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Abstract: An ultra-high sensitivity parallel-connected Fabry-Perot interferometers (FPIs)
pressure sensor is proposed and demonstrated based on hollow core Bragg fiber (HCBF) and
harmonic Vernier effect. The HCBF functions as a micro Fabry-Perot cavity and possesses low
transmission loss. One FPI acts as the sensing unit while the other FPI is used as the reference
unit to generate the Vernier effect. The sensing FPI was prepared by fusion splicing a section of
HCBF between a single-mode fiber (SMF) and a hollow silica tube (HST), and the reference FPI
was fabricated by sandwiching a piece of HCBF between two SMFs. Two FPIs with very different
free spectral ranges (FSRs) in the fringe pattern were connected to the 2 x 2 coupler parallelly,
which realizes the harmonic Vernier effect and ensures the stability of the interference fringe.
Laboratory results exhibited that the pressure sensitivity can be enhanced to 119.3 nm/MPa
within 0-0.5 MPa by the proposed sensor. Moreover, low-temperature crosstalk of 0.074 kPa/°
was achieved. Compared with the traditional optical fiber gas pressure sensor, the advanced
sensor features high sensitivity, stability, easy fabrication, and fast response, which can be a
promising candidate for real-time and high-precision gas pressure monitoring.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical fiber gas pressure sensors have been widely used in various sensing areas such as
environmental safety monitoring, aerospace, military, and medical diagnosis due to their
compact size, high accuracy, corrosion resistance, remote monitoring ability, and immunity to
electromagnetic interference. Several kinds of structures for gas pressure measurement have
been developed based on long-period fiber gratings (LPFGs) [1], fiber Bragg gratings (FBGs)
[2], anti-resonant reflecting optical waveguides (ARROWSs) [3], Mach-Zehnder interferometers
(MZIs) [4], and Fabry-Perot interferometers (FPIs) [5]. Among them, considering robustness
and convenient manufacturing, FPIs have been extensively employed recently [6] to estimate
the gas pressure via observing changes in the refractive index (RI) or cavity length of the FPI.
The structure of fiber optic FPI gas pressure sensors can be divided into two categories: (i)
diaphragm-based FPIs, where the light propagates in the closed cavity formed by the diaphragm
and fiber end face, and (ii) open FPIs that contain a gas inlet channel connecting from the outside
environment to FPL.

For diaphragm-based FPIs, a variety of materials have been employed, including polymer [7],
graphene [8], silver [9], and silica [10], which are typically assembled at the end of the sensor
and function as the reflector of FPI. The elastic deformation of the diaphragm material induced
by pressure variation would further result in the change of optical length of the Fabry-Perot (FP)
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cavity. Diaphragm-based FPIs have been reported an ultra-high sensitivity up to 1.41 um/kPa
[7], which rests with the characteristics and shape of the diaphragm. However, these kinds of
sensors are generally limited by poor mechanical strength and narrow measuring range since
the diaphragm fixed at the fiber end can be easily cracked. Furthermore, the unpredictable
mechanical deformation of diaphragm materials could lead to inferior linearity and repeatability.

Open FPIs take advantage of the gas circulating between the intrinsic FP cavity and the external
environment. This means the RI of gas in the air cavity will equally change with that outside the
cavity, and therefore the linearity and wide sensing range can be guaranteed. There are primary
two methods to develop open FPIs. One approach is based on the femtosecond laser drilling
technique to create a micro-channel in the side of the fiber [11]. By using this method, this
type of sensor possesses high endurance and well fringe visibility. Nonetheless, the fabrication
devices are generally pricey and complex, and the debris produced from laser drilling usually
disturbs the quality of the interference pattern. Another scheme can be realized by cascading a
hollow silica tube (HST) to the FPI without any non-fiber optic assemblies, which indicates its
durability and fast response. The air hole of HST could serve as a gas channel while the facet of
HST functions as a reflector of FPI. Due to the easy operation, flexible combination, and low
cost, this structure is certainly competitive in gas pressure measurement. However, a theoretical
analysis proves that the sensitivity of open FPI gas sensors is limited below 5 nm/MPa [12],
which restricts their practical application expecting high sensitivity. Accordingly, maintaining
a large measuring range while ensuring relatively high sensitivity is the major motivation for
optical fiber gas pressure sensing.

