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Abstract: In this paper, a long-distance distributed pressure sensing system based on a special
fiber and using frequency-scanned phase-sensitive optical time-domain reflectometry is proposed.
The fiber shows high pressure sensitivity (159 MHz/bar) and low loss (3 dB/km) owing to its
simple structure made of two large air holes in the cladding. The pressure response of the two
orthogonal polarization axes of the fiber is explored distinctively. Distributed pressure sensing
over a long sensing range (720 m) and high spatial resolution (5 cm) is demonstrated, resulting
in 14,400 resolved sensing points with uncertainty on pressure of 0.49 bar. Discrimination
between the temperature/strain and pressure responses is demonstrated, taking advantage of the
different pressure and temperature sensitivities of the two polarization axes. In addition, the
temperature response of the fiber is studied and the simulation results show the possibility of
scaling the temperature sensitivity by adjusting the size of the core. The sensing distance limit
due to crosstalk between the polarization axes is also discussed.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Distributed fiber sensing (DFS) has drawn much attention since it provides a cost effective
solution by sensing information from thousands of or even millions of locations using just
one interrogator and a single fiber, instead of deploying a complex sensor array. Great efforts
have been devoted in the past few decades to improve the sensing range, spatial resolution, the
number of spatially-resolved points, dynamic range, response bandwidth, etc [1–4]. Traditional
DFSs using standard single mode fibers (SMF) are mostly focused on temperature and axial
strain sensing. However, with proper designs of the fiber, different quantities (such as chemical
detection, radiation and humidity), indirectly inducing a temperature or strain change in the fiber,
have been explored recently [5–7]. The progresses on DFSs bring key contributions for many
applications in various domains such as structural health monitoring, security surveillance, oil,
gas and other energy industry [8–10].

Pressure sensing is also of important significance in the domains mentioned above; moreover,
pressure monitoring of multiple locations is subject to a high demand from today’s complex
industrial facilities and systems [11]. A few distributed pressure sensing (DPS) schemes have
been proposed based on Brillouin scattering using fibers with special coatings [12–14], dynamic
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gratings [15,16] or optical frequency-domain reflectometry (OFDR) [17–19], demonstrating
the great potential of DPS using DFS technology. However, either the pressure sensitivity is
relatively low due to the large Young’s modulus of the fiber material silica [12–16], or the sensing
range is fundamentally limited by the sensing range of OFDR [17–19].

In 2019, a DPS system based on phase-sensitive optical time-domain reflectometry (Φ-
OTDR) was proposed using a birefringent photonic crystal fibers (PCFs), which showed a
high pressure sensitivity at sharp spatial resolution (5 cm) [20]. However, the PCFs in [20]
show a birefringence with large fluctuations and a high loss due to the complex structure of the
fibers, which limits the sensing range to a few tens of meters. The potential to cover a larger
distance is nevertheless present, since that small spatial resolution was previously demonstrated
for temperature sensing using a single mode fiber over a sensing distance in the kilometer range
based on a similar interrogating scheme [21]. Therefore, a more specific fiber design is needed to
fulfill the requirement for practical long-distance pressure sensing, minimizing the amplitude of
birefringence fluctuations while massively reducing the propagation loss.

In this paper, a DPS system is proposed based on Φ-OTDR with frequency scanning using
an elliptical core fiber with side air holes (SAHF) in the cladding, based on the measurement
of its birefringence change when pressure is applied. Thanks to the large air holes in the
cladding, the fiber shows a high pressure sensitivity of 159 MHz/bar. Compared with the PCF
in [20], the smartly designed SAHF shows a much simpler structure, leading to a massive loss
reduction (3 dB/km), which is essential for long distance distributed sensing, while maintaining
a comparable pressure sensitivity. As a result, pressure sensing with 5 cm spatial resolution
and 720 m sensing range is demonstrated, leading to 14,400 resolved sensing points subject to
a pressure uncertainty of 0.49 bar. The additional benefit of a low temperature sensitivity of
the birefringence (6 MHz/k) is verified experimentally, too. Incidentally, a full discrimination
between temperature/strain and pressure responses is demonstrated for the first time in distributed
fiber sensing, taking advantage of the different pressure and temperature sensitivities for the light
propagating along either of the two orthogonal polarization eigenaxes. In addition, pressure
and temperature sensitivities for different core diameters are investigated through simulation.
The results show a trade-off between the temperature sensitivity and the fiber loss, which can be
adapted by adjusting the ellipticity of the core. We also discuss the sensing distance limit due to
the crosstalk between the two polarization principal axes.

