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Abstract: To further improve sensor sensitivity, a strain and temperature sensor based on the
harmonic Vernier effect with cascaded Sagnac interferometers (SIs) is proposed. Through a
combination of simulation and experimentation, it is shown that the basic Vernier effect can be
realized when the lengths of the polarization-maintaining fiber (PMF) in two Sls are slightly
different. Furthermore, the first-order harmonic Vernier effect can be achieved when the lengths of
two PMFs are approximately integer multiples. This sensor, leveraging the harmonic Vernier effect,
demonstrates higher sensitivity. Compared to a single SI, the strain sensitivity based on the basic
Vernier effect is improved to 61.93 pm/pe with a magnification factor of 7.6, and the temperature
sensitivity is improved to 14.29 nm/°C with a magnification factor of 9.4. For the first-order
harmonic Vernier effect, the strain sensitivity increases to 146.35 pm/pe with a magnification factor
of 18, and the temperature sensitivity increases to 24.92 nm/°C with a magnification factor of 16.5.
Additionally, the sensor based on the harmonic Vernier effect exhibits good stability in strain and
temperature measurement. Unlike the basic Vernier effect, the harmonic Vernier effect does not
require strict control of the reference and sensing interferometer lengths, further increasing sensitivity.
Due to its simple structure and low cost, the proposed sensor shows significant potential for
applications in high-precision measurement engineering and medical treatment.
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1. Introduction

With the continuous progress of the optical
fiber sensing technology, optical fiber Sagnac
(SIs) are
various fields, such as fiber filters [1-3], couplers
[4, 5], hydrophones [6], and gyroscopes [7—10]. The
sensitivity of the SI can be improved by embedding

interferometers increasingly used in

a special fiber in the Sagnac loop, changing the
structure of the Sagnac ring, or coating other
materials. Dong et al. [11] proposed a strain sensor
based on the SI, which was composed of the
fiber
strain

polarization-maintaining photonic crystal
(PM-PCF). The exhibited the
sensitivity of 0.23 pm/pe. In order to realize
two-parameter measurement, Kim et al. [12]
reported the strain and temperature sensor of the
elliptical hollow photonic band gap fiber based on
an SI. The sensor exhibited the sensitivity of

S€nsor

—0.81 pm/pe over a strain range of 0 pe—1 000 pe
and the temperature sensitivity of 3.97 pm/°C over a
temperature range of 20 °C—90 °C. However, sensors
based on a single SI are limited by fiber inherent
properties in terms of sensitivity and responsiveness
[13]. To address the problem of low sensitivity in the
traditional sensors, recent advancements have
leveraged the remarkable properties of the optical
Vernier effect. The optical Vernier effect enhances
the sensitivity of the sensor by incorporating an
interferometer with a similar interferometric
typically
configuration. This effect has led to improvements

frequency, arranged in a cascaded

in sensors by several orders of magnitude.
Numerous studies have demonstrated the high
sensitivity characteristics achieved through the
Vernier effect, showcasing significant technological
progress and innovative developments in this field.
Chen et al

temperature and pressure sensor based on the

[14] reported a highly sensitive

cascade Fabry-Pérot interferometer (FPI) and SI.
The sensor achieved a sensitivity of 23.14 nm/°C
and 49.2 nm/MPa for temperature and pressure
with a sensitivity

measurement, respectively,
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13.4 times and 12.2 times,
respectively. Ding et al. [15] proposed a high

magnification of

sensitivity temperature sensor based on the Vernier
effect and using the cascaded high birefringent fiber
(HBF) as the sensitive unit. In order to construct the
sensor, a longer HBF and a shorter HBF were
selected to form two Sls as the sensing arm and the
reference arm. In the temperature range of 20 °C to
24 °C, the exhibited the
sensitivity of —43 nm/°C and successfully achieved a

sensor temperature
sensitivity amplification effect of 24.96 times. Jia
et al. [16] reported a high-sensitivity temperature
sensor based on the Vernier effect, which cascaded
the SI and Mach-Zinder interferometer (MZI). The
SI composed of a polarization-maintaining fiber
(PMF) was used as the temperature sensing arm, and
the dual-channel MZI was used as the reference arm.
The sensor has high temperature sensitivity of
14.3 nm/°C and a magnification of 8.51 over a
temperature range of 20 °C-22 °C. In addition to
cascading the sensing arm and the reference arm,
there have been some fiber-optic Vernier sensors
based on parallel structures. For example, Lin et al.
[17] proposed a fiber-optic gas pressure sensor to
realize high sensitivity measurement by using the
effect. The
integrated parallel MZIs that were manufactured by

