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Abstract: In this paper, we propose a highly sensitive temperature sensor based on two cascaded
Mach-Zehnder interferometers (MZlIs) that work using the Vernier effect. The all-fiber MZIs were
assembled by splicing a segment of capillary hollow-core fiber (CHCF) between two sections
of multimode fibers (MMFs). This cascaded configuration exhibits a temperature sensitivity of
1.964 nm/°C in a range from 10 to 70 °C, which is ~67.03 times higher than the sensitivity of the
single MZI. Moreover, this device exhibits a high-temperature resolution of 0.0153 °C. A numerical
analysis was carried out to estimate the devices’ temperature sensitivity and calculate the magni-
fication of the sensitivity produced by the Vernier effect. The numerical results have an excellent
agreement with the experimental results and provide a better insight into the working principle of
the MZI devices. The sensor’s performance, small size, and easy fabrication make us believe that it is
an attractive candidate for temperature measurement in biological applications.

Keywords: optical fiber sensors; capillary hollow-core fiber; Mach-Zehnder interferometer; Vernier effect

1. Introduction

Fiber optic sensors (FOSs) have become an important technology and a wide field of
research for the scientific community and industry. These devices offer outstanding features
such as high sensitivity, a compact size, immunity to electromagnetic interference, and
being lightweight. FOSs have been used to measure a vast number of physical variables
such as refractive index (RI) [1], temperature [2], strain [3], pressure [4], and curvature [5],
to mention a few. Among these parameters, temperature is an essential variable that
needs to be monitored in almost all manufacturing processes and laboratory experiments.
A large number of fiber optic temperature sensors have been assembled using tapered
fiber [6], photonic crystal fiber [7], fiber Bragg grating (FBG) [8], long-period fiber grating
(LPFG) [9], and multimode interference [10]. Moreover, fiber optic interferometers such as
Mach-Zehnder [11], Fabry-Pérot (FP) [12], and Sagnac [13] have also been fabricated for
temperature measurement. These devices take advantage of the thermo-optic and thermal-
expansion effects of the silica to convert temperature changes into either wavelength shifts
or power variations of the output spectrum. Although these fiber temperature sensors
have shown promising results for high-temperature measurement, they have exhibited
low sensitivity for temperatures lower than 80 °C. This low sensitivity occurs because the
thermo-optic coefficient (TOC) (8.5 x 107%/K) [14] and the thermal-expansion coefficient
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(TEC) (4.1 x 1077/°C) [15] are low. One way to overcome this limitation is by using
polymers since these materials exhibit a high TOC and TEC. It has been shown that the
temperature sensitivity is increased by covering the sensing area of FOSs with a polymer.
This technique has been implemented in sensors based on tapered fiber [16], FP cavity [17],
surface plasmon resonance (SPR) [18], and FBG [19], to mention a few fiber structures,
and this has improved the temperature sensitivity. Nevertheless, this also adds more
complexity to the sensor fabrication process.

Recently, the Vernier effect has been extensively studied as an effective method to
increase the sensitivity of FOSs. The Vernier effect results from overlapping two interference
patterns that have slightly different free spectral ranges (FSR), FSR; ~ FSR,, where FSR; and
FSR; are the FSR of the interferometer 1 and 2, respectively, see Figure 1a,b. Assuming that
each interferometer undergoes a wavelength shift when a physical variable changes, then,
one can determine the sensitivity of each device. In Vernier configuration, the superposition
generates a signal with a large envelope (FSR1 5 enpeiope), See Figure 1c, showing a much
larger wavelength shift (higher sensitivity) than that produced by a single interferometer.
The overlap is achieved by connecting the interferometers, usually in a cascaded (series)
configuration [20], but they can also be connected in parallel configuration [21,22]. The
critical parameter in order to observe the Vernier effect is that the FSR of the two interference
patterns is slightly different. When the FSRs are quite similar, the magnification (M) is larger,
and higher sensitivity can be observed. For example, H. Liao et al. [20] assembled two MZIs
to develop a temperature sensor based on a core offset technique, where the percentage of
size difference (PSD) between the length of the devices was 10% (M = 8.7, the sensitivity
increased from 0.04536 to 0.39736 nm/°C). Moreover, T. Paixao et al. [23] demonstrated a
temperature sensor using two FPls, fabricated with a femtosecond laser, where the PSD
between the lengths of the cavities was 1% (M = 100, the sensitivity was increased up
to 0.927 nm/°C). Besides, L. Y. Shao et al. [24] constructed two Sagnac interferometers
by using polarization-maintaining fiber (PMF), and PSD between the lengths of PMFs,
which formed part of each interferometer, was 13.17% (M = 9.15, experimental; M = 7.91,
theoretical; the sensitivity increased from —1.4 to —13.36 nm/°C). It is well-known that
the length of the fiber optic interferometer determines the FSR. Therefore, their fabrication
process must be very precise to produce two interferometric devices with similar FSRs.
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Figure 1. Interference patterns of (a) interferometer 1 and (b) interferometer 2, (c) the superposition
of the two output signals (FSR; ~ FSRy), using the Vernier effect in a series configuration.