2. Principle

The working principle of the proposed DPS is illustrated in Fig. 1: the birefringence change
of the fiber caused by the pressure change can be retrieved by comparing the frequency shift
in Rayleigh spectra of the two polarization axes, respectively. The Rayleigh scattering (RS)
spectrum of all the sensing locations along the fiber can be obtained by simply scanning the
frequency of the interrogating optical pulses. The local phase change of the fiber, induced by
environmental changes, such as temperature, strain or hereby pressure variations, can be retrieved
from the frequency shift (FS) of the corresponding RS spectrum with respect to a reference
RS spectrum [22]. For a birefringent fiber, since the refractive indices of the two polarization
principal axes are different, the RS spectra also depend on the polarization of the interrogating
pulses. By sending optical pulses with orthogonal polarizations, aligned sequentially along the
two principal polarization axes of the fiber, respectively, and then scanning the frequency of
the interrogating light pulse, the system enables to interrogate the RS spectra of the two axes
separately. Since the structure of the fiber is asymmetric, the pressure-induced phase changes
for each polarization axis are different, i.e. the birefringence change can be evaluated from the
difference in the FSs of each axis.

In 1986, optical fibers known as side air-hole fibers (SAHF) were specifically designed to
achieve pressure sensing [23]. The two large air holes in their cladding bring a strong asymmetry
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Fig. 1. Pressure sensing principle: (a) frequency scanning sequence for the interrogating
pulses of the reference and live measurements; (b) corresponding coherent Rayleigh
scattering (RS) spectral and distance map; (c) correlation spectra between reference and live
measurements for each polarization axis; (d) SEM image of the sensing fiber cross section

in the fiber cross-section, with the direct purpose that a variation of the external pressure will
induce changes in the fiber birefringence. The sensitivity of SAHF to pressure is high since the
volume occupied by the air holes as well as the asymmetry of the fiber cross section is large [24].
The fiber structure resembles the PM "panda" fiber, except that the fiber core is here surrounded
by two large air holes instead of stress-applying rods in "panda" fibers. The two remarkable
features of this SAHF fiber are the simplicity of its structure and its core dimension similar to
SMFs. These features translate into a low propagation loss together with a reasonable splicing
loss, making SAHFs promising candidates for long distance distributed fiber sensing. The fiber
we used here is a specially designed fiber manufactured by InPhoTech, showing an elliptical
core and two large air side holes in the cladding. Its cross-section is shown in Fig. 1(d), with
lengths of the minor and major semi-axes of 2.4 µm and 6 µm, respectively. It maintains the key
features of SAHFs of a low propagation loss (3 dB/km) and a low splicing loss (less than 1 dB).
In addition, the elliptical core increases the birefringence of the fiber, significantly alleviating any
polarization cross talk. However, the temperature sensitivity turns out to be slightly increased,
too, and this will be explained more in details in the discussion section.

Owing to the large air holes in the cladding of the SAHF, the stress induced by the pressure
loading on the fiber concentrates more on the Y axis (slow axis), resulting in a significant
enhancement of the pressure sensitivity on this axis, while the pressure sensitivity on the X axis
(fast axis) is kept similar to that of a plain solid SMF. Therefore, the optical path change on
the Y axis (or slow axis) will be much larger than on the X axis (or fast axis) under the same
pressure change condition, resulting in a large frequency shift for the Y axis while the other axis
experiences a minor effect, as shown in Fig. 1(c).

3. Experimental setup

The experimental setup is sketched in Fig. 2, where the interrogator is the same as in [20,25]. The
light source consists of a distributed feedback laser (DFB) with a linewidth of 1 MHz, followed
by an intensity modulator (two cascaded electro-optic modulators) and an erbium-doped fiber
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optical amplifier (EDFA) to shape optical pulses with high enough extinction ratio and short
pulse duration. The optical pulses are then sent to a polarization switch and controller, so that
their polarization states can be alternatively aligned along each polarization eigenaxis of the fiber
under test. The frequency shift (FS) induced by a temperature change δT or a pressure change
δP can be evaluated separately along each axis by performing a cross correlation on their RS
spectra separately.

