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Abstract

A novel optical fiber sensor, based on a composed-type Sagnac loop for gas pressure sensing, has
been introduced and experimentally validated. This sensor consists of a centimeter-scale twin-hole
and dual-core fiber (THDCF) sandwiched by two segments of polarization-maintaining fibers (PMFs)
via splicing. Given that the pure quartz PMF is insensitive to the variations in gas pressure, it is
unsuitable for the gas pressure sensing. To improve the sensitivity, a short piece of THDCF is added
to the PMF-based Sagnac loop. Theoretical analysis has demonstrated that the presence of THDCF
could significantly amplify the impact of air pressure on birefringence. Experimental results reveal
that as the ambient gas pressure rises from 0-1.2 MPa, the interference spectrum exhibits an obvious
red-shift with a high sensitivity of 8.381 nm/MPa. The sensor’s reliability has undergone repeated
verification by increasing and decreasing the pressure. Attributed to its simple structure, easy
fabrication, low cost and high sensitivity, the proposed sensor is particularly suited for development
in harsh environments.

Keywords: optical fiber sensor; gas pressure; Sagnac interference; hole-assisted fiber

1. Introduction

Gas pressure measurement serves as a critically important parameter in numerous
meteorological and industrial fields, including air pressure monitoring in aircraft cabins, gas pressure
monitoring in reactors, tanks and pipelines in the chemical industry [1,2]. Traditional gas pressure
monitoring technologies, such as force-balanced, resonant and piezoresistive methods, exhibit
limitations in certain special environments. For instance, in harsh conditions characterized by high
temperature, extreme pressure and intense electromagnetic interference, the measurement accuracy,
stability and reliability can be significantly affected [3-5]. Among these technologies, fiber optic gas
pressure sensors offer obvious advantages of compact size, immunity to electromagnetic interference,
resistance to high temperatures, and robust chemical stability [6]. These features enable them to fulfill
the requirements for precise gas pressure measurement under complex operational conditions,
thereby receiving widespread attention [7,8].

Several types of optical fiber sensors, including ones based on fiber Bragg gratings (FBGs) [9,10],
Mach-Zehnder interferometers (MZIs) [11] and Fabry-Pérot interferometers (FPIs) [12], have been
introduced for gas pressure sensing applications. Sensors utilizing FBGs, whether fabricated in single
mode fibers (SMFs) or special fibers, typically exhibit relatively low sensitivities (approximately 0.01
nm/MPa), rendering them unsuitable for multi-megapascal systems [13,14]. In the case of MZI
sensors, they leverage the phase difference principle which arises when light travels along distinct
paths, thereby generating interference patterns for sensing purposes [15,16]. Nevertheless, their low
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signal-to-noise ratio (SNR) and significant insertion loss limit both the detection range and the
measurement accuracy [17,18]. The Fabry-Pérot cavity design incorporates gas channels [19]. As the
gas pressure varies, the refractive index (RI) of the gas and the cavity length change accordingly [20].
However, this structure is susceptible to fragility and instability in response to external factors [21],
and its intricate manufacturing process results in high costs [22], all of which hinder the widespread
adoption of fiber optic gas pressure sensors. Among them, the Sagnac interferometer, as a unique
form of interference, can also be used to detect pressure variations. Owning to its simple structure,
stability, high sensitivity, high SNR, and low insertion loss, the Sagnac loop is particularly suitable
for physical parameter sensing, despite its inherent and unavoidable limitations [23]. Cho et al. [24]
proposed a pressure sensor based on a Sagnac interferometer utilizing polarization maintaining
photonic crystal fibers (PM-PCF) with high birefringence, featuring a 58.4-cm fiber length. However,
when the length of the PM-PCF is extended, such as 60 cm, the free spectral range (FSR) of the Sagnac
interferometer fringe becomes excessively narrow [25]. Although special optical fibers are adopted,
the sensor lengths remain relatively long. Bending the sensor can compromise the accuracy of the
measurement data, to a certain extent, restrict the sensor’s integration capability. In traditional fiber-
optic gas pressure sensing, hole-assisted optical fibers have attracted significant attention due to their
distinctive microstructure, which enables a sensitive response to environment changes. Our research
group [26] has demonstrated that a specific commercial hole-assisted fiber, such as twin-hole and
dual-core fiber (THDCEF), can be effectively utilized for gas pressure sensing. Compared with pure
quartz fibers, the THDCF exhibits a higher refractive index response of to pressure variations, and
the constructed interference structure demonstrates enhanced response sensitivity. However, hole-
assisted fibers like single-hole dual-core and dual-hole dual-core fibers have not been applied to
Sagnac gas pressure sensing due to their insufficient birefringence to generate Sagnac interferometric
effects [27-29]. In this paper, a short piece of THDCF was incorporated into a Sagnac loop for gas
pressure sensing. A centimeter-long THDCEF is splice-fused between two segments of equal length
Panda-type PMF, creating a PMF-THDCF-PMF fiber configuration. Note that precise welding control
between different types of optical fibers is essential for optimizing the Sagnac interference. The two
holes within the THDCF are aligned with the two stress regions of the PMF to amplify the interference
of the newly formed Sagnac loop. Experimental findings reveal that this innovative loop exhibits high
sensitivity to the gas pressure. Repeated testing further confirms the excellent reliability and
repeatability of the proposed sensor design.