On the other hand, it has been reported that the combination of different fiber optic
interferometers can also generate the Vernier effect. The combinations of interferometers
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Lead-in SMF

that have been used for temperature measurement are Sagnac-FPI [25] and FPI-MZI [26].
By using two different interferometers, we could, in principle, eliminate the requirement of
having quite similar fiber lengths on the interferometers since they can have very different
length requirements as in the case of the Sagnac—FPI combination [25]. Nevertheless, the
Vernier effect requires similar FSRs for both interferometers, and this is again related to
meeting a specific fiber length. It is worth mentioning that, typically, interferometers
requiring short fiber lengths exhibit larger M values, while interferometers with longer
fiber lengths have lower M values. The latter is related to the more complicated control of
longer fiber lengths.

In this paper, we propose, through numerical and experimental demonstration, a
highly sensitive temperature sensor based on two cascaded MZIs that work using the
Vernier effect. The all-fiber MZIs were assembled by sandwiching a segment of CHCF
between two short sections of multimode fibers (MMFs). It was found that the temperature
sensitivity of a single MZI was 29.3 pm/°C in a range from 10 to 70 °C, which was increased
to a sensitivity of 1.964 nm/°C when the sensor was operated in a Vernier configuration
(MZIs in series). The experimental results show that the temperature sensitivity of the
single MZI was amplified ~67.03 times, and this significant amplification was possible
thanks to the small length difference (~45 um, PSD = 1.54%) between the CHCF segments
of the MZIs. The enhanced performance of our series configuration is related to the
optimization of the fiber structure and the high precision cutting system that we used
during the fabrication process (allowing accurate control of the CHCF length of each MZI).
Additionally, the temperature resolution of the two cascaded MZIs was 0.0153 °C, using the
resolution of our interrogation system that was 30 pm. Finally, the advantages of having a
high sensitivity, compact size, high resolution, and temperature range make the proposed
two cascaded MZIs an appealing device for biological application. Moreover, we believe
that this sensor is attractive for the emerging field of edge computing and sensing due to
its low-weight and low-power consumption [27].

2. Working Principle
2.1. Numerical Simulation of a Single MZI and Its Temperature Sensitivity

A schematic drawing of the proposed single MZI structure is shown in Figure 2a. It
consists of one section of CHCF that is sandwiched between two sections of MMFs. The
inner and the outer diameters of the CHCF are 65.5 and 125 pum, respectively, see Figure 2b.
Light from a broadband source is launched by lead-in single-mode fiber (SMF), and the
output signal is sent to a detection system by lead-out SMFE.

CHCF Lead-out SMF

!mi :' E Cladding

MMF (1 mm) MMF (1 mm)

(a) (b)

Figure 2. (a) Schematic drawing of an MZI based on one section of CHCF and two sections of MMFs (1 mm); (b) Cross-

section of the CHCE.