Vernier sensor consisted of two
fusing a small section of the bilateral empty fiber
between two short multimode fibers. The sensor
demonstrated the sensitivity of —60 nm/MPa over a
gas pressure test range of 0 MPa—0.8 MPa. Nan et al.
[18] proposed a novel parallel structure fiber FPI,
specially designed for ultra-sensitive strain
measurement. The sensor consisted of an open
chamber and a closed chamber, where the open
chamber FPI was used for the sensing function and
the closed chamber FPI was used as a reference,
resulting in the ultra-high strain sensitivity of
—43.2 pm/pe. In addition, Zhang et al. [19] proposed
Michelson

sensitivity bending sensor based on the Vernier

a  shin-fiber interferometer  high

effect. The sensor was made of a dual-core fiber and
a small segment of a dual-hole fiber through
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precision splicing, achieving the bend sensitivity of
38.53 nm/m"".

Sensors in [16-19] were based on the basic
optical Vernier effect, which meant that there was a
small optical path difference between the two
interferometers, and the outer envelope of the
spectrum was utilized to enhance sensitivity. In fact,
there was also the harmonic Vernier effect, first
proposed by Gomes et al. [20] in 2019. The optical
path length of one interferometer was increased by a
multiple (i times) of the optical path length of the
second interferometer, thereby using a larger optical
path difference to achieve greater enhancement in
sensitivity. Subsequently, Gomes et al. [21] used
hollow microspheres and a section of the fiber as
two FPIs to generate the harmonic Vernier effect,
proving the optical path conditions for realizing the
harmonic Vernier effect. This effect produced a
higher magnification, proportional to the order of
harmonics. Yang et al. [22] proposed a simple gas
pressure sensor, which was composed of two hollow
silica capillary tubes fused together. The harmonics
of the optical Vernier effect were observed by
properly adjusting the length of the silica capillary
tube, with gas pressure sensitivity of 80.8 pm/kPa in
the range of 1kPa-101kPa. Luo et al. [23]
proposed a high-sensitivity parallel gas pressure
sensor based on the harmonic Vernier effect. The
sensor was composed of two 75 um hollow capillary
tubes, which served as the sensing chamber and the
reference chamber, respectively, and achieved the
sensitivity of 279.52 pm/kPa with a
magnification of 67.7. He et al. [24] proposed a

pressure

high-sensitivity temperature sensor based on the
harmonic Vernier effect. This sensor primarily
consisted of two segments of the PMF and obtained
the sensitivity of 40.73 nm/°C  within the
temperature range of 28°C—44°C. While the
harmonic Vernier effect resulted in higher sensitivity,
it also presented challenges, such as the complex
structure preparation, low mechanical strength, and
poor repeatability. To address these issues and
further enhance sensor sensitivity while overcoming
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the basic Vernier effect’s optical path difference
matching challenges, this paper proposes a simpler
cascaded SI fiber sensor based on the harmonic
Vernier effect. In this paper, a harmonic Vernier
effect can be achieved when the PMF length of one
Sagnac loop is an integer multiple of the PMF length
in another Sagnac loop with a small deviation.
Relying on the harmonic Vernier effect, the sensor
can achieve a higher sensitivity amplification effect
of high

and achieve the goal sensitivity

measurement.
2. Theory and simulations
2.1 Schematic and theory

2.2.1 Fiber Sl principle

A single SI structure composed of the PMF is
shown in Fig. 1, whose transmission strength is
determined by the phase difference between two
reverse-transmitted waves [25]. By means of a 2x2
3 dB coupler, the light emitted by a light source is
split into two beams, which are then introduced into
the Sagnac loop made of the PMF and transmitted in
the opposite direction within the loop. Due to the
difference in the refractive index (RI) between the
fast axis and slow axis in the PMF, the two beams of
light passing through the fiber form a phase
difference during propagation. Interference occurs
when the two light waves re-enter the fiber coupler,
which is captured and recorded by the spectrometer.
The intensity of the light field is a cosine function of
the reciprocal wavelength, and the equation is as
follows:

