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Abstract—An experimental demonstration for generating har-
monics in the optical Vernier effect (OVE) by cascading tapered
single-mode fibres (SMF28) is presented. The tapered optical fibres
conformed to a pair of in-series Mach-Zehnder fibre interferome-
ters (MZFI), in which one MZFI was a reference while the other
was a sensor. The first-order harmonic was achieved by increasing
the distance between tapers of the sensor MZFI by a multiple of
(i + 1) times the distance between tapers of the reference MZFI
plus a mismatch factor. A series of experiments using an individual
MZFI and two MZFIs with traditional and harmonic OVE as
displacement sensors were performed to compare their sensitivi-
ties and magnification factors and demonstrate the improving the
sensitivity. The displacement sensor with the first-order harmonic
exhibited a maximum sensitivity of —33.3 nm/mm with an M-factor
of 8.53 in the mm range.

Index Terms—Displacement sensor, free spectral range,
harmonic, Mach-Zehnder, magnification, optical vernier effect,
taper.

1. INTRODUCTION

HE optical Vernier effect (OVE) is a tool that improves the
T sensitivity and resolution of interferometry-based optical
fibre optic sensors. Two interferometric signals with slightly
detuned frequencies are used [1], [2], which may sometimes
be challenging because both interferometers must have simi-
lar sizes, which reduces some design possibilities. Harmonic
generation in the OVE is a recent concept that addresses this
difficulty because only one of the interferometers’ optical path
length (OPL) must be increased.
The OPL increase is expressed in multiples of i (where i is
an integer) to the second interferometer plus a detuning factor,
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Fig. 1. Similar to a Vernier calliper with two different scales to achieve
higher-resolution measurements, the OVE uses the superposition response of
two interferometers with slightly different frequencies. The innovative concept
of the optical harmonic Vernier effect facilitates using two interferometers with
very different frequencies to create a complex harmonic response with improved
resolution and detection capabilities compared to the traditional OVE.

as shown in Fig. 1, where MZFIRrqt and MZFIg,,, are the Mach-
Zehnder fibre interferometers (MZFI) reference and sensor,
respectively. Lrer and Lgey, denote the separation between tapers
for the first and second interferometers, respectively.

The concept of the optical harmonic Vernier effect has been
present since 2015 in pressure sensors [3], [4], hydrogen sensors
[5], strain sensors [6], DNA hybridisation sensors [7], and
salinity sensors [8]. However, the concept was not utilized to
improve sensors at that time.

The chronologically ordered text shows how the authors
achieved the optical harmonic Vernier effect using different
types of interferometers. Gomes et al. [9] presented an extended
concept of an optical harmonic Vernier effect (OHVE) for the
first time for Fabry-Perot interferometers (FPI). Robalinho et al.
[10] showed the first-order harmonic to demonstrate a strain
sensor. The first harmonic appears when the length of the first
fibre-loop mirror (internal elliptical cladding) is approximately
twice that of the second fibre-loop mirror (e-core section).
Gomes et al. [11] developed a strain-sensing structure consisting
of two FPI connected in series (both are sensing interferome-
ters). Harmonics result from increasing the OPL of one of two
interferometers by multiple times the OPL of the other one. In
addition, the same author [12] proposed a few-mode fibre-optic
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FPI in combination with an FPI reference. The harmonic occurs
when the reference interferometer’s length is twice the sensing
interferometer’s length.