A modal analysis regarding this MZI was carried out and it was found that two modes
propagate in this structure. One of these was the fundamental mode that travels in the
central hole of the CHCEF, and the other was the cladding mode that propagates in the
ring-cladding section, Figure 3a. By using the commercial software COMSOL, based on
the finite-element method (FEM), the effective refractive index (ERI) of the fundamental
mode (¢ eff,s) and ring-cladding mode (11,¢jad,¢f,5) is calculated. It is well-known that
the RI of the silica is modified as the temperature changes, and the TOC («xoc) is used to
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calculate the Rl increment as the temperature is increased (n = ng + arocAT, where ng is
the RI given by the Sellmeier equation [28] at 20 °C, and AT is the temperature increment).
Then, when the MZI undergoes temperature fluctuations, the RI of the silica is modified,
causing the ERI of the mode that travels in the ring-cladding to also be changed. Since
temperature fluctuations below 80 °C will hardly change the RI of the air, it is assumed
that the ERI of the fundamental mode is the same during this simulation. The ERI of
the two modes at two different temperatures is shown in Figure 3a. The ERI difference
(ERID) (Attpfrs = Neneff,s — Nycladefr,s) is calculated for different temperatures, and a
linear relation between them is found out as shown in Figure 3b.

70°C 0.4443
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0.4442 - Linear fit
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R*=1
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Figure 3. (a) Mode field distribution of the fundamental and cladding modes at two different temperatures (10 and 70 °C),
(b) Simulation of the variation of the effective refractive index difference (ERID) at different temperatures.

The equation that describes the transmission spectrum of this MZI is given by [5]

27rAneff,s
Is= Ipns + Liciad,s + 24/ Ien,slyciaa,sc0s fLs 1)

where I, s and I,,4 s are the intensities of the propagated beams in the central hole and in
the ring-cladding, respectively. Lg and A are the length of the CHCF and the wavelength
of the light, respectively. The value of Lg increases as the temperature rises, and the TEC
(«TEC) is used to calculate the length changes (Ls = Lgs + LosaTpcAT). The different
values of Lyg used in this simulation start from 0.5 to 3 mm in steps of 0.5 mm. It is feasible
to simulate the output spectrum of the MZI by using Equation (1), the ERID from Figure 3b,
and the values of Lg (see Figure 4). These simulations show the wavelength shift that
the interference patterns undergo as the temperature changes from 10 to 60 °C in steps
of 10 °C, for MZIs whose lengths (Lyg) are 1, 2, 3 mm, respectively, see Figure 4a,c,e. The
linear response of the MZIs and their temperature sensitivity are shown in Figure 4b,d f.
Table 1 summarizes these results and includes the temperature sensitivity of devices whose
lengths are 0.5, 1.5, and 2.5 mm. It is evident that the FSR of each sensor is decreasing
as the length of the MZI is increasing. Since the temperature sensitivity of each device is
quite similar, it is not possible to choose a sensor that exhibits better performance based
on the results shown in Table 1. Instead of choosing a sensor based on its temperature
sensitivity, we selected the MZI that exhibits the smallest fabrication error (in this work,
the percentage error relative to the sensor’s length was used, it is defined as [measured
value—actual value|/actual value). Achieving the smallest error is a key element that can
increase or decrease the M factor of the Vernier effect, as will be shown in the next section.
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Figure 4. Numerical simulations of the transmission spectra of the MZIs at different temperatures using lengths (Lyg) of
1 mm (a), 2 mm (c), and 3 mm (e). The wavelength shift of one dip of the spectrum as a function of temperature using
lengths (Lps) of 1 mm (b), 2 mm (d), and 3 mm (f).

Table 1. Simulation of MZIs using different lengths.

Length of the CHCF FSR Response
(mm) (nm) (nm/°C)
0.5 10.829 0.03029
1.0 5.415 0.03035
15 3.610 0.03029
2.0 2.707 0.03031
2.5 2.166 0.03028
3.0 1.805 0.03028

2.2. Magnification of Vernier Effect

As it was mentioned before, the Vernier effect can be observed when two MZIs are
set in series, with the first and the second sensors labeled as the sensing and the reference
MZIs, respectively. The sensing MZI undergoes temperature variation, while the reference
MZI is kept at a constant temperature. The superposition of their two interference patterns
generates an envelope whose FSR,;pe10pe can be evaluated by [20]

FSRRESRg
I[FSRg — FSRg|

FSRenvelope = ()

where FSRg and FSRp are the FSR of the sensing and reference MZlIs, respectively. This
equation is crucial because it determines the span that will be required to observe the
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wavelength shift. The magnification factor is another important value that is calculated
with the help of the following expression [20]

