-
dence of the temperature sensitivity values on the waist diameter
of the MCF taper is presented in Fig. 7. While the results suggest
that the sensitivity has a nonlinear dependency on the waist
diameter, additional data at other waist diameters are needed
to mathematically verify this hypothesis.

The data collected from two of the outer cores of the MCF
coupler with a waist diameter of 20 μm are shown in Fig. 8.
It is noted that these curves also correspond to a quadratic
function. Applying a linear fit, represented by red dashed lines
with R2-values above 0.9, to the data from 225 °C to 600 °C
gives a temperature sensitivity of approximately 19.1 pm/°C and
19.9 pm/°C in outer cores 1 and 2, respectively. It is observed that
the outer cores have a temperature sensitivity different from that
of the central core. This could be attributed to slight differences
in their initial refractive indices inherent in the MCF. Moreover,
it would be expected that if there were differences in sensitivity
between the outer cores and the central core, they would be
symmetrical since the cores of the optical fiber are equidistantly
distributed. However, outer core 1 has a sensitivity value lower
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TABLE I
SENSITIVITY VALUES FOR TEMPERATURE VARIATIONS FROM 225 TO 600 °C

than the others. Since the two selected outer cores are opposites,
this could mean that a slight bending has occurred as a result
of the optical fiber being suspended in the air inside the tube
furnace. Thus, we should consider that the refractive index of
the core could also be affected by bending, represented by [20]

nb = no

[
1 + (rκ) cos

(
φ

)]
, (5)

where nb is the refractive index of the bended core, no is the
refractive index of the core in the straight fiber, and κ = 1

R is
the curvature, with R being the bending radius. The parameters
r and φ are the polar coordinates. Variations in the refractive
index of the cores lead to changes in the coupling coefficients
among them, which consequently affect the sensitivity of the
temperature sensors. Hence, the temperature sensitivity of each
core in this experiment could depend on the refractive index
variations in the core caused by the temperature changes and
slight bending of the MCF. To verify this complex scenario, it
would be essential to simulate the response of the sensor taking
into account several details, such as the fact that the thermal
expansion coefficient inherent in the optical fiber could cause the
stripped optical fiber length inside the tube to expand. Without
precise strain control, this expansion could cause the fiber to
deviate from a straight line and potentially lead to buckling or
bending [21], [22]. Additionally, the linear fitting might vary
based on the chosen temperature range, and torsion could also
be a factor to consider.

Table I shows the temperature sensitivity values of the central
and outer cores of the three sensors. It should be noted that the
difference between the outer cores has the same trend. In all
cases, the temperature sensitivity of outer core 2 is higher than
that of outer core 1. However, for waist diameters of 40 μm
and 60 μm, although the temperature sensitivity of outer core 2
is greater than that of outer core 1, it is lower than that of the
central core. This could be due to the lower coupling coefficient
associated with larger taper waist diameters [4].

All in all, our measurements show that for increasing the
sensitivity of a tapered-MCF temperature sensor, one should
avoid large coupling coefficients among the cores, which means
that the taper waist diameter should not be very small. Fur-
thermore, we do not observe a considerable difference between
the sensitivity of the central core and that of the outer cores,
indicating that it is sufficient to only monitor the central core in
the proposed MCF-based temperature sensors.

In addition to the peak fitting method described earlier, various
other techniques can be employed to analyze the response of
the sensors. These include frequency domain analysis, cross-
correlation, and subpixel resolution methods. We compared the

Fig. 9. Frequency domain analysis: (a) Normalized FFT modulus. (b) FFT
phase of each high-temperature measurement response.

results obtained from three different methods to assess the ro-
bustness and accuracy of our sensor calibration across different
analytical methodologies. Specifically, we applied frequency
domain analysis and cross-correlation techniques to derive the
total wavelength shift for each scenario. Subsequently, we com-
pared these results with those obtained through the peak fitting
function. For this analysis, we utilized the optical spectrum
responses of the tapered MCF with a waist diameter of 60 μm.

The modulus and phase obtained from the applied Fast Fourier
Transform (FFT) in the frequency domain analysis are illus-
trated in Fig. 9. The FFT modulus of the sensor response at
100 °C is depicted in Fig. 9(a). A similar response is obtained
at other measured temperatures. They all consistently reveal a
peak at a spatial frequency of 0.336. This value is a crucial
indicator for selecting the corresponding phase value for each
high-temperature measurement response, as demonstrated in
Fig. 9(b). Considering each phase value, we can determine the
total wavelength shift [23], using

Δ λi =
Δθi
2πvi

, (6)

wherevi is the corresponding spatial frequency for each phase θi.
The determined total wavelength shifts found through frequency
domain analysis are shown in Fig. 11.

The cross-correlation analysis for the measured high-
temperature responses, to determine the wavelength shift, is
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Fig. 10. Cross-correlation analysis of the measured high-temperature re-
sponses.

Fig. 11. Comparison of wavelength shift analysis methods: Cross-correlation,
FFT, and peak fitting.

presented in Fig. 10. The resolution value utilized in the algo-
rithm aligns with the interrogator module resolution for precise
analysis. Cross-correlation identifies the shift in each optical
spectrum compared to its predecessor. It should be noted that the
peak value of each correlation graph represents the wavelength
shift of each measurement. The total wavelength shift obtained
by cross-correlation analysis is shown in Fig. 11.