Subsequently, Robalinho et al. [13] proposed a sensor with
nano-displacement capability. The first and second harmonic
orders appear when the sensor cavity lengths are approximately
double and triple the reference cavity length, respectively. Yang
etal. [14] demonstrated the harmonics in a pressure sensor using
two FPI connected in cascade and fabricated using silica hollow
fibre cavities. They obtained the harmonics through the ratio
of the lengths between the reference and sensor FPIs. Wang
et al. [15] reported an adjustable FPI piezometer based on a
parallel structure for water level measurements. The harmonics
were obtained by manually adjusting the cavity length of the
piezometer. Liu et al. [16] proposed a temperature sensor with
cascaded Sagnac loops based on a polarisation-maintaining fibre
and obtained harmonics when the length of one Sagnac loop fibre
was an integral multiple of the length of the other Sagnac loop.
Zhu et al. [17] developed a humidity sensor with a pair of FPI
connected in a cascade and chitosan film. They obtained the
harmonic by manipulating the thickness of the chitosan film and
the cavity distance between the SMF and chitosan film. Lou et al.
[18] demonstrated a gas-pressure sensor with a pair of FPIs in
a parallel configuration. The harmonic appears when the length
of the capillary tube of the FPI reference is approximately i + 1
times the length of the capillary tube of the FPI sensor. Yang et al.
[19] fabricated a gas pressure sensor with a parallel-connected
FPIbased on hollow-core Bragg fibres (HCBF) and hollow silica
tubes (HST). They achieved a first-order harmonic by increasing
the OPL of the first FPI by i 4 1 times the OPL of the second FPI
by modifying the refractive index (RI) and cavity length. Finally,
Chenetal. [20] presented an open cavity Fabry-Perot interferom-
eter (OCFPI) encapsulated with polydimethylsiloxane (PDMS)
for temperature measurements. The fourth-order harmonic was
obtained by increasing the OPL of the sensor interferometer
(open cavity) multiple i times the reference interferometer (silica
cavity).

In contrast to the related literature, this article demonstrates
the generation of the first harmonic by concatenating two MZFIs
based on tapered single-mode fibre optic (SMF28) sections
under certain conditions. The harmonic appears when the OPL
of the sensor interferometer increases by a multiple (i + 1 times)
of the OPL of the reference interferometer plus a mismatch
factor. The novelty in generating harmonics is that it allows
the difference in frequencies between the two MZFIs to be
vastly and easily manipulated compared to the slight difference
in frequencies between the two MZFIs of the OVE.

II. THEORETICAL BACKGROUND AND EXPERIMENTAL SETUP
FOR THE GENERATION OF THE HARMONIC OPTICAL VERNIER
EFFECT

Harmonic OVE occurs when the OPL of the first interferom-
eter increases by (i + 1) times that of the second interferometer
plus a mismatch factor A (Fig. 2). According to [9], this is
expressed as

OPLgser, = (i+1)OPLycy + A €))
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where “i” is a positive integer that denotes the order of the
harmonics and A is a mismatch factor deliberately applied to
OPLg.;, to move away slightly from the exact value of “i 4+ 17
OPLRet. OPLg,,, and OPLR¢ are the lengths of the optical paths
of the sensor and reference, respectively.

From (1), the OPL is related to the length between tapers, as
follows:

Lsen — (Z + 1) Lref + A (2)

Two envelope types appear in the harmonic spectrum, one
external and the other internal. Gomes et al. [9] reported that
the FSR of the outer envelope is a function of the FSR of both
interferometers (sensor and reference) and resembles the FSR
of the envelope of a traditional OVE. Therefore, the harmonic
OVE regenerates the external envelope with the same frequency
and FSR as the conventional OVE. FSR%, .. is obtained
using the following equation:

) FSRR@fFSR’L
PSR _ sen___ 3
External |FSRRges — (i+ 1) FSR,,| 3)

where FSRy.; and FSRg.,, are the FSRs of the reference and
sensor interferometers for the i-th order harmonic.

According to Gomes [22], using the external envelope for
sensing applications and measuring the change in wavelength
has a significant drawback because the visibility of the exterior
envelope decreases as the harmonic order increases. Zhao et al.
[23] indicated that increasing the ratio of the OPL by integer
multiples maintains the length mismatch factor and reduces
the visibility of the external envelope while keeping its FSR
constant. An alternative technique that involves the use of inner
envelopes is used to solve this problem. The intersections be-
tween the inner envelopes provide multiple points that can be
used to track changes in wavelength. According to the order i
of the harmonics, the inner envelopes increase proportionally to
the number and range of the FSR, which makes it easy to track
spectral changes by monitoring the intersections produced by
the envelopes.
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Another advantage of using inner envelopes is that the effects
of intensity fluctuations in the different peaks are reduced, and
the FSR and frequency (inverse of the FSR) of the internal
envelope increase with the order of the harmonics. The FSR
of the internal envelope is defined as

(1+1) FSRRefFSRéen
|FSRR€f - (7’ + 1) FSRéen|

= (i+1) FSRyper 4)