FSRg Los

M = =
|FSRR — FSRs|  [Los — Lor|

®)

where Lys and Lor are the lengths of the sensing and reference MZlIs, respectively. Using
the formula FSR = A2/ An, frL, it is possible to calculate the FSR of each MZI. It is evident
that the FSRg and FSRr depend on the values of Lys and Log, respectively. Thus, the
magnitude (M) becomes larger as the lengths of the two MZI get closer. Different values
of M can be calculated using the percentage of size difference (PSD) between Lys and Lor
without the need to specify any length. Additionally, it is possible to write Lyg in terms
of Lor as Los = Lor + Lor(PSD), thus, using this equation and the second part of the
Equation (3), the magnification can be expressed as M = (1+ PSD)/PSD. It should be
noted that if the PSD is less than 1%, the value of M is higher than 100, and if the PSD
is more than 5%, the value of M is smaller than 20 (see Figure 5). For that reason, it is
necessary to develop an accurate and reliable cutting system capable of cutting precise
segments of CHCF since the fabrication error associated with this process determines the
value of the magnification that can be achieved and is directly related with the FSR,pe0pe-
Having a PSD equal to or smaller than 1% generates greater magnifications, but this can be
a problem because a broader source and a wider wavelength span are required to track the
envelope of the cascaded MZlIs.

1004 @
@ Simulation data
— 80
2
S o
8 60+
=
S ®
©
= 40 [ ]
o
o
® 9
20 ® 09
T T T T T T
1 2 3 4 5 6

Size difference (%)
Figure 5. Variations of the magnification (M) as a function of the percentage of the size difference.

2.3. Numerical Simulation of Two Cascaded MZIs and Their Temperature Sensitivity

This section presents a numerical analysis of two MZIs in a cascaded configuration, as
shown in Figure 6. The sensing MZI undergoes temperature variation, while the reference
MZI is kept at a constant temperature.

The transmission spectrum of each MZI is described by Equation (1), and these
expressions can be rewritten to a similar form of the equations used in reference [20]. The
interference spectra of the sensing and reference MZI are then given by

27TAn
Is= A+ Blcos{AEff’SLs} @)

2tAn
Ix= Ay + Bzcos{;ff’RLR} ®)

WhereAl = Ich,S + Irclad,S/AZ = Ich,R + Irclad,R/Bl = 2\/ Ich,S Irclad,S/ and By= 2\/ Ich,R Irclad,R-
Here, we are assuming that the length of the reference MZI (Lor= 3 mm) is smaller than

the length (Los = 3.045 mm) of the sensing MZ], i.e., Ly is 1.5% smaller than Lys. These
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I = AAgtAsBrcos{ "2 Lg 4 Ay Bycos{ IR L 4
%Blecos{ZT" [Aneff,5L5 + Aneff,RLR} } + %BlBQCOS{ZTn [AnefflsLs - AnefflRLR] }

lengths were chosen because, as will be shown in the experimental section, the lowest
fabrication errors are obtained for CHCF segments of approximately 3 mm. Therefore,
each MZI generates a specific FSR, which can be observed in Figure 7a. The transmission
spectrum of these two cascaded MZIs are calculated by multiplying Equations (3) and (4),
and the result can be written as [20]

(6)

Sensing MZI Reference MZ1
CHCF (3.045 mm) CHCF (3 mm)

Lead-in SMF SMF Lead-out SMF

Figure 6. Schematic drawing of two cascaded MZI with different lengths.
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Figure 7. (a) Transmission spectra of the two MZIs with different lengths, (b) Transmission spectra of the two cascaded
MZIs when the sensing MZI was at different temperatures, (c) Wavelength shift of the fitting enveloped dip as a function of
temperature changes.