2. Sensor Fabrication and Working Principle

The sensor comprises a 1-cm-long THDCF, which is sandwiched between two 5-cm-long PMF
segments through splicing, forming a symmetrical structure, as depicted in Figure 1. The 125-um-
thick silicate THDCF, fabricated by Wuhan Guanghe Communication Technology Company,
features a central core with a diameter of 7.6 um and an identical off-axis core positioned 9 um apart
(edge-to-edge). Additionally, a pair of 32-pum-diameter air holes running parallel to the central core,
with their edges spaced 7 um away from the central core’s edge, as illustrated in Figure 2 (a). The
PMF (PM1550-XP), supplied by Shanghai Connet Laser Technology Company, is 125 um thick with
a 8.4-um-diameter core. It incorporates two symmetrical boron-doped stress rods, each with a
diameter of 30 um and an edge-to-edge septation of 26 pm, as shown in Figure 2(b)The refractive
index of the cores is 1.464, with a refractive index difference of 0.014 between the cores and the
cladding, and a refractive index difference of 0.022 between two stress areas and the cores. The cross-
sections of the PMF can be seen in Figure 2(b).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(b)

Figure 2. Images depicting the cross-sectional size of (a) THDCF and (b) PMF.

The PMF and THDCEF are fused together by a commercial fusion welding machine (Fujikura
FSM-100P+). The correction angles for the left and right fibers are precisely set to ensure alignment
between the two holes of the THDCF and the two stress regions of the PMF during fusion welding.
Additionally, the arc discharge parameters must be carefully configured to prevent the collapse of
the holes in the fused THDCF and to guarantee high-quality fusion welding.

Multi-physics field simulations focusing on electric field-pressure interactions, are conducted
separately for PMF and THDCEF, respectively. Figure 3 illustrates the cross-sectional force profiles of
PMF and THDCEF, simulated under a gas pressure of 1 MPa. The image reveals the stress distribution
patterns following the application of pressure around the fiber’s perimeter. White circles denote the
holes, while the blue regions indicate areas of zero stress. Notably, THDCF exhibits a stress
distribution predominantly concentrated around the holes, as depicted in Figure 3(a). In contrast,
PMF develops stress-induced refractive index variations due to the different thermal expansion
coefficients between the rods and the remaining fiber structure during the fabrication process [30].
Consequently, the effective mode indices n.f are differentiated for the two principal axes. The stress
in PMF is primarily localized within the boron-doped stress rods, as illustrated in Figure 3(b). The
disparity in refractive index between the two polarizations is called birefringence and is
mathematically defined as:

B, =n,—n,| D

For the PMF, Bn has a magnitude of 104, which is approximately 10 times larger than that of
THDCEF. The FSR is defined as follows:

FSR=A1"/B, -L )

where L is the fiber length. Based on Equation (2), a rough calculation reveals that the THDCF must
be approximately 10 times longer than the PMF to generate interference fringes with an identical FSR
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as that of the PMF. Consequently, a shorter THDCF length was chosen compared to the PMF during

the sensor fabrication.
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Figure 3. The stress distribution under 1 MPa for (a) THDCF and (b) PMF.