FSRInt -

where FSR{jpper is the FSR of the external envelope, similar to the
envelope of the traditional OVE. According to [7], the M factor
can be defined in two ways. The first relates the FSRgvelope
and FSRge,, and indicates how large the FSR of the envelope is
compared to the FSR of the MZFI sensor, as shown below:

(i+1)FSRRcs FSRQM
u FSRn: [FSRpes—(i+1)FSRL,, ]
I t = =
" FSRsen FSRsen

B (iJrl)FSRRef
o FSRRef — (i-‘r 1) FSRi

Sen

=(i+1) M 5)

The second definition of the M-factor is directly related to sen-
sor detection. It describes the magnification of the wavelength
shift of the envelope compared with an individual MZFI sensor.
Therefore, the sensitivity of the harmonic OVE for the i-th order
is compared with respect to the sensitivity of an individual MZFI
and is expressed as follows:

SlEnvelope

M B Ssen (6)

In an MZFI, (2) is used to obtain the distance between the
tapers of the MZFI sensor. The OVE is obtained when i = 0
and a mismatch factor A is added (Lgen, = (0 + 1)Lger + A).
The first harmonic order is obtained with i = 1, by doubling the
length of the reference MZFI and adding the length mismatch
factor (Lgen, = (1 4+ 1)Lger + A)).

To obtain external envelopes with greater precision in the tra-
ditional OVE, we used the Hilbert-Huang algorithm [24], [25],
[26], and for the internal envelopes, we used the fitting algorithm
proposed by Gomes et al. [9]. The instantaneous amplitude of
the analytical signal was used to obtain the envelopes of the
signals. The Hilbert-Huang transform enhanced only the form
of the external envelope.

Fig. 3 shows the experimental setup for obtaining the first-
order harmonic by cascading tapered optical single-mode fibres.
The broadband fluorescent light source (1500-1600 nm) consists
of a 3 m-long erbium-doped fibre (EDF, LIEKKI Er 16-8/125)
pumped through a wavelength divider multiplexer (WD202A
from Thorlabs) with a 976-nm laser diode (BLL976-SAG300,
Thorlabs). The concatenated tapers are spliced after the EDF
super-fluorescent source. The resolution of the optical spectrum
analyzer (OSA) was 0.05 nm for each measurement.

All interferometers were fabricated on a standard SMF-28
using a GPX 3400 Vytran glass processing system. The geo-
metrical dimensions of the tapered sections included a transition
length (TL) of 3 mm, waist length (WL) of 1 mm, and waist
diameter (WD) of 60 pum. The processor system guarantees very
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Fig. 3. Schematic diagram of the experimental setup for displacement mea-
surement with an in-cascade MZFI tapered optical fibre structure used to obtain
harmonic OVE.

TABLE 1
MAIN PARAMETERS OF THE EXPERIMENTS

Lees | Lsen | FSRRer | FSRsen | FSRgny Order

Method (cm) | (cm) | (nm) (nm) (nm) M-Factor (Mu/MF)
Experimental setup 1

Tradicional | 39 | 44 | 1.09 | 099 | 11.84 | 12.12 | 199 (2

1t Harmonic | 39 | 77.5| 1.09 | 059 | 33.07 | 2422 | @
Experimental setup 2

Tradicional | 25 | 30 | 1.75 | 147 | 918 | 625 | 2072

It Harmonic | 25 |[49.5| 175 | 074 | 3828 | 1296 | = @
Experimental setup 3

Tradicional | 20 | 25 | 230 | 174 | 714 | 410 | ;
1t Harmonic | 20 | 40.5| 230 | 101 | 4506 | 851 | 207@

high-quality profiles and reproducibility of the tapers. We use a
routine (fusion power of 42 W and pull velocity of 1.5 mm/s) to
ensure high precision in controlling the taper WD and TL.

The working principle of the experimental setup was de-
scribed in a previous study [21]. In this proposal, the displace-
ment process was automated. A controller was programmed to
enable the stepper motor to produce a displacement of 0.05 mm.
The stepper motor transmitted the displacement through the lead
screw to the fibre-optic translation stage (See Fig. 3).