The values of Anefrs and Ls change as the temperature varies from 10 to 70 °C,
while the values of An,frr and Ly are calculated at a fixed temperature of 30 °C. The
transmitted intensity given by Equation (6) as a function of wavelength for different
temperature values is shown in Figure 7b. The transmission spectra show a high-frequency
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interference pattern modulated by a low-frequency envelope (FSRpeipe = 117.9 nm). For
sensing applications, monitoring the wavelength shift of the low-frequency envelope is
carried out by fitting one of its dips. As shown in Figure 7b, the dip of the envelope
experiences a redshift as the temperature is increased. It is worth mentioning that the
temperature sensitivity of the two cascaded MZlIs is 2.0336 nm/°C, which can be estimated
from Figure 7c. Comparing the temperature sensitivity of the sensing MZI with the two
cascaded MZIs (M = (2.0336 nm/°C)/(0.03028 nm/°C)), it is quite easy to realize that
the temperature sensitivity of the two cascaded MZlIs is ~67.16 times higher than the
sensitivity of the single MZI.

3. Fabrication and Experimental Results
3.1. Fabrication Process of the MZI

As previously explained, the fabrication of two similar MZlIs is vital in this work
since connecting both in Vernier configuration generates large values of M. The fabrication
process used in this research depends on an experimental setup designed to cleave the
CHCEF lengths accurately. This setup consists of a translation stage where a segment of
SMF is set in a v-groove and held with the help of two magnets; meanwhile, the part of the
optical fiber that needs to be cut rests on a fiber cleaver (see Figure 8a). Then, the SMF tip
is set in a fusion splicer to splice it, either with an MMF or a CHCF. After splicing, the fiber
is put back into the cleaver where the splicing section is above the blade, corresponding to
the zero position. Afterwards, the micrometer screw of the translation stage moves to a
specific length, and the fiber (MMF or CHCF) is cut with high precision using the cleaver.
All of these steps are carried out without removing the magnets that attach the SMF to the
translation stage. Additionally, a microscope connected to a computer is used to observe
the initial position of the optical fiber to have better control of the cutting process.

(a) Microscope Image in computer

Cleaver Translation stage

(b)

=|

Figure 8. (a) Experimental setup for cutting a segment of MMF or CHCF accurately. (b) Lateral view
of the fabricated device and the splicing section between MMF and CHCE.

Before the MZI fabrication process is described, the features of the optical fibers used
in this work are shown in Table 2.
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Table 2. Parameter of the optical fibers.

Type SMF MMF CHCF
Cladding diameter 125 um 125 pm 125 um
Core diameter 9 um 105 um 65.5 um
Cladding index 1.443 1.443 1.443
Core index 1.452 1.462 1
Length 50 cm 1 mm from 0.5 to 3 mm

The fabrication process of this MZI can be separated into two parts, as shown in
Figure 9. The experimental setup described in Figure 8 was used to construct this device.
The first part of this process consisted of splicing an SMF to an MMF, and then a section of
MMEF (1 mm) was cleaved. This MMF section works as a beam splitter to the interferometer.
After that, the MMF was spliced to a CHCF, and then a section of CHCF was cleaved to
a specific length (we used lengths from 0.5 to 3 mm in steps of 0.5 mm), see Figure 9a—d.
The second part comprised constructing another beam splitter by splicing and cleaving
a section of MMF to an SME, as shown in Figure 9¢,f. Finally, to complete the fabrication
process of the MZI, it was necessary to splice these two parts, as shown in Figure 9g,h.
Figure 8b shows a lateral view of the fabricated devices as well as the splicing section
between MMF and CHCE.

(b) Cleave

| Ist part of
The sensor.
Set aside.

(e)  Splice (f) Cleave

2nd part of ”
The sensor.
Set aside.

(g) Splice (h)  Sensor

2nd part of Ist part of

The sensor. | The sensor.
N |' ¢ SMF MMF CHCF MMF SMF

Figure 9. The fabrication process of the MZI: Fabrication of the first part (a-d), Fabrication of the
second part (e) and (f), Assembly of the MZI (g) and (h).

We should highlight that a special splicing program was developed to minimize
splice losses and avoid deformation of the CHCF that could modify the amplitude of the
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cladding mode (causing lower contrast in the interference pattern). A Fitel fusion splicer
(model s179) was used in this fabrication process, and the parameters of the program
are shown in Table 3.

Table 3. Parameters of the splicing program (Fitel, model s179).