To improve the sensitivity of open structure gas pressure sensors, FPI sensors based on the
Vernier effect have been extensively studied [13—15]. Similar to the Vernier caliper, the optical
Vernier effect refers to a reference interferometer as a fixed scale and a sensing interferometer
as a sliding part, and the overlap between two interference signals with a slight free spectral
range (FSR) difference would generate a superimposed spectrum. The combined spectrum with
a periodic envelope can provide a wavelength shift magnification. By detecting the response
of the extracted spectrum envelope, the sensing capabilities can be amplified by an order of
magnitude compared to that of the individual sensing interferometer, leading to a new generation
of high-resolution fiber optic devices. Nowadays, research based on the optical Vernier effect
has been proposed for analyzation of a diverse range of parameters, such as curvature [16],
temperature [17], strain [18], refractive index [19], and gas pressure [20]. For gas pressure
sensing, in 2015, Quan et al. [21] proposed a cascaded-cavity FPI gas pressure sensor using the
PCF and the hollow silica tube (HST), which realized a gas pressure sensitivity as high as 82
nm/MPa. In 2019, Li et al. [22] arranged single-mode fiber (SMF), side-opened HST, and optical
fiber column in series, whose gas pressure sensitivity reached 80.3 nm/MPa. In fact, since two
FPIs in the cascaded configuration are located physically close to each other, this can probably
lead to the unsteadiness of reference signals caused by the change in measurands, which can
further influence the accuracy of output signals. Additionally, their temperature cross-sensitivity
cannot be ignored as the HST is less sensitive to temperature than the PCF/SMF.

In this paper, we introduced harmonics to the optical Vernier effect and proposed an ultra-high
sensitivity fiber gas pressure sensor with two separated FPIs. The harmonic Vernier effect is
an extended concept of the fundamental Vernier effect [23]. Theoretically, the fundamental
case occurs when the difference between the two optical path lengths (OPLs) is tiny, while the
harmonic Vernier effect is that the OPL of the reference unit pluses multiple integers (i,7 > 0, i
being the harmonic order) of the OPL of the sensing unit. Compared to the fundamental Vernier
effect, the harmonic case has further promoted the sensing ability, where the magnification
factor is in proportion to the harmonic order. For the proposed sensor, these FPIs are based on
the SMF-HCBF-HST (open FPI) structure, and the SMF-HCBF-SMF (closed FPI) structure,
respectively. As an air cavity of FPI, the HCBF has the advantage of low transmission loss
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that allows the cavity length to be extended to the millimeter-scale, which improves the sensing
performance. An inner diameter of the HST much smaller than that of the HCBF provides the
mirror reflection and the gas channel. The open FPI as the sensing element and the closed FPI as
the reference part are both connected by a 3-dB coupler in a parallel configuration. Two FPIs
with very different OPLs generate the first-order (i = 1) optical harmonic Vernier effect. In the
experiment, the proposed sensor demonstrated a tremendous gas pressure sensitivity of 119.3
nm/MPa ranging from 0 MPa to 0.5 MPa with high linearity of 0.9974, which is 29.24 times
larger than the individual sensing interferometer. Moreover, a fairly low-temperature crosstalk
of 0.074 kPa/° was realized benefiting from the low thermo-optical coefficient and thermal
expansion coefficient of the FP cavity.