When both MZFIs are in a straight position, no interference
pattern occurs because there is no excitation of higher-order
cladding modes. Afterward, the MZFIR.; is gradually bent to
generate the comb-filtering characteristic until a high-contrast
interference pattern is obtained [21]. Then, MZFIg.,, is bent until
the OVE pattern appears. Finally, the displacement measurement
begins when the OVE pattern occurs in the displacement values
given in the experimental results section.

Three experiments were analysed using the summarised pa-
rameters in Table I.

III. EXPERIMENTAL RESULTS

Figs. 4,5, and 6 track the intersection of the internal envelopes
of the first-order harmonic (indicated by the red dotted circle) as
a function of three linear shifts. In Fig. 4 the results from the first
experiment are shown. The internal envelope intersection occurs
at approximately 1558 nm when the displacement is 1.5 mm
(Fig. 4(b)). As the displacement increases to 2.25 mm (Fig. 4(d))
and 3 mm (Fig. 4(f)), the internal envelope intersection shifts to
shorter wavelengths.
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Fig. 5. Depicts the experimental wavelength shift of the harmonic spectrum
for three displacement values: (a), (b) 1 mm and its magnified image,); (c), (d)
1.15 mm and its magnified image; (e), (f) 1.3 mm and its magnified image. A
dotted red circle indicates one of the two intersections. As the displacement is
applied, the wavelength shift of the inner envelopes towards shorter wavelengths
is clearly visible compared to the OVE.

Fig. 5 corresponds to the results from the second experiment.
The internal envelope intersection occurs around 1560.94 nm
when the displacement is 1 mm (Fig. 5(b)). As the displace-
ment increases to 1.15 mm (Fig. 5(d)) and 1.3 mm (Fig. 5(f)),
the internal envelope intersection shifts to shorter wavelength
positions.

Fig. 6 illustrates the results from the third experiment. When
the displacement is 1.8 mm, there is only one intersection ob-
served at approximately 1532.5 nm (Fig. 6(b)). As the displace-
ment increases by 1.95 mm (Fig. 6(d)) and 2.1 mm (Fig. 6(f)),
the internal envelope intersection shifts to shorter wavelengths.

Fig. 7 compares the FSR of the envelope of the OVE with the
FSR of the internal envelopes of the first-order harmonic. Similar
to the first experimental setup, the signals of the reference and
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Fig. 7. Depicts a comparison of the increase in FSR between the OVE and

first-order harmonic first experiment specifically for two different distances:
(39—44 cm and 39-77.5 cm).

sensor interferometers must be in phase for the envelope to occur.
In the traditional case, the envelope occurs every 11.84 nm, while
in the first-order harmonic, it occurs every 33.07 nm.

Fig. 8 compares the FSR of the envelope of the traditional
OVE with the FSR of the internal envelopes of the first harmonic
OVE. In the second experimental setup, the envelope occurred
when the reference interferometers and sensor signals were in
phase. In the traditional case, this occurred every 9.18 nm, while
in the first-order harmonic OVE occurred every 38.28 nm.

Fig. 9 illustrates a comparison between the FSRs of the
traditional OVE envelopes and the first-order harmonic’s inter-
nal envelope. To observe the envelopes, the signals from the
reference and sensor interferometers need to be in phase. In the
third experiment, the envelope occurs every 7.14 nm in the tra-
ditional OVE, while in the first-order harmonic, it occurs every
45.06 nm.
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Fig. 10 presents the frequency analysis with measurements
from the third experiment, where Lres = 20 cm and Lge, = 40.5
cm. Fig. 11(a) and (c) show the transmission spectra of MZFIR¢
and MZFlg,,, respectively, while (c) shows the superimposed
spectra. Fig. 10(b), (d), and (f) show their spatial frequencies.
The prominent peaks in Fig. 10(b) and (d) indicate the dominant
frequencies of MZFIg.; and MZFIg.,,, which are 0.4347 nm™'
and 0.9900 nm ™', respectively. These frequencies are reflected
inFig. 10(f) in the adjacent peaks of the same frequency, whereas
the frequency of the superimposed spectrum is reflected in the
first peak that appears in Fig. 10(f) at 0.0221 nm™!