Fig. 2. Experimental setup.

Fast and broad (50 GHz) frequency scans of the interrogating pulses are achieved by direct
tuning of the laser current with a frequency scanning step of 81 MHz, where the laser has been
calibrated before the measurement using an optical spectral analyzer with a high resolution
of 4 MHz, so that the dependence of the laser frequency on the injected current is precisely
determined. The laser is classically temperature-controlled by a dedicated driver, so that the
frequency shift drift can be ignored over a relatively short time. A segment of about 5 m long
near the fiber end is placed into a hydro-static oil pressure chamber monitored by a pressure
meter based on an electric transducer. The SAHF under test shows a birefringence of ∼ 5 × 10−5

in term of refractive index. The length of the fiber under test is ∼720 m.

4. Experimental results

4.1. Pressure and temperature sensitivities

A first test has been carried out when the fiber is interrogated using a 2 ns pulse, corresponding
to a spatial resolution of 20 cm. The pressure-induced frequency shifts for the two orthogonal
polarizations are measured from 0 to 18 bar and results are shown in Fig. 3(a). The sensitivities for
the two axes are calculated to be 148.6 MHz/bar and -10.4 MHz/bar, respectively. A discrepancy
can be observed between these numbers and those published in [25], though they concern the
same fiber (Fiber H in [25] ). However, the pressure test bench we used before was a gas chamber
that only sustains a maximum pressure of 2 bar. Only 4 distinct pressure values could be applied
over this much restricted range. Besides, the chamber experienced substantial temperature
changes when varying the chamber pressure as a result of the gas compression-decompression
processes. In the experiment reported here, a pressurizing liquid (oil) is used. It can sustain much
higher pressures and the temperature tends to be constant during the pressure change process.
Altogether this significantly increases the reliability of the result presented here.

We also tested the temperature sensitivity of the birefringence by placing a section of the
SAHF into a thermal water bath and monitoring the water temperature precisely with a Platinum
resistance thermometer. From the results shown in Fig. 3(b) we can see that the thermal responses
on both axes are nearly the same, confirming the results obtained in side hole fibers with Bragg
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Fig. 3. (a) Pressure and (b) temperature responses of the two polarization principal axes of
the fiber.

gratings (FBG) imprinted in the fiber core [26]. The temperature sensitivities are -1.121 GHz/K
and -1.116 GHz/K for the fast axis and slow axis, respectively.

The birefringence response to temperature, calculated from the experimental results, is
6 MHz/K, which is much smaller compared to the expected changes of pressure in field
conditions, since 1 K change gives an equivalent shift to that caused by a pressure change of
0.04 bar, considering the pressure response of 159 MHz/bar. This comes from a birefringence
dependence on temperature mainly due to a differential thermal expansion between cladding
and core of the fiber for fast and slow axes, which remains limited with this fiber design. The
pure temperature dependence of the refractive index (thermo-optical effect) can be reasonably
considered as identical for the 2 axes.

4.2. Long-distance distributed pressure sensing with high spatial resolution

After the characterizations of the fiber sensitivities, we reduced the pulse width to 500 ps (i.e.5 cm
spatial resolution) to bring the system to its ultimate performance. The pressure responses of the
correlation spectra of both polarization axes under a pressure change of 12 bar are illustrated
in Fig. 4, from which we can see a clear frequency shift for the slow axis (in Fig. 4(a)) but no
marked frequency shift for the fast axis in Fig. 4(b). In Fig. 5, the pressure change distribution
along the fiber is calculated through the pressure sensitivity obtained in the previous section.
The results matches well with the applied pressure (12 bar) and the high spatial resolution is
confirmed from the step transition shown on the magnified section in Fig. 5(b).

Fig. 4. Correlations of RS spectra when a 12 bar pressure is applied. (a) slow axis; (b) fast
axis (5 cm spatial resolution). Only a section containing the pressure chamber and some
spare pressure-free lengths is represented, located near the fiber far end.