After studying the three proposed methods, the determined
total wavelength shift for each one is depicted in Fig. 11. It is ob-
served that the results from the peak fitting and cross-correlation
methods exhibit similarity, contrasting with the findings from
the frequency domain analysis, which diverges from those of
the peak fitting method. We calculated the mean squared error
(MSE) for both frequency domain analysis and cross-correlation
compared to the peak fitting method to quantify the accuracy of

Fig. 12. Strain measurement setup.

each one. The cross-correlation method demonstrates a notably
lower MSE. This indicates that the peak fitting and cross-
correlation methods offer superior analytical precision for the
selected MCF taper. Conversely, the frequency domain analysis
method yields a larger MSE. This could be attributed to the FFT
requiring more optical spectrum periods to accurately determine
the spatial frequencies and their corresponding phase values.
This makes this method less optimal for analyzing tapered MCF
sensors with large periods.

B. Strain

The sensors were fixed using standard V-groove fiber holders
for strain sensitivity measurements. One of the holders was
placed on top of a translation stage, while the other was mounted
on a fixed stage, as shown in Fig. 12. The distance separation
between the holders was set to 18 cm, and the translation stage
was moved in steps of 50.0 μm. The strain setting changed from
0.0 με up to 3333.33 με.

The dependence of the transmitted signal in the central core
on strain variations is shown in Fig. 13 for the three different
sensors, where it can be clearly seen that increasing the strain
leads to a shift of the spectra. The spectral dip nearest to 1550 nm
was selected from each sensor to analyze the waist diameter
effect on the strain sensitivity. As depicted in Fig. 13(a), (b),
and (c), the sensors with waist diameters of 20 μm, 40 μm,
and 60 μm exhibit total wavelength shifts of around 18 nm,
12 nm, and 6 nm, respectively. Fig. 14 shows the total wavelength
shift of the three sensors. It can be observed that the sensor
with a smaller waist diameter has a higher wavelength shift.
The negative sign observed in the wavelength shift, indicates
that the optical spectra are shifted towards shorter wavelengths
(blue-shift). To determine the sensitivity, all monitored wave-
length shifts were linearly fitted with an R2 value above 0.99.
Strain sensitivities of−5.2 pm/με,−3.3 pm/με, and−1.5 pm/με
are reported for waist diameters of 20 μm, 40 μm, and 60 μm,
respectively. It is important to note that besides the taper waist
diameter, the waist length and the gauge length affect the strain
sensitivity [15]. Thus, the sensitivities reported here may vary
depending on the waist length and gauge length. The strain gauge
of the sensing head of our proposed sensor is the taper length,
Ltaper = 2Lt + Lw. Considering the FSR values obtained from
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Fig. 13. Transmission spectra of the central core showing a blue-shift with
increasing strain, for sensors with waist diameters of (a) Dw = 20 µm,
(b) Dw = 40 µm, and (c) Dw = 60 µm.

Fig. 2(b), the range of strain for unequivocal measurements is
around 1486 με, 6651 με, and 19680 με for waist diameters of
20 μm, 40 μm, and 60 μm, respectively.

Due to the elasto-optic effect, the effective refractive index in
silica fiber (neff) varies when subjected to strain. This variation
has a linear relationship with the elastic-optical coefficient [24],
given by

Δneff = γnε, (7)

where n is the unperturbed refractive index, and γ and ε are the
elasto-optic coefficient and axial strain, respectively. To analyze
the strain sensitivity trend based on the waist diameter, we
have plotted the strain sensitivity values against the waist diam-
eter for each sensor, as depicted in Fig. 15. We can observe that
the strain sensitivity increases as the waist diameter decreases.
To mathematically model the relationship between the strain
sensitivity and the waist diameter, additional data from other
sensors with different waist diameters is required.

The comparison of the wavelength shift response between
the central and two outer cores of the sensor with a waist
diameter of 20 μm is displayed in Fig. 16. The three graphs
have the same slope. Table II shows that the strain sensitivity
values of the central and outer cores of the three sensors are
the same. This represents the symmetry of the fabricated taper
region. Given that our measurements show identical sensitivity

Fig. 14. Wavelength shifts of the central core at different strains, at room
temperature.

Fig. 15. Strain sensitivity variation as a function of the taper waist diameter.
The negative sign shows that the optical spectra shift towards shorter wavelengths
as the strain increases.

Fig. 16. Wavelength shift of the central and outer cores of the 20 µm waist
diameter MCF taper at different strains, at room temperature.
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TABLE II
SENSITIVITY VALUES FOR STRAIN VARIATIONS

for the central and outer cores, it suffices to only monitor the
central core in strain sensors fabricated in this type of fiber.
At this point, we have determined the sensitivity of our high-
temperature and strain sensors. Our observations show that the
core sensitivities are only slightly different for the two evalu-
ated parameters. Consequently, determining a cross-sensitivity
matrix would not effectively compensate for simultaneous tem-
perature and strain measurements. To solve this issue and man-
age the cross-sensitivity, we propose combining two tapered
multicore sensors.

IV. CONCLUSION

We have analyzed the effect of the waist diameter on the
sensitivity of strain and temperature sensors based on tapered
multicore structures. Three sensors were fabricated with a non-
adiabatic tapering technique. All sensors have a waist length
of 60 mm but feature different waist diameters of 20 μm,
40 μm, and 60 μm, respectively. These sensors demonstrated
sensitivities of approximately 19.6 pm/°C, 35.4 pm/°C, and
62.1 pm/°C, respectively, for temperature variations within the
range of 225 °C to 600 °C. Meanwhile, for strain variations
ranging from 0.0 με to 3333.33 με, we obtained sensitivities of
−5.2 pm/με, −3.3 pm/με and −1.5 pm/με for the three sensors,
respectively. It is noteworthy that a smaller waist diameter shows
the best sensitivity for strain measurements, while in contrast,
the taper with 60 μm of waist diameter is better for temperature
measurements. These findings could significantly contribute to
the optimal design of tapered multicore sensors and provide
valuable insights for researchers interested in this area.
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