First, we examined the spectral response resulting from the
displacement of a single MZFI sensor with a distance of 44 cm
between tapers. Subsequently, we analysed the spectral response
of atraditional OVE. Finally, the spectral response of a first-order
harmonic OVE was analysed with the same linear displacement,
as shown in Fig. 11. For all devices, a linear displacement
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Fig. 11.  Spectral shift of the envelope for different displacement values for
the first-order harmonic.

was gradually applied from 1.8 mm to 2.1 mm at intervals of
0.05 mm.

The sensitivity of the OVE was determined to be —3.03
nm/mm, magnified 12.12 times compared to the sensitivity of the
single MZFI sensor (—0.2485 nm/mm). On the other hand, the
sensitivity of the first-order harmonic was found to be —5.99
nm/mm, magnified 24.22 times compared with respect to a
single MZFI sensor.
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sensitivity of an individual MZFI (black), traditional OVE (red), and first
harmonic of the OVE (blue).

This result highlights that the internal envelope of the har-
monic shifts considerably more than the external envelope of
the OVE. These findings are illustrated in Fig. 12.

Later, we examined the spectral response resulting from the
displacement of a single MZFI sensor with a distance of 30 cm
between the tapers. Subsequently, we analyzed the spectral
response of a traditional OVE. Finally, we analyzed the spectral
response of a first-order harmonic OVE, which is shown in
Fig. 13. For all devices, a linear displacement was applied
gradually, ranging from 1 mm to 1.3 mm at intervals of 0.05
mm.

Fig. 14 shows the sensitivity of the three analysed structures:
simple MZFI (black), traditional OVE (blue), and first-order
harmonic OVE (red). The sensitivity of the OVE was —13.8642
nm/mm, which was magnified 6.25 times compared to that of the
single MZFI sensor (—2.1071 nm/mm). The sensitivity of the
first-order harmonic was —27.6214 nm/mm, magnified 12.96
times compared with respect to a single MZFI sensor.

Finally, we examined the spectral response resulting from the
displacement of a single MZFI sensor with a distance of 44
cm between the tapers. Subsequently, we analyzed the spectral
response of a traditional OVE. Finally, we analyzed the spectral
response of a first-order harmonic OVE, which is shown in
Fig. 15. For all devices, we applied linear displacement grad-
ually, ranging from 1.5 mm to 3 mm at intervals of 0.25 mm

Fig. 16 shows the sensitivity of the three analysed structures
the simple MZFI (black), the traditional OVE (blue), and the
first-order harmonic OVE (red). The sensitivity of the OVE was
—15.735 nm/mm, magnified 4.10 times compared to that of
the single MZFI sensor (—3.9 nm/mm). The sensitivity of the
first-order harmonic was —33.307 nm/mm, magnified 8.53 times
compared with respect to a single MZFI sensor.

IV. DISCUSSION

One advantage of the harmonics over the traditional OVE
is that the spectral tracking for harmonics is relatively easy to
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sensitivity of an individual MZFI (black), traditional OVE (red), and first
harmonic of the OVE (blue).

perform. Conversely, the conventional OVE requires data pro-
cessing techniques like applying the Hilbert-Huang transform or
the Gauss-fitting algorithm that highly depends on the number of
considered points to accurately track the position and the aspect
of the envelopes [22].

On the other hand, Table II compares the performance of the
devices, namely single MZFI, traditional and first harmonic.
The second column corresponds to the sensitivities and shows a
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Fig. 15. Change in the position of the first-order envelope for different dis-
placement values.
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Fig. 16. Linear adjustment results of the linear displacement measurement

sensitivity of an individual MZFI (black), traditional OVE (red), and first
harmonic of the OVE (blue).