1 1
[=———cos@ 1
573 (H

where 6 represents the phase difference, which can
be adjusted by the polarization controller, calculated
by the following equation:
27BL
A

where L represents the PMF length, A represents the
wavelength of incident light, and B represents the
effective RI difference between the fast axis and
in the PMEF,

6= )

slow axis also known as the
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birefringence coefficient of the PMF. When the
phase difference meets the following conditions:

0=2mr 3)
where m is an integer. From (3), it can be obtained
that the m resonant wavelength is

BL
Ay =—. “)
m
ASE
5 a N
T r—

Coupler /

Fig. 1 Schematic diagram of the fiber SI structure (ASE:
amplified spontaneous emission light source, SMF: single mode
fiber, and OSA: optical spectrum analyzer).

In interferometric fiber sensors, the free spectral
range (FSR) of the output spectrum is a key research
parameter, and the equation is as follows:

//12

FSR = 3L (5)

It can be seen from (5) that the FSR is inversely
proportional to the birefringence coefficient B and
the length L of the PMF, and is directly proportional
to the working wavelength 4. With the change in
external factors (such as the strain, temperature, and
stress), the PMF birefringence coefficient B and
length L will be adjusted accordingly, which will
cause the change of phase difference 6, resulting in
the shift of the interference resonance wavelength.

The change in phase difference can be described as
A6 = 27”[ABL +BAL] (6)

where AB=An
of the PMF birefringence coefficient caused by

—An,,, represents the variation

slow

external factors, An,  is the variation of the RI in

the slow axis of the PMF, An,  is the variation of

the RI in the fast axis of the PMF, and AL is the
change of the PMF length. The shift in the resonant
wavelength of the transmission spectrum caused by
the change in the phase difference can be described
as

FSRA®

M==——. (7)
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According to (7), changes in external conditions
can be detected by recording the movement of the
resonant wavelength. In this paper, the PMF is used
as the sensing element. When the strain (e=AL/L) is
applied, the PMF birefringence coefficient B and
length L change, causing the resonant wavelength of
shift, and the
wavelength shift of the SI can be described as

AA(E)= A1+ P))e . (®)
Pe, = (Pefnfasl - Enslow )/B iS a
which describes the

the interference spectrum to

Among them,

constant variation of
birefringence caused by changing strain. P’ and
related the

birefringence in the fast axis and slow axis of the

P’ are constants variation of

PMF, respectively. As can be seen from (8), Al is
directly proportional to ¢. In addition, PMF shows
the high sensitivity to temperature due to the
thermo-optical effect and thermal expansion effect
of fiber materials. When the temperature changes,
the SI wavelength shifts, which can be described as
AAUT) = A
B(4,T)
where AB(A,T)L and B(A,T)AL
thermal optical effect and thermal expansion effect,

[AB(A,T)L+B(A,T)AL] (9)
represent the

respectively. Because the wavelength shift caused by
the thermal expansion effect is two orders of the
magnitude smaller than that of the thermal optical
effect, the effect of the thermal expansion effect can
be ignored. In this paper, the PMF is used as a
sensing unit, which is highly sensitive to external
factors (the temperature and strain). Due to the
difference in RI between the fast axis and slow axis
in the PMF, the light will have a specific phase
difference in its transmission path, which further
causes the interference resonance wavelength in the
output spectral signal to shift. Therefore, by
monitoring the shift of the resonant wavelength in
the SI, the change of external physical parameters
can be detected.
2.2.2 Principle of harmonic Vernier effect

The Vernier effect, renowned for its application
in calipers, enhances measurement accuracy by
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overlapping two scales with slightly different
periods [26, 27]. When taking measurement with a
caliper, one Vernier scale glides in relation to the
other stationary scale. Similarly, the optical Vernier
effect employs two interferometers with slightly
shifted interferometric frequencies. Ideally, one
interferometer serves as a sensor, while the other
acts as a stable reference. The basic optical Vernier
effect requires two interferometers with slightly
In an SI, the

interference frequency is adjusted by varying the

offset interference frequencies.

length of the PMF relative to the interferometer’s
optical path length. Considering the characteristics
of the initial SI, the second interferometer can be
tuned to maximize the enhancement provided by the
Vernier effect.