Splicing Parameter Name Parameter Values
1st Arc start power ! 10
1st Arc end power ! 40
1st Arc duration (ms) 1500
Cleaning offset/arc 1 10
Cleaning duration (ms) 100
Pre Arc duration (ms) 160
Gap (um) 22
Z push length (um) 15
Z pull start time (ms) 500
Z pull length (um) 10
Alignment type Cladding
Axis offset (um) 0

1 The software in the splicer does not mention any unit regarding the arc power. We can only choose values from
0 to 255.

At this point, additional tests were carried out to verify the fabrication error of the
MZIs that were implemented. This means that we were interested in determining the
percentage error generated when we cleaved a specific length of CHCEF. It should be
noted that it is possible to calculate the length of an MZI using L = A2/ An,s¢(FSR)),
for that purpose, an experimental setup that allowed us to investigate the FSR using
the transmission spectrum of each MZI was assembled, as shown in Figure 10a. The
experimental setup consisted of a superluminescent diode (SLD) centered at 1550 nm
with a spectral bandwidth of 160 nm. Light from the SLD was sent to an MZI using a
lead-in SMF, and the transmitted signal of the device was delivered to an optical spectrum
analyzer (OSA) (Anritsu MS9740A) with a lead-out SMF. Before making any measurement,
each sensor was set on a Peltier (Echotherm IC20 Digital, Torrey Pines) at a constant
temperature (30 °C). This reference temperature was selected to redshift a valley of the
Vernier envelope to the left of the available SLD spectrum (as in the case presented in
Figure 7, when the sensing MZI was at 10 °C). Once this value was determined, five MZIs
of each length were fabricated to estimate each length’s fabrication error (percentage error),
as shown in Table 4. Column 2 shows the fabrication length errors and the average of
these values is ~50 um, meaning that the error is almost the same for all the lengths that
were cut. Column 3 indicates the percentage errors for all lengths; as was mentioned
before, this relates the desired length that needs to be cut with the error in the cutting
process. Therefore, it can be observed that the percentage errors decrease as the length of
the CHCF increases since the fabrication length error is almost the same for all the lengths.
We believe that the errors in the fabrication process come from the total allowable error
within the items used; to mention some of them: translation stage (minimum achievable
incremental movement, 10 um, angular deviation, <150 prad, backlash, <3 um); cleaver
(cleaving angle, <3°); how fiber is fixed; alignment of the fiber splicing to the cleaver
blade (zero position). Besides, it is worth noticing that the magnification factor (column 5)
increases as the length of the CHCF increases. We should highlight that MZIs with CHCF
lengths larger than 3 mm were fabricated, but their fringe contrast was less than 10 dB.
Therefore, we decided to select lengths close to 3 mm to fabricate the MZIs since this
length has the lower fabrication error. Using this device, we could generate a considerably
larger value of M. Two MZIs were chosen, and their transmission spectra are depicted in
Figure 10b. We can observe that the FSR of each interference pattern is slightly different
(FSRr = 1.859 nm and FSRg= 1.830 nm), and the FSR difference between these spectra is
0.029 nm. Using the value of each FSR, it was found that the CHCF lengths of the reference
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SLD

and the sensing sensors were Log= 2912.656 um and Los= 2957.576 um, respectively. The
length difference of the CHCF corresponded to 1.54%, which is only 0.04% higher than that
used in the simulation.
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Figure 10. (a) Experimental setup for testing the transmission of the MZIs, (b) The transmission spectra of the sensing and
reference MZlIs at a reference temperature of 30 °C.

Table 4. Fabrication error of each length.

FSR Envelope Magnification

Length (mm) Li?;:;aéizgr Fabricﬁ‘ tion Bas.e d on Bas.ed on
(mm) 1 Error ~ (%) Fabrication Fabrication
Error (nm) Error (M)
0.5 0.0471 9.432 106.895 11.602
1.0 0.0354 3.545 157.263 29.209
1.5 0.0557 3.713 96.789 26.932
2.0 0.0625 3.125 85.115 33.000
2.5 0.0472 1.888 125.971 53.966
3.0 0.0470 1.569 107.654 64.735
Average: 0.0500 - — -