significant improvement for the first-order harmonic compared
to the traditional OVE and the MZFI. The third column shows
the length of the MZFI sensor. Upon comparing the lengths
of the MZFI sensors of each device (single with single, tradi-
tional with traditional, and 1st harmonic with 1st harmonic),
we discovered an inversely proportional between the lengths of
the MZFI sensors to the sensitivities. At the same time, they
were directly proportional to the M-factor. The fourth column
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TABLE 11
PERFORMANCE COMPARISON OF THE MEASUREMENT DEVICES
. M-factor M-factor Mip= (i+1) M
Method f;x‘;s/“gx (I;jn) I({;:Igl)e ByFSR | By Sensitivity i=1
(Eq. 5) (Eq. 6) (Eq. 5)
Experimental setup 1
Single MZFI | -0.2485 | 44 - 1 -
Traditional 3.03 4 2-15; .12 12.18 @0zD=
1 Harmonic | -5.99 | 775 : 2422 24.09 -
Experimental setup 2
Single MZFI | 2.1071 | 30 - 1 -
Traditional -13.8642 30 :(']13'2 6.25 6.57 (2)(162‘255)’
1 Harmonic | -27.6214 | 49.5 : 12.96 13.10 -
Experimental setup 3
Single MZFI | -39 25 - 1 -
Traditonal | -15.735 | 25 | | (f]_,f)l 410 4.03 Sy
I Harmonic | -33.307 | _40.5 : 8.51 8.53 -

indicates the range of each device. The fifth and sixth columns
show the values of the M-factor calculated using (5) and (6).
Notably, the M-factor of the first-order envelope is twice that of
the OVE, coinciding with the order calculated in Table I. The
last column shows the M-factor of the inner envelope of the
first-order harmonic.

Table III summarises the works that demonstrated harmonics
for different sensor applications. The table is chronologically
ordered, showing the year, the configuration, i.e., type of in-
terferometer, sensing parameter, measurement range, maximum
order of the harmonics, type of device, sensitivity, and M-factor.

The tool of using the harmonics of the OVE is a technique
that has been discovered relatively recently (in 2019 ref. [9])
and exhibits the capability to improve the sensitivity of sensors
because sensitivity increased considerably with the order of the
harmonics compared to a sensor exhibiting OVE or an individual
sensor [10], [11], [12], [13], [14], [16], [17], and [19] in a same
measurement range. In other cases [9], [15], and [18], using
the third-order harmonic was ineffective because the increase in
sensitivity was limited to the available wavelength span in the
detection system.

The OVE significantly increases the sensitivity of a sensor
by increasing its OPL. In a previous study, we experimentally
showed that the distance between tapers is directly proportional
to the OPL and inversely proportional to the free spectral range
(FSR) [21]. However, the inherent drawback that the OPL of
both MZFIs must be very similar in size complicates the design
of possible sensors. In contrast, the concept of the harmonics
increases the design options because only the distance between
the tapers of the interferometer sensor and the distance between
the tapers of the interferometer reference must be modified.

On the other hand, in the Fabry-Perot interferometers or
relatively complex structures, the short lengths of these in-
terferometers (of the order of micrometres) make it easier to
achieve a harmonic of order greater than two. ([9], [12], [13],
[15], [17], [18], [20]). However, sophisticated equipment and
techniques must be used because the distances required to obtain
the harmonics are of the order of micrometres or less, which in
some cases may be challenging to manufacture.