The harmonic Vernier effect is the extension of
the traditional basic Vernier effect. The harmonic
Vernier effect also uses the Vernier method to
enhance the sensitivity of the interference sensor.
The difference is that the FSR of one interferometer
in the harmonic Vernier effect is about an integer
multiple of another interferometer FSR. This method
effectively reduces the complexity of the Vernier
effect sensor preparation. At the same time, with an
increase in the harmonic order, the sensitivity
amplification factor also doubles, making it possible
to break through the limitations of the basic Vernier
effect. Based on the harmonic Vernier effect in the
fiber sensing structure model (comprising two
cascaded Sls, named the reference SI and sensing
SI), the PMF lengths in two Sls are related. From
FSR (5) for a single SI, the FSR of the basic Vernier
effect envelope spectrum can be described as

FSR, xFSR ?
FSRenvelope = - a == ﬂ/ (10)
FSR, -FSR | B|L -L|
where FSR ... is the FSR of the upper envelope

of the interference spectrum, FSR, is the FSR of
the upper envelope of the interference spectrum of
the reference SI, FSR_ is the FSR of the upper
envelope of the interference spectrum of the sensing
SI, L, is the length of the reference SI, and L_ is
the length of the sensing SI.
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When the FSRs of two Sls are close together, a
basic Vernier effect occurs. Suppose that an
interferometer optical path is i times of another
interferometer optical path, namely iL +L (i is
the harmonic order), which will produce the optical
harmonic Vernier effect [22]. In the harmonic
Vernier effect, the FSR of the upper envelope can be
described as

FSR, XxFSR! A?

FSRinvclopc = - (1 1)
[FSR, —(i+1)FSR| BIL, ~L,

where FSR’

envelope

is the FSR of the upper envelope
of the interference spectrum for the ith order
harmonic Vernier effect, and FSR! is the FSR of
the upper envelope of the transmission spectrum of
the ith order sensing SI.

According to (11), in the harmonic Vernier effect,
the FSR of the upper envelope is independent of the
harmonic order. Meanwhile, the FSR expression for
the inner envelope can be described as
_ (i+1)FSR, xFSR|
-~ |[FSR, - (i +DFSR]|
where FSR;

harmonic

FSR, . =(i+1)FSR! (12)

envelope
is the FSR of the inner envelope
of the interference spectrum for the ith order
harmonic Vernier effect.

As can be seen from (12), the FSR of the inner
envelope is i+1 times that of the upper envelope.
The magnification factor M of the basic Vernier
effect is obtained by calculating the FSR ratio of the
outer envelope to a single SI FSR. Therefore, the
amplification factor M’ based on the harmonic
Vernier effect (using the inner envelope) can be
described as
_FSRY e (i+1FSR,
PSR, [FSR, —(i+]FSR]

i

=(i+1)M.(13)

As can be seen from (13), the magnification of
the harmonic Vernier effect is i+1 times that of the
basic Vernier effect.

2.2 Spectral simulation of harmonic Vernier
effect

In this paper, the interference spectra based on
the basic Vernier effect cascade SI and harmonic
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Vernier effect cascade SI are numerically simulated.
For the basic Vernier effect, the PMF lengths in the
reference interferometer and sensing interferometer
are set to 48 cm (marked as PMF1) and 55 cm
(marked as PMF2), respectively. In order to generate
the harmonic Vernier, the PMF in the sensing
interferometer (PMF2) length L_ is set to 55 cm,
and the PMF in the reference interferometer (PMF1)
length L issetto L =47+iL  (i=1,2, and 3). In
fact, the condition for the harmonic Vernier effect is
that the PMF1 length should be an integer multiple
of the PMF2 length plus a certain difference. The
smaller the difference is, the more significant the
harmonic Vernier effect is. By setting the length of
PMF1 to 47 cm, the difference between the PMF1
length and the PMF2 length is reduced, so that the
harmonic Vernier effect is more favorable for
observation. According to the previous theoretical
analysis, to perform the simulation using the Matlab
software platform, the resulting basic Vernier effect
and harmonic Vernier effect cascade SI output
spectrum results of numerical simulation analysis
are shown in Fig. 2, and the wavelength range is
1 250 nm—1 650 nm. In the simulation process, the
fiber coupler is idealized and the PMF birefringence
coefficient B=4.5x107" is
shows the basic Vernier effect, whose upper
envelope FSR is 83.96 nm. Figures 2(b)-2(d) show
the harmonic Vernier effect; the blue envelope is the