As an example, the resulting birefringence profiles of THDCF and PMF at a reference pressure
range of 0-1 MPa, are displayed in Figure 4. The expected birefringence value for THDCEF, calculated
at Mpa, turns out to be 4x105, which is consistent with the previous birefringence measurements for
this type of fiber. Figure 4(a) displays the simulated birefringence Bw, in the core of THDCF as
function of reference pressure ranging from 0-1.2 MPa. As depicted, it increases linearly with gas
pressure. In contrast, the birefringence Bn, of PMF remains unchanged, referring to Figure 4(b).
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Figure 4. Simulated birefringence values (1:-1y) within the core of (a) THDCF and (b) PMF as a function of the

gas pressure at room temperature 25°C.

The Sagnac loop constitutes an interferometer, in which the two arms are interconnected,
enabling the same beam splitter to act as both the input and output port. In fiber-optic systems, such
a device can be realized by fusing two legs of a 3-dB coupler. A fiber Sagnac interferometer is
employed to generate interference fringes. Within the fiber loop, when light enters the PMF for
transmission, two orthogonal modes, namely HEi and HE]; propagate along the fast and slow axes
of the PMF, respectively. These two orthogonal modes accumulate phase differences and
subsequently interfere within the 3-dB coupler. Neglecting the losses in the Sagnac loop, the
transmission spectrum of the fiber loop can be approximated as a periodic function of the
wavelength, as given by [31]

=~ {1-cos(3, +3,))
1)

where, 9% and % represent the phase differences caused by the intrinsic birefringence along the

PMF length Ly=1L,+1, , 0=0;+9, . Meanwhile, the phase differences resulting from the
pressure-induced birefringence along the THDCF length Li, given by
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2n-AB-L,
Oy ="l
A )
5 = 2K, AP)L,
’ A 3)

AB=n_ -
where, ey is the birefringence of the PMF; ni1and n2 are the effective refractive indices of
the PMF along the slow and fast axes, respectively; AP donatesthe applied pressure. The

birefringence-pressure coefficient can be expressed as

_om _om
P 9P P @)
The spacing d between the two adjacent transmission dips in the spectrum can be approximated
estimated by
2{2
T (AB+An)-L
The pressure-induced wavelength shift of the transmission minimum is
d-o
A1 =
2n (6)

Hence, it becomes possible to derive the relationship between wavelength shifts and the applied
pressure by

Aﬁ:&.&)
(AB+ An) -

From Equation (8), the wavelength shift is approximately linearly proportional to the gas
pressure P exerted to the sensor.

3. Experiments and Discussion

Gas pressure measurements are conducted using a super luminescent diode (SLD, Denselight,
1250~1650 nm) and an optical spectrum analyzer (OSA, Yokogawa, AQ6375) with a resolution of 0.05
nm via a 3-dB coupler. Additionally, a sealed gas pressure chamber serves as an apparatus for
generating gas pressure variations, as depicted in Figure 5. Prior to measurement, the sensor is
mounted on a slender iron rod before being placed inside the gas chamber to enhance the linearity
and robustness of the gas pressure detection. The slender iron rod, made of Ni-Ti alloy, has a diameter
of 1 mm and features two side grooves for securing the sensor, as illustrated in the inset of Figure 5.
Most notably, the interferometer demonstrates robustness against mechanical and thermal
fluctuations. The OSA records the interference spectra, while the gas pressure is incrementally
increased to establish a temporal correlation between the gas pressure and the wavelength spectra.
Upon reaching the target pressure value, the system maintains this pressure for a certain period to
establish stabilization.

The effect of varying lengths of PMF and THDCF on the interference spectrum has been
explored. Shorter PMF lengths result in fewer interference peaks within the 1450-1650 nm
wavelength band, as depicted in Figure 6. Specifically, the FSR of a 10-cm-long PMF is approximately
29.6 nm near 1550 nm, as illustrated in Figure 6(d). To facilitate the monitoring of the tip shifts in
subsequent experiments, a 10 cm PMF length was selected. Regarding different lengths of THDCF,
Figure 7 demonstrates that the number of interference fringes remains unaffected within the 1450-
1650 nm band. FSR at 1550 nm for different THDCF lengths were 54.2 nm, 57.4 nm, 59.1 nm and 57.9
nm, respectively.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e~ i Pressure Pump

Figure 5. Schematic diagram of a Sagnac fiber interferometer for gas pressure measurement.
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Figure 6. Interference spectra of PMFs with length of (a) 40 cm, (b) 30 cm, (c) 20 cm, and (d)10 cm.