1 Absolute error of the fabrication process. 2 Percentage error relative to the sensor’s length.

3.2. Experimental Results of a Single MZI as a Temperature Sensor

The primary objective of our work is to demonstrate that the temperature sensitivity
of the sensing MZI is improved by assembling it in a cascaded configuration with a
reference MZI via the Vernier effect. Therefore, to validate our theory, the first step was to
characterize the sensing MZI at different temperatures by using the experimental setup
shown in Figure 10a. Light from the SLD was sent to the sensing MZI using a lead-in
SME, and the output transmission of the device was delivered to an OSA by a lead-out
SMEF. The sensing MZI was set on a Peltier to increase the temperature from 10 to 60 °C
in steps of 10 °C. The spectral response of the sensing MZI at different temperatures is
plotted in Figure 11a, where a redshift of the transmitted spectrum can be observed by
tracking one of the dips in the spectrum. Figure 11b shows the wavelength shift of the dip
as the temperature increases, and temperature sensitivity of 29.3 pm/°C was estimated.
We should highlight that the difference between simulated and experimental temperature
sensitivities is only 3.24%, which means that our numerical analysis agrees reasonably well
with the experimental results.
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Figure 11. (a) Experimental spectra of the sensing MZI at different temperatures, (b) Wavelength shift of one dip of the
spectrum as a function of temperature.

3.3. Experimental Results of Two Cascaded MZIs and the Vernier Effect

The temperature response of the two MZIs connected in a cascaded configuration was
tested by using the experimental setup shown in Figure 12a. This experimental setup works
in the same way the previous setup but, in this case, the sensing MZI was set on a Peltier to
increase the temperature from 10 to 70 °C in steps of 10 °C; meanwhile, the reference MZI
was set on a hot plate at the fixed temperature of 30 °C (these sensors were separated by
1 m of SMF). The spectral response of the two cascaded MZIs under these experimental
conditions is shown in Figure 12b. We observe that the spectral response of the concate-
nated MZIs generated an interference pattern modulated with a low-frequency envelope
(FSRenpelope = 113.3 nm). Comparing the simulated and the experimental value of the
FSR pelope, ONe can observe that the difference between them is 4.6 nm (3.9%). One dip of
the lower envelope was monitored to measure its wavelength shift to know the temperature
sensitivity of the two cascaded MZIs. It should be mentioned that the dip distortion at
the wavelength span edges is related to the low power of the SLD. This experiment was
repeated three times, and the mean values are plotted in Figure 12¢, where the maximum
error associated with these measurements was 2.48%. The temperature sensitivity of the
two cascaded MZIs was 1.964 nm/° C. It is worth noting that the difference between
simulated and experimental temperature sensitivity is 3.42%, which again validates our
numerical analysis since it provides an excellent agreement with the experimental results.
By taking advantage of the Vernier effect, in the second experimental setup, we observed
that the temperature sensitivity of the two cascaded MZIs is ~67.03 times higher than the
sensitivity of the sensing MZI by itself. The difference between simulated and experimental
magnification factors is 0.2%.

3.4. Discussion

It has been shown numerically and experimentally that the temperature sensitivity of
an all-fiber MZI can be increased by connecting two cascaded MZIs, with a small difference
between their FSRs, and the enhanced sensitivity is due to the Vernier effect. The predicted
temperature sensitivity by our proposed model exhibits an excellent agreement with the
experimental results in both cases (one MZI and the two cascaded MZIs).

During the design of this experiment based on the Vernier effect, we focused our
attention on three parameters: temperature sensitivity, temperature range, and the magnifi-
cation factor. The enhancement in the temperature sensitivity is related to the magnification
factor; likewise, the magnification factor determines the span required to analyze the op-
tical spectrum, and it also affects the temperature sensing range. Therefore, those three
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parameters and the relation between them need to be optimized to enhance the sensitivity
of sensors based on the Vernier effect.