The calculated pressure uncertainty is estimated to be 0.49 bar, by dividing the measured
frequency uncertainty ∆F by the measured pressure sensitivity SP, i.e. ∆P = ∆F/SP , where
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Fig. 5. (a) Pressure change distribution along the final section of the fiber where pressure
is applied; (b) Magnified view around the position of a pressure step transition (chamber
outlet), demonstrating the 5 cm spatial resolution.

∆F is the estimated standard deviation over the first 100 points of the measured frequency shift.
Ideally the pressure experienced by the fiber in the chamber should be uniform, provided that the
fiber is fully surrounded by the liquid. However, in some locations, the fiber may be touching
the pipe wall, so that the pressure is here not isotropic any more. This might be the reason why
the measured pressure in the chamber shows larger fluctuations. The fiber before the pressure
chamber has been placed into a water bath to be isolated from environmental fluctuations, while
the small portion after the chamber could not be. This simply explains why the fluctuations after
the pipe are also more pronounced.

It should be noted that the pressure change applied to the fiber does not exceed 15 bar, as a
result of spurious leaks around fiber by-passes at high pressure. Actually, the measurable range is
only limited by the reference frequency range of the laser scan. Since the hydrostatic pressure
measurement does not require a fast measurement, the scan can be achieved by tuning the laser
temperature, and normally this can enable a scanning range of some 200 GHz for a DFB laser.
As reported in [21], a temperature range larger than 100 ◦C can be measured using a very similar
system, which translates into an equivalent pressure change of some 1000 bar.

4.3. Pressure and temperature discrimination

In Fig. 3, the measured frequency shifts on both polarization axes are represented when temperature
and pressure changes are distinctively applied, indicating a clear potential to discriminate the
two quantities. While the frequency shifts due to temperature are basically identical for the
2 birefringence axes, they are clearly distinct in the case of pressure, so that it leads to a
well-conditioned set of 2 equations connecting frequency shifts from the 2 axes and the 2
quantities under question. Similar to the approach in [27], the frequency shifts of the system can
be described as follows: ⎡⎢⎢⎢⎢⎣

δFfast

δFslow

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣
ST ,fast ST ,slow

SP,fast SP,slow

⎤⎥⎥⎥⎥⎦ ×
⎡⎢⎢⎢⎢⎣
δT

δP

⎤⎥⎥⎥⎥⎦ (1)

where δT, δP and δF are the temperature change, pressure change and the frequency shift of the
system, respectively. The subscript of δF designates the polarization axis. Si,j is the sensitivity
where i represents the temperature (T) and pressure (P) and j represents the polarization axis.
The obtained experimental values for these sensitivities are given in section 4.1.

A demonstration of the discrimination between pressure and temperature/strain has been
carried out and the results are shown in Fig. 6. The length of the fiber under test is 8 m and the
first 3 m is placed into a water bath to keep the temperature constant, and the last 2 m (6-8 m)
fiber is inserted into the pressure chamber to be subject to pressure changes. There is 3 m of
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fiber in-between exposed to air and subject to the changes of the ambient temperature. Different
pressure changes (3 bar, 6 bar and 9 bar) are applied to the fiber and the frequency shift responses
on both polarization axes are depicted in Fig. 6(a) and (b). It can be observed that frequency
shifts take place not only in the pressure chamber, but also over the air-exposed segment. By
inverting the well-conditioned matrix in Eq. (1), both the pressure and temperature changes can
be extracted, which are represented in Fig. 6(c) and (d). The retrieved pressure changes match the
actual applied pressures and it can be observed that there is a raise of the ambient temperature
while the experiment was carried out, as monitored by the segment exposed to air between the
water bath and the pressure chamber. From the experimental data, the accuracy on temperature
and pressure is calculated to be 0.014 ◦C and 0.15 bar, respectively, using the estimated standard
deviation over the first 100 points. The pressure accuracy is better than the 0.49 bar in Section 4.2
because the fiber is here much shorter.