2. Fabrication and principle

2.1. Sensor fabrication

Figure 1 (a) and (b) illustrates the schematic diagram of the proposed gas pressure sensor, which is
constructed by two FPIs in a parallel configuration. The commercial fusion splicer (FURUKAWA,
FITEL S178A) was used for splicing. To ensure the ideal mechanical strength of the splicing
joint and non-deformation of the air core, fusion splicing parameters were optimized, as indicated
in Table 1. The sensing unit denoted as FPI-1 was fabricated by fusion splicing a section of the
homemade HCBF between the SMF (Corning, SMF28) and the HST (Polymicro Technologies,
TSP005150), as shown in Fig. 1(a). The gas diffuses from the ambient environment to the air
cavity of HCBF through the hollow core of HST, in the meanwhile, the head face of HST serves
as a reflector. There is an offset between the size of the gas inlet channel and the reflection
ratio, hence an HST inner/outer diameter of 5/125 um was chosen to ensure sufficient mirror
reflection and fast response. It is noted that the last end face of HST must be polished to avoid
redundant reflection. As depicted in Fig. 1(b), the reference unit named FPI-2 was formed by
sandwiching a piece of HCBF between two SMFs. The gas tightness of the FPI-2 and isolation of
two interferometers guarantee that the referenced interference pattern can avert being disturbed
by the outside environment. When light propagates from the lead-in SMF to the air cavity of
HCBF, multiple reflections happen at two interfaces M1 and M2. Then both FPI-1 and FPI-2
generate periodic comb-like fine reflection spectra.

(a) Sensing unit (FPI-1) (c)

Lead-in SMF HCBF HST | Polish
M1 M2 1
Optical _4_

(b) Reference unit (FPI-2)

Lead-in SMF HCBF SMF | Polish
| m1 | m2 |
S — !

Optical
—
\ | |

Fig. 1. Schematic diagram of the HCBF-based parallel-connected FPIs gas pressure sensor:
(a) sensing unit; (b) reference unit. (c) Microscope image of the cross-section of the HCBF.

The microscope image of the cross-section of homemade HCBF is presented in Fig. 1(c). The
HCBF has a core/cladding diameter of 32/125 um and a four-bilayers annular rings structure
surrounding the air core. The four pairs of bilayers structure have alternant high and low RlIs
distribution (n;, and n;, respectively), which can strongly confine light in the air core. Unlike the
HST, which is usually used as the air cavity of the FPI [24], the homemade HCBF based on the
ARROW mechanism [25] has a comparatively low transmission loss that can offer a well-defined
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Table 1. Main parameters of fusion splicing

Splicing Parameter Value
Arc power 60 unit
Arc duration 230 ms
Cleaning offset 60 unit
Cleaning duration 20 ms
Gap 5 pm

Z push length 15 uym
Arc offset -10 um

interference as a result [26]. The detailed parameters and fabrication process can be referred
to Ref. [27]. To investigate the property of the HCBF, six HCBFs are prepared with different
lengths, and their transmission spectra are demonstrated in Fig. 2. Several sharp transmission
lossy dips occur at certain resonant wavelengths caused by anti-resonant reflecting [28] when
the fiber length is larger than 2.5 mm, which may affect the modulation of the superposition
spectrum envelope. Therefore, HCBF lengths of about Imm and 2 mm with modest profiles in
transmission were selected for manufacturing the sensing unit and reference unit, respectively.

HCBF length
60 FH—~— T R — o
4.0 mm| 1
3.0 mm
40 b -

2.5 mm

2.0 mm|

1.0 mm

Offset transmission (dB)

0
1530

1540 1550 1560 1570

Wavelength (nm)

1580 1590 1600

Fig. 2. Transmission spectra of HCBFs with different lengths.

2.2. Fundamental Vernier effect

For a single interferometer, the center wavelength of the m order (m being an integer beginning
from 1) interference dip in the reflection spectrum can be defined as:

B 4nlL B 4
T 2m+1 2m+1

OPL, ()

m

where n and L denote the RI and the cavity length of FPI, respectively. And OPL = nl is the
optical path length, which is an important quantity of the interferometer that determines the FSR.
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The FSR of two FPIs can be expressed as:

A2 A2
FSRi = —— ,FSR) = ———,
! 2 2n2L2

2
2n1L1 ( )

where FSR; and FSR; are the FSR of the sensing unit and reference unit, respectively. Both FPIs
are parallel-connected by a 3-dB coupler, which allows the reference unit to be independent of
the sensing unit and to maintain stability. Two reflection beams from each FPI recombine as
an overlapped spectrum at the coupler and output to the detection system. When OPLs of two
interferometers exist a tiny detuning (6 = OPL; — OPL;), the Vernier effect is generated, and the
superposition spectrum is modulated by a periodic envelope with fine fringes. The FSR of the
envelope can be expressed by the relationship between the FSRs of each interferometer [29]:

/12
2(niLy — nals)

FSR; - FSR,
FSR, — FSR,

FSR, = ’ . 3)

Since the fringes of the sensing element move slightly, there will be a significant wavelength
shift in the Vernier-like spectrum envelope, which amplifies the sensitivity of a single sensing
interferometer dozens of times. Therefore, a magnification factor (M factor) is performed to
define the ratio between FSRs of the Vernier envelope and the single sensing probe, such as:

L
M niLy

= . @)

_ FSR, _ FSR,
" FSR, |FSR, — FSR,

mLy —nyL,

Alternatively, the M factor can also be defined as the comparison of sensitivity between the
Vernier-based sensor and the individual sensing FPI:
Se
M=—, 5
3 &)
where S, and S represent the sensitivity of the combined spectrum envelope and the individual
sensing unit, respectively. Basically, both definitions of the M factor can estimate approximately
the same result, though their formulas are distinct.

2.3. Harmonic Vernier effect

The essential condition of the fundamental Vernier effect is that OPLs of both FPIs should be
similar but not equal, nevertheless, the application of the harmonic Vernier effect provides the
possibility to fabricate two interferometers with great distinction in the OPL. Harmonics of the
Vernier effect relies on the OPL of reference FPI being increased by i (i > 0,7 being an integer)
multiples of the OPL of sensing FPI (OPLé = nply + in1L;), where i is the harmonic order.
According to Eq. (2), the FSR of the reference FPI becomes:

/12

FSRy = —
27 2mls + iniLy)

(6)

It is worth noting that the case i = 0 signifies the fundamental Vernier effect. The harmonics
introduced re-forms the envelope intensity with the same frequency and FSR, which can be
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verified by the FSR formula of harmonic Vernier-based spectrum as follows [23]:

FSR, - FSR,

FSR! = .
¢ |FSR, - (i+ 1)FSR,

= FSR,. @)

/12
- ‘2(H1L1 -mkL,)

The M factor depends on the concept of the internal envelope [23], which is related to the
order of harmonics. In consequence, the M factor as a function of i is defined as:

(i + 1)FSR}
FSR| — (i + 1)FSR,,

i nily

=(i+]1) = (i+ )M, ®)

niLy —nals

From Egs. (7) and (8), it is apparent that the sensitivity can be increased by i times with the
same FSR of envelope via leading in harmonics. Furthermore, Eq. (8) can be modified in the
form related to the OPL of the sensing FPI and detuning as:

M= (i+ 1)01;L1, )

where a positive or negative detuning factor determines the wavelength shift of envelope peaks is
in the forward or opposite direction to that of the individual sensing FPI.

2.4. Sensing mechanism

For gas pressure sensing, the crucial parameter of the proposed structure is the OPL of the cavity,
which means that changes in both RI (n) and cavity length (L) could induce wavelength shift. It
should be noted that the change of cavity length of the in-line open cavity FPI directedly induced
by pressure is negligible. Thus, the sensitivity is primarily contributed by variation of the RI as a
result. According to the updated Edlen equation [30], n is the function of the temperature and the
pressure:

2.8793 x 107°
TTH000367xT
where T stands for temperature in degrees Celsius (°), and P denotes the gas pressure in Pascal
(Pa). Therefore, the pressure sensitivity of the sensing FPI can be simply derived from Eq. (1)
and Eq. (10) as:

(10)

Ngir = 1

o4
SP = 8—P
_ 4Ly Ongr
T 2m+l 9P
Ongir 1 an
- oP . Nair

2.8793x 107 1
"T+0.00367 X T ngy’

Typically, the sensitivity of the sensing FPI at a temperature of 25 © and wavelength of 1550
nm is 4.09 nm/MPa according to Eq. (11), which indicates the pressure sensitivity of the in-line
FPI is nearly constant and is irrelevant to the cavity length. Since the variation of temperature
has little influence on the RI of air, the sensitivity of temperature is mainly from the thermal
expansion effect induced cavity length change:

_94 _ 0L 1
“or  Yor Ly

St 12)

where (04,/0T) - (1/Ly) is the thermal expansion coeflicient of the silica. For the proposed
sensor in parallel configuration based on the first-order harmonic Vernier effect, the pressure
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sensitivity can be obtained by multiple Eq. (8) and Eq. (11):

Sp=M"Sp, (13)
where M! is the magnification factor for the first-order harmonics of the Vernier effect.