At this point, it is necessary to do a review of all-fiber optic sensors based on the
Vernier effect that has been published recently. This review allows us to compare our
sensor with different Vernier configurations, see Table 5. It should be noted that sensors
3 and 6 were constructed by a combination of interferometers Sagnac/Fabry-Pérot and
Fabry—Pérot/Mach—Zehnder, respectively. That is a common technique used to separate
the sensing and the reference devices, with the purpose being that the sensing device
undergoes different temperatures by itself. The problem with this configuration is the
cumbersome process of fabricating interferometers (Sagnac or an MZI) with an FSR similar
to the FSR of the FPI. Sensors 1, 5, and 8 are based on FPIs where the sensing and reference
interferometers are in the fiber tip. Although those configurations offer the advantages of
compact size and easy handling, it is not possible to separate the sensing and the reference
sensors, causing both FPIs to experiment the same temperature. The sensors 2, 4,7, 9, and
our proposed structure are constructed using the same fiber interferometers, Sagnac, MZ,
FP, MZ, and MZ, respectively. Since these sensors are based on interferometers with similar
characteristics (such as length), the fabrication error of these devices should be small to
generate two interferometers with almost equal FSR.

Experimental data —— Adjustment

(b) .
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Figure 12. (a) Experimental setup for temperature measurement based on Vernier effect. (b) Experimental spectra of the
two MZIs when the sensing MZI was at different temperatures, (c) Wavelength shift of one dip of the lower envelope as a

function of temperature.
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Table 5. Different all-fiber temperature sensors based on the Vernier effect.
Fiber Structure Temperature Sensitivity
. Sensing Vernier e e
Sl;:jil?f Reference Device Device Configuration AT (°O) M;agszfic(ﬁ;) n
(nm/°C) (nm/°C)
SMF as an FPI
1 (2015) [29] SHCEF as FPI 0.008 1.019 250-300 127.375
Sagnac Saenac
2 interferometer s fegr o ter —1.46 ~13.36 0-10 9.15
(2015) [24]
Sagnac
3 interferometer CHCF as FPI —-14 —29.0 42-44 20.7
(2017) [25]
MZI based on
4 core offset Mzl E?fss‘;‘i core 0.04536 0.39736 10-75 8.7
(2017) [20]
Small-size FPI
5 (using ion FPl-air cavity 0.0097 from —0.654 30-120 67.42
beam) reference
(2019) [30]
CHCE-FPI MZI using 3dB
6 (2019) [26] couplers 0.0012 —0.1072 30-80 89
FPI by using a FPI by using a
7 femtosecond femtosecond Not mentioned 0.927 30-60 100
laser (2019) [23] Laser
Hollow
8 microsphere as MMF as FPI 0.0072 —0.650 20-100 90.27
FPI (2020) [31]
MZI based on MZI based on
9 CHCF [22] CHCF 0.03015 0.5285 0-100 17.5
Proposed
10 sensor CHCF-MZI 0.0291 1.964 10-70 67.03
CHCE-MZI

Regarding the temperature sensitivity of the sensing devices, one can observe that
sensors 2, 3, 4, and 9 have higher sensitivity than ours. Our proposed structure has
higher temperature sensitivity in Vernier configuration than sensors 1, 4, 5, 6,7, 8, and 9;
only sensors 2 and 3 have higher temperature sensitivity. It should be pointed out that
sensors 2 and 3 are based on a Sagnac interferometer that requires a few meters of fiber to
be constructed, whereas our proposed MZI has 5 mm of length. Due to the small size of
our sensor as well as its temperature sensing range, it can be used for monitoring biological
and chemical solutions and small devices as microchannels. Our proposed sensor has a
magnification factor higher than sensors 2, 3, 4, and 9, and it has a similar factor to 5. One
advantage of our sensor is that the sensing and reference MZIs can be separated. This lets
the sensing MZI undergo different temperatures while the reference MZI is at a constant
temperature. The above comparison makes us believe that our sensor has equal or better
features than the state-of-the-art sensors based on the Vernier effect.

4. Conclusions

In summary, we propose and demonstrate a highly sensitive temperature sensor based
on two cascaded all-fiber MZIs that exploit the Vernier effect. Using this configuration,
it was possible to obtain a temperature sensitivity of 1.964 nm/°C in a range from 10 to
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70 °C, which is ~67.03 times higher than the sensitivity of the single MZI. A numerical
analysis verified these experimental results. Besides, this device exhibits a high-temperature
resolution of 0.0153 °C. All of these outstanding features and the easy fabrication of the
MZI make this proposed sensor an excellent candidate for biological applications requiring
high resolution and sensitivity.
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