adopted. Figure 2(a)

upper envelope of the harmonic Vernier effect; the
red envelope is the inner envelope of the harmonic
Vernier effect. The inner envelope of the Vernier
effect for the order i harmonics is obtained by data
fitting. Firstly, the maximum values in the harmonic
spectrum are divided into i+1 groups, then the
maximum values of each group are searched for the
peak, and the extreme values are selected for
envelope fitting. In addition, it is important to note
that the contrast of the inner envelope is higher than
that of the outer envelope. This is because the free
spectral range of the outer envelope is basically
unchanged or has a small range change, while the
FSR of the inner envelope increases with an increase

Photonic Sensors

in the harmonic order i. In the same wavelength
range, the contrast of the outer envelope gradually
decreases. Because the higher contrast helps in
improving the sensor anti-noise performance, the
sensor shows higher stability during the
measurement process.

in Fig.2(b), in the

harmonic Vernier effect, the FSR of the upper

As shown first-order
envelope is 64.5 nm, while the FSR of the inner
envelope is 129.5 nm, which is about twice the FSR
of the upper envelope. Figure 2(c) illustrates that the
second-order harmonic Vernier effect, where the
FSR of the upper envelope is 60.0 nm and the FSR
of the inner envelope is 180.6 nm, about three times
of the FSR of the upper envelope. As shown in
Fig. 2(d), the upper envelope FSR of the third-order
harmonic Vernier effect is 54.2 nm, and the inner
envelope FSR is 217.4 nm, which is about four
times of the upper envelope FSR. Considering the
small errors caused by measurement and graph
labeling, the simulation results are consistent with
those analyzed in (12). As can be seen from the
simulation spectra of the third-order harmonic
cursor effect in Fig. 2(d), the resolution of the
spectrum envelope decreases with an increase in the
harmonic order, and the resolution of upper
envelope is too low for observation. Due to the
limitation of the light source wavelength range, a
large inner envelope may not be fully displayed,
which is not conducive to tracking the shift of the
envelope in the spectrum. Therefore, the following
measurement and analysis of sensing characteristics
of the harmonic Vernier effect do not use the
harmonic Vernier effect of the second-order and
above. The inner envelope FSR generated by the
harmonic Vernier effect exceeds the envelope FSR
generated by the basic Vernier effect. Therefore,
when the external environment changes slightly, the
harmonic Vernier will produce a larger wavelength
shift, that is, the sensitivity of the sensor will be
further improved, which is of great significance in
the field of sensing.
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Fig. 2 Spectral simulation in the wavelength range of 1250 nm—1650 nm: (a) basic Vernier effect (PMF1=48 cm and PMF2=55 cm),
(b) the first-order harmonic Vernier effect (PMF1=102 cm and PMF2=55 cm), (¢) the second-order harmonic Vernier effect
(PMF1=157 cm and PMF2=55 cm), and (d) the third-order harmonic Vernier effect (PMF1=212 cm and PMF2=55 cm).

3. Experimental results and discussion
3.1 Structure and construction of sensor system

In the experiment of the harmonic Vernier effect,
the PMF (PM#1550/125-18/250-Y, YOFC, China) is
selected as the sensing unit, and its cross section is
shown in Fig. 3. Three kinds of sensor probes with
the lengths of 48 cm, 55cm, and 102 cm were
prepared by the welding mechanism (FSM-100P,
Fujikura, Japan). The sensing system with the SI
cascade generating harmonic Vernier effect is shown
in Fig. 3.

The sensing system mainly consists of two
segments of the PMF, two 3 dB couplers, an
amplified spontaneous emission light source (ASE,
Fiberer, China), and a spectral analyzer (OSA,
AQ6370D, YOKOGAWA, Japan) with a wavelength
range of 1250nm-1650nm and a minimum
resolution of 0.02 nm. In this system, two Sls are

composed of different lengths PMFs, respectively,
and the basic Vernier effect and harmonic Vernier
effect are generated in a cascade way to improve the
sensitivity. The incident light signal emitted by the
ASE  first through  the
interferometer, then enters the sensing interferometer,
and the final interference light signal is received by
the OSA. In a single Sagnac loop, the length of the
PMF is 55 cm. For the basic Vernier sensing device,
set PMF1=48 cm and PMF2=55cm. For the
first-order ~ harmonic  Vernier
PMF1=102 cm and PMF2=55 cm.