3. Experimental result and discussion
3.1. Gas pressure experiment

Both FPIs of the proposed sensor have the same RI of the air cavity (n; = np = 1). The sensing
unit was fabricated with a cavity length of ~0.96 mm, and the cavity length of the reference
unit was cleaved to ~1.85 mm (0.96mm X 2 minus a detuning of ~70 um) for the production of
first-order harmonics. To investigate the properties of each FPI and the harmonic Vernier effect,
reflection spectra of the sensing unit, reference unit, and the proposed sensor were analyzed, as
shown in Fig. 3. The maximum reflection intensity of the superposition spectrum occurs when
the interference peaks of the two FPIs are in phase (black dash line) as depicted in Fig. 3(a), and
the space between the two peaks is measured to be 17.42 nm. Moreover, the range between two
maximum interference peaks are corresponding to the FSR of the upper envelope (blue curve) of
the combined spectrum and the measured FSR is 17.59 nm, as presented in Fig. 3(b). Similarly,
the lower envelope (red curve) with the FSR of 17.77 nm is nearly equal to the upper one. The
little difference among the three FSRs comes from errors in the envelope fitting process.

(a) (b)

42

T T T — T T
44 —— Sensing unit ||
—— Reference unit

It

52 . 48|

17.42 nm

17.59 nm

| mmm

. | L . L ) 50 i i | L L
1540 1544 1548 1552 1556 1560 1540 1545 1550 1555 1560
Wavelength (nm) Wavelength (nm)

44

46 H

Intensity (dB)
Intensity (dB)

Fig. 3. (a) Reflection spectra of the sensing unit and reference unit. (b) Reflection spectrum
of the paralleled FPIs.

The Fast Fourier Transform (FFT) was executed to verify the interference reflection of each
unit. Figure 4 demonstrates the harmonic Vernier spectral characteristics around the wavelength
of 1550 nm, where two dominant peaks located at frequencies of 0.7996 nm~" and 1.5435 nm™!
can be observed, implying that two interferences are generated. According to Eq. (2) and
the formula FSR = 1/f (f being the frequency), we can conclude that peaks at 0.7996 nm™!
(FSR| = 1.2506 nm) and 1.5435 nm™" (FSR, = 0.6479 nm) are frequencies of the sensing unit
and the reference unit, respectively. The minor peak at the frequency of 2.3488 nm™! represents
the partial reflection between the two interfaces of the HST. As the detuning is positive, the
redshift would happen when pressure is increased. And the theoretical FSR of the envelope is
calculated to be 17.95 nm, which is in line with the experimental result. In this context, the M
factor is estimated to be 28.71 according to Eq. (8).

The schematic diagram of the experimental setup for gas pressure sensing based on the
harmonic Vernier effect and the HCBF is displayed in Fig. 5. Both the sensing unit and reference
unit were parallelly connected to the output arms of the 3-dB coupler. The incident light launching
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Fig. 4. FFT for the superimposed interference spectrum.

from the amplified spontaneous emission (ASE; MC Fiber Optics) with a spectral range of
1528-1603 nm was guided into the coupler and was divided equally into two parts. One part
propagated to the sensing unit while another one was transmitted to the reference unit. Then the
reflection beams overlapped at the coupler and were detected by the optical spectrum analyzer
(OSA; Yokogawa, AQ6374) with a resolution of 0.05 nm. The sensing unit was sealed into the
chamber of the pressure test bench (MY Instrument Technology Co., Ltd., YFY-XK600) using
ultraviolet (UV) glue. A high-accuracy pressure gauge (MY Instrument Technology Co., LTD.,
GJ100-MO05) was installed on the bench to measure the pressure with a precision of 0.0001 MPa.