Sensors that use (2) and have long lengths (of the order of
meters) exhibit good sensitivity and a large M-factor. However,
second or higher orders are challenging to obtain because the
final length of the sensor would be impractical to manipulate if an
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TABLE III
COMPARISON OF DIFFERENT MEASUREMENT DEVICES THAT EXHIBIT
HARMONICS
Year| © A Measurem %’::_’ Test sensitiviy | M| Ref
Fabry-Perot in Single 3'737 PZ“‘ 1
2019 |  parallel with Strain 0-100p | 3 =l 27.6 pavps 818 | g
capillary tube !—2 93.4 pm/pe 277
=3 59.6 pm/pe 17.7
Single 15.46 pm/pe 1
2020 | Two-fibre loops Strain 0-800 pe 1 Fund. 80 pm/pe 5 [10]
mirrors in series h :
i=1 120 pm/pe 8
Fabry-Perot with Single 1.07 pm/pe 1
2020 [ hollow capillary Strain 0-500 pe 1 Fund. 65.3 pm/pie 61 [
tube i=1 146.3 pm/pe 136.7
Fabry-Perot in
parallel with two 0-8x10% Single -568 nm/RIU 1
2020 access holes RIU RIU 1 isv=1 | -28.496 nm/RIU 50.2 [12]
milled in the in=l | -41,8387 nn/RIU 865
sensing FPI
New optical fibre
structure Single 1.05 nm/pm 1
consisting of a . Fund. 15.1 nm/pm 14
2021 cleaved fibre and Displacement | 0-1000 nm 2 i=1 247 nn/pm 2% [13)
drop-shaped =2 28.3 nm/pm 27
microstructure
Single - -
FPI in cascade Fund.; -31.8 pm/kPa 7.36
2021 | with two hollow | Gas Pressure | 1-101 kPa 1 Fund., -37.6 pm/kPa 8.7 [14]
silica capillaries Fund.; -55.7 pm/kPa 129
i=1 -80.8 pm/kPa 18.7
Single; | -0.1475 nm/cm 1
Fund,, -7.0162 nm/cm 47.57
In-situ adjustable =1 -4.381 nm/cm 29.7
fibre-optic =2 -5.0817 nm/cm 61.57
piezometer based 5 =3 -2.5172 nm/cm 17.07
2021 o paralle Waterlevel | 020em | 3 (oot : [15]
structure external Fund.; -7.2208 nm/cm 23.48
FPI =1 -7.4466 nm/cm | 24.22
1=2 -4.1962 nm/cm 13.65
=3 -1.3774 nm/cm 4.48
;,:";’m%s Single | -0.163 nm/°C 1
2021 . o Temperature | 30-70 °C 1 Fund. -2.12 nm/°C 17 [16]
with polarisation =1 3.66 nm/°C 25
maintaining fibre § -
. . Fund. -1.57 nm/% RH 1
2022| A d"‘m“g;“ f‘la.‘;;° 4660% | 16 | i=4. | -5226am%RH | 3328 | [17]
i . i=16 | -83.77nm/%RH | 53.98
Single, 4.2 pm/KPa 1
Fund, - -
5 =1 86.55 pm/KPa 20.6
FPIs connected in =2 | 27952pm/KPa | 666
parallel with two 10-189 y=3 | 14875pm/KPa | 354
2022  segmentsof | GasPressure | po 3 L e - [18]
hollow-core a Single; -4.2 pm/KPa 1
ow-c Fund. - -
es .
=1 -74.6 pm/KPa 17.8
i=2 -105 pm/KPa 243
=3 -159 pm/KPa 34.7
FPIs connected in Single 4.08 nm/MPa 1
2022 | parallel based on | Gas Pressure | 0-0.5 MPa 1 Fund. - - [19]
HCBF with HST i 119.3 nm/MPa 29.24
OCFPI Single ~10 pm/°C 1
2022 | encapsulated with | Temperature | 40-60°C | 4 | Fund. -0.32 nm/°C - [20]
the PDMS film iy -3.40m/°C 11
Single, | -0.2485 nm/mm 1
15-3mm Fund, -3.03 nm/mm 12.18
In-cascade MZFs =1 -5.99 nm/mm 24.09
2023| © Displacement | 1-13mm | 1 ;ﬁ? 158640 i | 657 | This
: p -1 ., | -13. .
'ape‘édm"*s"‘w i=1 | 276214 nmmm | 1310 | WO
Single; -3.9 nm/mm 1
18-2.1mm Fund; | -15.735 nm/'mm 4.03
13=1 -33.307 nm/'mm 8.53

improvement through the second or third order of the harmonic

is sought ([10], [16]).

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 5, OCTOBER 2023

it is necessary to conduct experimental tests to demonstrate it.
To do so, it is essential to adequately choose distances between
tapers of Lrer that allow an increase for multiples of “i + 17
times the distance between tapers for Lgep.

V. CONCLUSION

In summary, the generation of harmonic OVE was experimen-
tally demonstrated using cascading sections of tapered single-
mode fibres. The experimental results showed that the sensitivity
(—3.9to —33.3 nm/mm) and the M-factor (4.10-8.51) increased
significantly compared with traditional OVE and single MZFI.
Additionally, we observed that the distance between the tapers
of the MZFI sensor exhibited an inversely proportional with
sensitivity and directly proportional with the M-factor. Our
configuration increases the sensitivity of a traditional interfero-
metric micro-displacement sensor, making its manufacture more
precise and flexible for specific applications. In addition, the
proposed structure is reproducible, including the inner envelopes
for the OVE harmonic, which facilitates spectral tracking owing
to displacement and favors its analysis. Finally, the structure
is simple, robust, and low-cost, making it suitable for several
applications.
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