passes reference

effect, set

Slow axis

Fig. 3 Schematic diagram of cascaded SI sensing system
based on harmonic Vernier effect.
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3.2 Sensing characteristics testing and analysis

First, the cascaded SI output spectra based on the
basic Vernier effect and the first-order harmonic
effect in the
1250 nm—1650 nm are tested at room temperature.
As shown in Fig. 4(a), the FSR of the basic Vernier
effect envelope spectrum is 83.52 nm, while the

Vernier wavelength range of

FSR of a single sensing SI is 9.76 nm, so the
about 8.6
According to the theory of harmonic generation, the
lengths of PMF1 and PMF2 are changed, and the
spectrum of the harmonic Vernier effect as shown in
Fig. 4(b) is obtained.

0 T T

calculated magnification is times.

(a) | 8352m
gi -20 /rwr]\
g
o
g
a
g
£ —40 4
—60 .
1300 1400 1500 1600
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®) - - g -

132.84nm

_25

—50

Transmission (dB)

—75

-100

1300 1400 1500 1600
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Fig. 4 Experimental spectra: (a) the basic Vernier effect
(PMF1=48 cm and PMF2=55cm) and (b) the first-order
harmonic Vernier effect (PMF1=102 cm and PMF2=55 cm).

The inner envelope FSR of the first-order
harmonic Vernier effect is 132.84 nm, which shows
the magnification of 13.6 times compared with that
of a single SI. This magnification is consistent with
the magnification of the basic Vernier effect and the
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harmonic Vernier effect calculated in (13). Next, in
order to verify that the harmonic Vernier effect can
further improve the sensitivity of the fiber sensor,
the cascaded SI strain and temperature sensing
performance based on the basic Vernier effect and
the first-order harmonic Vernier effect are analyzed
experimentally.

3.2.1 Strain sensing characteristic

In order to study the strain sensing
characteristics of the basic Vernier effect and
first-order harmonic Vernier effect formed by the
cascade of two Sagnac loops, the PMF2 is fixed on
the displacement platform by using a fiber-optic
fixture, and the strain is applied to the PMF2 by
moving the displacement platform, while ensuring
that the PMF1 is fixed to reduce the influence of
other factors on the experimental results. In the
experimental setup, the initial distance between the
20 cm, and the

displacement stations are set to move 50 um each

two displacement stations is
time; that is, the strain step is 250 pe. Figures 5(a)
and 5(b) show the cascade SI spectral changes of the
basic Vernier effect and first-order harmonic Vernier
effect during the strain increase from O pe to
1 250 pe. It can be seen that with an increase in the
cascade SI
of the basic Vernier effect and

strain, the envelope resonance
wavelengths
first-order harmonic Vernier effect are red-shifted,
but the strain sensitivity is different.

Figure 6 shows the linear fitting curve of the
envelope resonance wavelength increasing with the
strain for the cascade SI basic Vernier effect and
first-order harmonic Vernier effect. The linear fitting
equations based on the cascade SI basic Vernier
effect and first-order harmonic Vernier -effect
are y=61.93x+1467.08 and »=146.35x+1 353.65,
respectively. The linear fitting coefficients are
0.996 67 and 0.997 10, respectively. Thus, the strain
sensitivity of these two structures is 61.93 pm/ue
and 146.35 pm/pe. According to [28], the sensitivity
of a single SI is 8.13 pm/pe in the strain range of

0 pe—1 250 pe. Compared to a single SI, the sensor
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designed with the first-order harmonic Vernier effect
achieved a significant 18 times increase in strain
sensitivity. In addition, when compared with the
sensor constructed with basic Vernier effect, the
first-order harmonic Vernier effect based on the
cascade SI also shows a 2.3 times increase in strain
sensitivity. Considering the minimum resolution of
the OSA used in this paper is 0.02 nm, the strain
resolution of the fiber sensor based on the basic

L0 Www [

—250 pa
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Vernier effect and first-order harmonic Vernier effect
can be calculated as 0.322 94 ue and 0.136 65 pe,
respectively. Limited by the wavelength range of the
ASE, the strain detection range based on the cascade
SI first-order harmonic Vernier effect is 2.73 me.
In the presentation of experimental results, each data
point represents the average of five times of
independent measurement, and the error bar

represents the standard deviation from that average.
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Fig. 5 Transmission spectra under strains: (a) the basic Vernier effect and (b) the first-order harmonic Vernier effect.
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3.2.2 Temperature sensing characteristic