A3 Pressure gauge

Reference unit

Sensing unit

Fig. 5. Schematic diagram of the experimental setup for gas pressure measurement.
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To verify the magnification of the proposed sensor compared to a single sensing part, the
pressure measurement was firstly conducted for the sensor without the reference unit. In Fig. 6,
the interference peak situates at the wavelength of around 1560.9 nm discloses a wavelength shift
toward the longer wavelength as the pressure increases in the interval of 0-0.5MPa with a step
of 0.1 MPa. The inset shows that the sensitivity of the sensing FPI for pressure increasing is
measured to be 4.08 nm/MPa, which is identified with the theoretical result of Eq. (11).

1562 1564 1566 1568 1570

I ¥ I = 1 ) I

-45.0 0.5 MPa§

-49.5

-45.0

-49.5

-45.0

B)

2495

-45.0
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-49.5

T T
Linear fit of sensing unit

—45.0 1563.5 . _
E 1563.0 il 4
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l % 15625 ] 1 1
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-45.0 e < R2=0.9991 14
495 00 o1 0z 03 04 o5
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1 1 1 1 | —_—
1562 1564 1566 1568 1570

Wavelength (nm)

Fig. 6. Response of the sensing FPI to pressure, inset shows the relationship between the
wavelength of interference peak and pressure.

For the paralleled structure sensor, gas pressure experiments were repeated with pressure
increasing and decreasing from 0 MPa to 0.5 MPa with a step of 0.02 MPa at room temperature
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Fig. 7. Response of the paralleled FPIs to pressure: (a) pressure ranges from 0.00 MPa to
0.24 MPa; (b) pressure ranges from 0.26 MPa to 0.50 MPa.

(~23.5 °). Reflection spectra under multiple pressure values within 0.00-0.24 MPa and 0.26-
0.50MPa are shown in Fig. 7(a) and Fig. 7(b), respectively. The lower envelope (red line) of
the reflection spectrum with a distinct outline is selected for analysis. Four envelope peaks (red
and blue arrows) in the range from 1528 nm to 1603 nm can be detected in Fig. 7(a). The peak
pointed by the red arrow at the wavelength of about 1542 nm was arranged to be the traced
peak, beginning from the gas pressure of 0 MPa. As pressure rises, the envelope peak reveals
a steady and remarkable redshift indicated by black straight arrows, which is consistent with
the theory. As shown in Fig. 8, the pressure sensitivity in the process of pressure increase is
measured to be 119.29 nm/MPa, with the R-squared value of 0.9973. Inversely, the blueshift
of the Vernier envelope occurs when the pressure reduces, and the calculated slope is 119.26
nm/MPa with a linearity of 0.9974. The experimental results in both processes of pressures
increasing and decreasing demonstrate excellent sensing performance of the proposed sensor,
which has ultra-high sensitivity and great linearity, and the similarity of results from the two
groups signifies the high repeatability. An M factor of 29.24 is obtained according to Eq. (13),
and it is similar to the estimated value.

3.2. Temperature experiment

The HCBF-based harmonic Vernier sensor was placed in a temperature chamber, and the value
of temperature was adjusted from 25 °C to 55 °C with a step of 10 °C. Figure 9 shows the
reflection spectra of a single envelope under different temperatures, which specify the blueshift
trend of the envelope peak with temperature increasing. It can be distinctly observed that the
peak wavelength presents a tiny shift in a large temperature range. The inset from Fig. 9 exhibits
the linear response of the peak wavelength to the change in temperature, and the fitting slope
is calculated to be -8.8 pm/°C with a linearity of 0.9954. Compared to the wavelength shift of
the envelope peak caused by pressure change, that induced by temperature is negligible. The
temperature crosstalk is calculated to be about 0.074 kPa/°, which means that the proposed
HCBF-based sensor can realize temperature-insensitive pressure sensing.
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3.3. Discussion