Fig. 6. Responses of (a) fast and (b) slow axis when 3 bar,6 bar and 9 bar pressure changes
are applied to the fiber. From these responses and after inverting Eq. (1) the following
distributions for physical quantities are obtained: (c) pressure and (d) temperature/strain

It should be noted that the pressure fluctuations in Fig. 6(c) can be divided into 2 categories: the
first type of fluctuations is due to the anisotropic pressure experienced by the fiber, as addressed
in the previous sub-section. It is an implementation problem of the pressure test bench rather than
an issue related to the interrogator or the sensing fiber, which can be avoided with an upgraded
pressure test bench. A second type of fluctuations, which is more fundamental, results from the
nonuniform strain and temperature applied on the fiber. As shown in Fig. 6(d), the strain along
the fiber in the chamber is not uniform, and the pressure fluctuations in Fig. 6(c) are obviously
correlated with the strain profiles. Although the strain and temperature can be discriminated
from the pressure change, they still induce correlated errors and uncertainties in the pressure
determination. For instance the traces variations in the pressure chamber in Fig. 6(d) are believed
to result from an applied strain caused by a length expansion of the chamber pipe when pressure
is applied. The strain profile along the pipe clearly supports this possible explanation.
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5. Discussions

5.1. Temperature and pressure cross-sensitivity

An important issue for DPS remains the cross-sensitivity between temperature/axial strain
and pressure (transverse strain). Although the experimental results show that the temperature
sensitivity of the fiber is fairly reduced when compared to its pressure sensitivity, it may be worth
investigating if the temperature sensitivity can be further reduced.

The main contributions to the optical path change induced by temperature along the fiber are:
first, the difference between the thermal expansion coefficients in the cladding and the core of the
fiber; second, the temperature-induced change in the refractive index of the fiber [28]. The tested
SAHF contains two air holes in the cladding, impacting the birefringence through a differential
thermal expansion; in addition, the elliptical core shape of the fiber impacts the temperature
dependence of birefringence, too, through a thermally-induced differential change on the effective
refractive index of the two polarization modes. These 2 effects may induce opposite changes
under given conditions. It means that, with a proper design on the fiber structure, the temperature
sensitivity of birefringence can be reduced and in principle even completely canceled out.

As for the dependency of the pressure sensitivity on the fiber geometry, it has been demonstrated
that the pressure sensitivity is linearly proportional to γ2, where γ is the angle between the line
connecting the core and air hole centers and the tangent to the air hole passing by the fiber center,
as shown in Fig. 7 (the air holes are assumed to be circular for simplicity) [24]. As a consequence,
the variation of the core ellipticity has in principle no impact on the pressure sensitivity, under
the condition that the core is much more smaller than the air holes.

Fig. 7. The pressure sensitivity depends quadratically on the angle γ

To verify this concept, we performed simulations using Comsol, by varying the length of the
major semi-axis b of the elliptical core, to predict the pressure and temperature sensitivities of the
fiber birefringence. The simulation results are shown in Fig. 8 as blue lines and the experimental
values from our only tested fiber are represented as orange dots.

As illustrated in Fig. 8(a), on one hand the temperature sensitivity drops significantly, as b
decreases or even turns shorter than the minor semi-axis a, to reach a value of 1.05 MHz/K when
b = 2 µm). This is 5 times smaller than for the tested SAHF. This definitely suggests that an
orientation of the core ellipse orthogonal to the situation of the tested SAHF (see Fig. 1) will lead
to a significant decrease or even a vanishing of the temperature dependence of the birefringence.
In this case the longer axis of the ellipse will be oriented perpendicular to the narrow glass wall
between the air holes and this orientation may cause challenging fabrication issues.

On the other hand, the pressure sensitivity doesn’t change much with the decrease of b. The
experimental values of the fiber we used are shown in the figure, showing a good agreement with
the simulations. It must be mentioned that zero temperature sensitivity is not specific to this type
of fibers and can be obtained in birefringent photonic crystal fibers [29].

Nevertheless there exists a trade-off between the temperature sensitivity and the fiber loss. As
the core area turns smaller, the optical field will be less confined in the core and the loss due to
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Fig. 8. (a) Temperature and (b) pressure sensitivities with different core ellipticities (a, b:
semi-axis length). δF is obtained by subtracting the responses from the slow axis to the fast
axis, which describes the birefringence change of the fiber. Parameters used for simulation:
72 GPa, 0.17, 1.14×10−6 [1/K], and 5.5 × 10−7 [1/K] for Young’s modulus, Poisson ratio
and thermal expansion coefficient for core and cladding, respectively.

surface scattering on the air hole interface will increase and therefore limit the sensing range.
The essential merit of SAHF is to offer an excellent combination of a high response to pressure
and a moderately low temperature sensitivity with a small loss, which is essential for long range
distributed pressure sensing.