Furthermore, fast Fourier transform (FFT) analysis of the interference spectra in Figure 6 reveals
that the frequency decreases as PMF length diminishes, as shown in Figure 8(a). In contrast, THDCF
length has a minimal impact on frequency variations, as depicted in Figure 8(b), which is consistent
with the prior theoretical predictions. For gas pressure sensing experiements, the fiber sensor is
affixed to a metal bar to avoid pre-stressing and minimize the measurement uncertainty. Afterwards,
the sensors are sealed within a gas pressure chamber. At a constant room temperature, the internal
gas pressure is adjusted by the pump, ranging from 0 MPa to 1.2 MPa and then back down to 0 MPa
in increments of 0.2 MPa. After each adjustment, a 5-minute waiting period is allowed for the internal
gas pressure of the chamber to be stabilized.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The entire spectrum shifts uniformly with gas pressure variations. By tracking a single spectrum
minimum, such as the one around 1550 nm depicted in Figure 10, the gas pressure dependence of the
spectral shift can be determined. As shown in Figure 10(a), the spectrum undergoes a significant red-
shift as the pressure in the gas chamber increases. Consequently, as the pressure decreases, the
spectrum exhibits a notable blue-shift, as seen in Figure 10(b). To verify the sensor’s stability, three
additional sets of repetitive gas pressure increase and decrease cycles are conducted, as presented in
Figure 11.

As evident from the figures, the interferogram shifts linearly with gas pressure during the
increase from 0 MPa to 1.2 MPa. The slopes obtained from linear fitting for the gas pressure increase
and decrease experiments are 8.339 nm and 8.625 nm for the first group (Figure 11(a)), 8.196 nm and
8.268 nm for the second group (Figure 11(b)), and 8.441 nm and 8.196 nm for the third group (Figure
11(c)), respectively. These fitting results of the three replicated experiments demonstrate good
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linearity. The sensors exhibit a consistent linear response throughout the cycles, with the fitted curves
for pressure increase and decrease processes being nearly identical. An error analysis is performed
on the results of the three fits, yielding gas pressure sensitivities (denoted by S) of 8.379 nm/MPa for
gas pressure increase and 8.381 nm/MPa for gas pressure decreasing, respectively, as shown in Figure
12. As evidenced in Figure 13, the spectral line undergoes blue shifting as temperature increases.
Linear fitting of a peak shift near 1560 nm reveals a measured temperature sensitivity (denoted by

Sr) of -1.438 nm/°C. These results confirm that the proposed sensor has excellent stability and
repeatability.
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Figure 10. Spectral shifts under different gas pressure conditions: (a) increasing from 0 MPa to 1.2 MPa and (b)
decreasing from 1.2 MPa to 0 MPa.
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Group III, with error bars included for each of the three measurement sets.
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4. Conclusions

A simple, sensitive, and transmissive optic-fiber gas pressure sensor based on a Sagnac loop has
been presented. The fiber sensor is mainly composed of a 1-cm-long THDCF sandwiched by two
pieces of 5-cm-long PMEF. Given that the pure quartz PMF is insensitive to gas pressure changes, the
THDCEF is integrated into a PMF-based Sagnac loop to facilitate gas pressure sensing. When affixed
on a metal rod and positioned within a gas chamber at room temperature for testing across a pressure
range of 0-1.2 MPa, the transmission spectra exhibit a red-shift as the gas pressure increases, and a
blue-shift as the gas pressure decreases. The linear sensitivities are measured at 8.381 nm/MPa for
pressure increasing and 8.379 nm/MPa for pressure decreasing, respectively, with an extinction ratio
up to 28 dB. Moreover, the sensor is also capable of temperature sensing, demonstrating a
temperature sensitivity of -1.438 nm/°C under a stable gas pressure. The proposed fiber sensor boasts
high sensitivity, low cost, and easy fabrication, holding promising sensing application prospects in
the future.
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