Practically, the length of in-line FPIs based on the fundamental Vernier effect is commonly
at a sub-millimeter scale to reduce the transmission loss for a relatively high extinction ratio
of the reflection spectrum. By using the HCBF, the cavity length can be extended to the
millimeter-scale benefiting from its low transmission loss [31], which can significantly simplify
the fabrication process. In addition, since the M factor is inversely proportional to the detuning,
it can be challenging to maintain small detuning for high sensitivity at the cavity length of
the sub-millimeter scale by manual slicing. But harmonics of the Vernier effect can provide
higher sensitivity, meaning that harmonics allow for higher interferometer fabrication tolerances.
Besides, the M factor is proportional to the OPL of the sensing unit, the millimeter-scale OPL
can contribute to the magnification. It is noted that the large FSR of the envelope induced by the
short cavity length or tiny detuning will limit the detection system with narrow bandwidth.

When the M factor increases with the harmonic order beyond limitation, there is a trade-off
between the sensitivity and the visibility of the reflection spectrum envelope as the increasing
harmonic order will result in the evanescence of envelope peaks [23]. Since the increase of
harmonic order corresponds to the increase of HCBF length for the proposed sensor, the second
harmonic order (length ~3 mm) can damage the envelope profiles due to the anti-resonant
reflecting.

The comparisons of key sensing parameters between the proposed sensor and other reported gas
pressure sensors with diverse structures based on the Vernier effect are shown in Table 2. Among
them, the pressure sensitivity of the proposed sensor in this work is far ahead. Both high detunings
of the sensor reported in this work and Ref. [24] based on the first-order harmonics present great
sensitivity with a relatively high detuning factor, which verifies the high fabrication tolerance
of the harmonic Vernier effect-based sensor. With parallel configuration, sensors reported in
this work and Ref. [32] have the characteristic of low-temperature crosstalk. Additionally, the
pressure sensing range can be enlarged while the light source with broader bandwidth is used.

Table 2. Performances of gas pressure sensors based on the Vernier effect

Structure Sensitivity M factor 5 Pressure sensing Temperature Ref.
(nm/MPa) (um) range (MPa) crosstalk (kPa/°)
FPI: HCBF + HST and HCBF 119.29 29.24 ~70 0-0.5 0.074 This work
+ SMF in parallel
FPI: HST + PCF in series -82 26.36 -8.1 0-1.379 - [21]
FPI: SMFs in side-opened HST -86.64 32.8 -21.9 0-0.6 5.18 [20]
FPI: side-opened HST + SMF 80.3 ~20 18.1 0.1-0.3 -1.33 [22]
in series
FPI: HSTs in series (first-order 80.8 - 40 0.001-0.1 2.22 [24]
harmonics)
FPI: cascaded HSTs and HST + 45.76 11.44 11 0-1.2 0.097 [32]
SMF in parallel
MZI: MMF + dual side hole -60 ~7 23 0-0.8 0.55 [33]
fiber + MMF in series
MZI: MMF + HST + MMF + -73.32 8.5 - 0-0.8 0.72 [4]

side-opened HST+ MMF in
series
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4. Conclusion

In summary, a harmonic Vernier effect-based parallel-connected FPI sensor using HCBF is
proposed and demonstrated for pressure measurement. First-order harmonics introduced in the
Vernier effect can further magnify the sensitivity and enhance the fabrication tolerance. With the
unique structure, the HCBF facilitates light confinement, providing the possibility of elongating
the cavity length, which can boost the magnification factor of the proposed sensor. The use of
HCBF and harmonic Vernier effect makes it possible to obtain a high sensitivity without the need
to focus on reducing OPL differences, which simplifies the fabrication process. According to the
response of the lower envelope peak, the measured pressure sensitivity of the proposed sensor
is 119.29 nm/MPa in the range of 0-0.5 MPa, with linearity of 0.9973, and the magnification
factor reaches as high as 29.24. The sensitivity of temperature is -8.8 pm/°C ranging from 25
°C to 55 °C, and the corresponding linearity is 0.9954. Extremely low-temperature crosstalk
of 0.074 kPa/° is achieved. The ultra-high sensitivity, low-temperature crosstalk, compact size,
cost-effective production, and simplicity will make the advanced sensor continuously progress in
the sensing area.
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