5.2. Polarization crosstalk

Since the pressure sensitivities on the two polarization axes are different, the accumulated
crosstalk between polarizations contaminates and distorts the coherent Rayleigh response when a
pressure change is applied to the fiber, hence limiting the sensing distance range of the system. It
is therefore essential to address the polarization crosstalk in the context of this study.

The polarization mode-coupling is due to waveguide fluctuations and anisotropic Rayleigh
scattering [30], and the strength of the polarization coupling can be characterized by the
mode-coupling parameter:

h(β) =
2⟨ˆ︁Γ⟩2l

[1 + (∆βl)2]
(2)

where ∆β = |βx − βy | and βx, βy are the propagation constants for the two principle polarization
axes. l is the correlation length of the fluctuations and ˆ︁Γ is an auxiliary constant to allow
expressing the local coupling coefficient as Γxy(z) = ˆ︁Γf (z), where f (z) represents the fluctuation
of the waveguide parameters.

For highly birefringent fibers, only the polarization coupling due to waveguide fluctuations is
taken into consideration, since its correlation length (in the order of 10−2 m) is much larger than
that of Rayleigh scattering (much shorter than 10−6 m). From the knowledge obtained by studying
Panda fibers, the mode coupling mainly originates from the deformations of stress-applying parts
[31]. By similarity, we here assume that the deformations of the side holes is the main origin for
mode coupling, justified by the structural resemblance of the 2 types of fiber. Then we use the
approximation [31]: ˆ︁Γ = −

2
7

k(C1 − C2)(0.108 − ∆)ˆ︁θd (m−1) (3)

where k is the wavenumber in vacuum, C1 and C2 denote the stress-optical coefficients and
C1 − C2 = 3.36 × 10−5mm2/kg, ∆ is the relative difference in refractive index between core and
cladding and ˆ︁θd (in unit of degree) denotes the rms deviation of the angle fluctuations in the side
air holes.
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As a rough estimation, we assume that l = 0.01 m, ˆ︁θd = 0.2◦, fiber length L=1 km and ∆ =0.4
percent. The birefringence of our fiber is 5×10−5 at a wavelength of 1550 nm, so that the calculated
(ˆ︁Γ)2 = 0.66 m−2, h = 6.4 × 10−5 m−1 and the crosstalk CT≡ 10 logPx

Py
= 10 log(2hL) = −9 dB

(the factor 2 comes from the round-trip of the signal along the fiber). This value indicates that
the polarisation crosstalk remains tolerable over 1 km (less than 13% signal contamination by
the orthogonal polarisation), but may turn critical over longer distances, in agreement with
observations in classical polarisation-maintaining fibers showing similar birefringences.

It should be noted that the waveguide deformations are factors intrinsic to the sole fiber
structure, setting a lower bound for the mode coupling. Extrinsic factors such as microbendings
in real situations will also impact on the crosstalk, but integrating this aspect is beyond the scope
of this study at this stage.

6. Conclusion

In summary, we propose a distributed pressure sensing based on Φ-OTDR and a special fiber
with elliptical core and 2 side air holes in the cladding. Thanks to the large air holes in the
fiber, its birefringence is very sensitive to pressure changes, which translates into a frequency
compensation of 159 MHz/bar, while the temperature sensitivity is kept at only 6 MHz/K. It is
quite remarkable that this simple fiber structure can lead to such good responses, fully comparable
with much more sophisticated photonic crystal designs, offering a very affordable solution to the
lingering problem of distributed pressure sensing.

Owing to the high sensitivity of Φ-OTDR, associated to the low transmission and splicing
losses to standard fibers observed with this SAHF, long distance (∼720 m) distributed pressure
sensing is demonstrated with high spatial resolution (5 cm). The potential to further reduce the
temperature sensitivity is discussed, which is verified through simulation and can be realized
by changing the size and orientation of the core ellipse. The crosstalk between polarizations is
discussed which can provide an estimation of the sensing length limitation of a given fiber.
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