In addition, the properties of the basic Vernier
effect and first-order harmonic Vernier effect in
temperature sensing are also studied. The PMF?2 is
placed in a temperature control chamber with a
resolution of 0.1 °C, while the PMF1 is fixed on the
bench and placed under constant temperature
conditions to avoid cross crosstalk. The sensor probe
(i.e., PMF2) is heated from 27 °C to 32 °C at a step
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of 1 °C. The cascaded SI spectra of the basic Vernier
effect and first-order harmonic Vernier effect as a
function of temperature are shown in Figs. 7(a) and
7(b). The wavelength of envelope spectrum
resonance based on the basic Vernier effect and
first-order harmonic Vernier effect blue-shifts with

an increase in temperature, but the sensitivity of
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temperature is different. According to [28], the
blue-shift range of a single SI least changes with
temperature; the harmonic envelope based on the
first-order harmonic Vernier effect maximally
changes the blue-shift range with temperature; the
envelope based on the basic Vernier effect changes

the blue shift range moderately.
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Fig. 7 Transmission spectra under different temperature: (a) the basic Vernier effect and (b) the first-order harmonic Vernier effect.

Figure 8 shows the linear fitting curve of the
envelope resonance wavelength changing with
temperature for the cascaded SI basic Vernier effect
and first-order harmonic Vernier effect. The linear
fitting equations based on the cascaded SI basic
Vemier effect and first-order harmonic Vernier effect
are y=—14.29x+1 923.06 and y=-—24.92x+2 051.67,
respectively. The linear fitting coefficients are

0.998 60 and 0.997 74, respectively. Therefore, the
temperature  sensitivity values of these two
structures are —14.29 nm/°C and —24.92 nm/°C,
respectively. At the same time, according to [28], the
sensitivity of a single SI in the temperature range of
27 °C-32°C is —1.51 nm/°C. Compared to a single
SI fiber sensor, the sensor designed with the
first-order harmonic Vernier effect achieves a
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significant increase in temperature sensitivity of
about 16.5 times. Furthermore, the sensor based on
first-order harmonic Vernier effect has a 1.74 times
increase in temperature sensitivity compared to the
sensor based on basic Vernier effect. Considering the
minimum resolution of the OSA used in this paper
of 0.02 nm, the temperature resolution of the fiber
sensor based on the basic Vernier effect and
first-order harmonic Vernier effect can be calculated
as 0.00140°C and 0.00082°C, respectively.
Limited by the wavelength range of the ASE, the
temperature detection range based on the cascade SI
first-order harmonic Vernier effect is 16.05 °C. In
the experimental results, each data point represents
the average of five times of independent
measurement, and the error bar represents the
standard deviation from that average. Although the
first-order harmonic Vernier effect based on the
cascade SI is only detected in the temperature range
of 27°C-32°C in this temperature experiment, it
has ultra-high temperature sensitivity and
temperature resolution, which can be used in
monitoring scenarios requiring high temperature
accuracy. Because the fiber sensor based on the
harmonic Vernier effect has a wide FSR, the
temperature range that can be detected is limited.
When the wavelength shift is too large, it will
exceed the available wavelength range of the ASE or

the wavelength measurement range of the OSA.
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Fig. 8 Temperature fitting curves of the basic Vernier effect
and first-order harmonic Vernier effect.

3.3 Strain/temperature stability analysis

Stability is the key index to evaluate the sensor
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performance, so the stability is
experimentally in this paper. For the stability test of
the strain, the probe PMF2 is placed on the
displacement table at room temperature, and then
the strain of 1000 pe is applied, and the resonant
wavelength is recorded every 10 minutes under this
condition for 80 minutes. During the test period, the
PMF1 is fixed on the test table to reduce the
influence of other factors on the test results.

analyzed

Similarly, for temperature stability, the probe PMF2
is placed in the temperature control chamber,
keeping at 30 °C for 80 minutes, and the resonant
wavelength is recorded every 10 minutes. During
the temperature stability test, the PMF1 is placed at
room temperature to prevent temperature crosstalk
from affecting the experimental results. The results
of the strain and temperature stability are shown in
Fig. 9. The maximum error between the resonant
wavelength and the average value (1 449.44 nm) at
the 1 000 pe strain condition is 0.04 nm. Therefore,
the measurement error at the 1000 pe strain
condition is about 0.27 pe (0.04/0.146 35=0.27 pe).
Small errors may be caused by small external
disturbances during the experiment. At 30 °C, the
maximum wavelength deviation between the
resonant wavelength and the average value
(1512.46 nm) is 0.06 nm. Therefore, the error at
30 °C is 0.003 °C (0.06/24.92=0.002 °C). The small
error may be caused by the small temperature
disturbance in the temperature control chamber
during the experiment. Based on the stability test
results, the sensor shows high stability in strain and
temperature measurement.
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Fig.9 Strain and temperature stability results of the
first-order harmonic Vernier effect.
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In Table 1, the proposed sensor based on the
harmonic Vernier effect is compared with existing
fiber sensors in terms of strain and temperature
measurement performance. The sensitivity of
fiber-optic temperature sensors based on various
structures of the harmonic Vernier effect proposed in
[29-32] is low and cannot meet the needs of high
sensitivity applications. The strain sensor based on
the harmonic Vernier effect proposed in [33] has the
strain sensitivity of 20.38 pm/pe, which means that
the sensitivity can be improved. The parallel FPI
fiber sensor based on the harmonic Vernier effect
proposed in [34] can realize the dual-parameter
detection of the strain and temperature, and the
strain and temperature sensitivity is 178.75 pm/ue
and 0.012 8 nm/°C, respectively, but their sensitivity
is low and cannot meet the requirements of the high
sensitivity measurement field. The cascade FPI fiber
temperature sensor based on the harmonic Vernier
effect proposed in [35] shows a wide working range,
with the sensitivity of 0.109 72 nm/°C, which will
limit its further practical application. In contrast,
the two cascade SIs proposed in this paper can
realize the sensor measurement of the strain and
temperature based on the first-order harmonic
Vernier effect, showing higher sensitivity than other
fiber-optic sensors listed in Table 1. Because of its
simple structure and low cost, the sensor presented
in this paper shows the wide application potential in
engineering and medical fields of high precision
measurement.

Table 1 Performance comparison between this sensor and
existing fiber optic sensors.

Sensitivity

Ref. Sensor type i::s:ti . (oga:rgeg) (nm/°C or
p K pm/pe)
Cascade
[29] PME-SIs Temperature 30-70 3.66
Cascade
[30] PMF-SIs Temperature 30-37 533
[31] PDMS+FPI Temperature 40-60 34
(37 ~ CascadeFPL t 41-44 19.22
and MI emperature .
Cascade .
[33] MMI-MZI Strain 0-1356.5 20.38
Strain 0-200 178.75
4 Parallel FPI
(34] Al TS Temperature 20-900 00128
[35] Cascade FPIs Temperature 25-800 0.109 72
This Cascade SIs Strain 0-1250 146.35
paper Temperature 27-32 24.92
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4. Conclusions

In this paper, a strain and temperature sensor
based on the cascade SI harmonic Vernier effect is
proposed. Through simulation and experimental
research, it is found that the basic Vernier effect can
be realized when the PMF lengths of two Sls are
slightly different, and the first-order harmonic
Vernier effect can be further realized when the
lengths of two PMFs are approximately multiple.
The sensor device composed of the harmonic
Vemier effect has a larger FSR of the output
spectrum and higher measurement sensitivity.
Compared with a single SI, the strain sensitivity
based on the basic Vernier effect is improved from
8.13 pm/pe to 61.93 pm/pue, with the magnification
of 7.6 times, and the temperature sensitivity is
improved from 1.51 nm/°C to 14.29 nm/°C, with the
magnification of 9.4 times. The strain sensitivity of
the sensor based on the first-order harmonic Vernier
effect is increased from 8.13 pm/pe to 146.35 pm/pe.
The temperature sensitivity is increased from
1.51 nm/°C to 24.92 nm/°C, and the magnification is
16.5 times.
harmonic Vernier effect can significantly improve

Therefore, sensors based on the

the sensitivity of strain and temperature
measurement. In addition, the research on stability
based on the harmonic Vernier effect shows that the
sensor has good strain and temperature stability,
which has the wide application potential in strain

and temperature measurement.
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