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In thiswork, two all-fiber interferometric configurations based on suspended corefibers (SCF) are investigated. A
Fabry–Pérot cavity (FPC) made of SCF spliced in-between segments of single-mode and hollow-core fiber is
proposed. The interferometric signals are generated by the refractive-indexmismatchesbetween the twofibers in
the splice region and at the end of the suspended-core fiber. An alternative sensing head configuration formed by
the insertion of a length of SCF as a birefringence element in a Sagnac loop interferometer is also demonstrated. In
this structure, the interferometric signals are generated by interfering two counter propagating beams with
different polarization states which propagate through a length of SCF as a birefringence element. The sensitivity
to pressure and temperature was determined for both configurations. The results show that the pressure sensi-
tivities are −4.68×10−5 nm/psi and 0.032 nm/psi for FPC and Sagnac loop interferometers, respectively. The
temperature sensitivity of both structures has been obtained and the results have been discussed.
rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Many optical fiber sensing structures have beendemonstrated in the
past for pressure and temperature measurement. The fiber pressure
sensors based on fiber Bragg grating [1, 2], Fabry–Pérot interferometer
[3, 4], birefringence effects [5], and polarimetric Fabry–Pérot fiber
laser sensor [6] have been studied in detail. The fiber Fabry–Pérot
based on diaphragm deflection with low sensitivity to temperature
has been suggested for high pressure measurement [3]. Side-hole
fiber as a birefringence element has also been theoretically and experi-
mentally investigated by Colwes et al. as a pressure sensor [5]. On the
other hand, development of sensors based on microstructure optical
fibers (MOFs) has been a recent and active research topic in the context
of fiber optic sensing. Several types ofMOF-based sensors, such as those
based on suspended core fibers [7], index-guiding fibers [8] or photonic
band gap fibers [9] have been reported. Particularly relevant is the
application of these fibers for gas sensing in face of the large overlap
of the optical field with the measurement volume [9], but other mea-
surands have also been considered, for example bend and shape [10],
strain and temperature [11], as well as hydrostatic pressure [12]. The
suspended-core fiber structurewas first proposed byMonro et al. [7],
and one of the initial envisaged applications was gas sensing. Thanks
to the noticeable evanescence wave propagated through the several
holes around the small solid core, an evanescent device has been
demonstrated for the sensing of acetylene gas at near-IR wavelengths
[13]. Based on the same optical phenomenon, refractometric applica-
tions have also been considered, as is illustrated in a recent work in
which a fiber Bragg grating, photo written in a suspended Ge-doped
silica core, was used to measure the refractive index of liquids [14].
Macpherson et al. [15] presented the finite element analysis and exper-
imentally pressure test of a Fabry–Perot sensor based on a microstruc-
tured optical fiber with a cross section similar to the suspended core
fiber. The results demonstrated that the microstructured fiber has
enhanced pressure sensitivity due to a high air-fraction in the cladding.
Recently, Fu et al. [16] experimentally demonstrated the pressure
response of a Sagnac loop incorporating a length of polarization--
maintaining photonic crystal fiber, namely PM-PCF. Also, Frazão et al.
[17] characterized the strain and temperature response of a Sagnac
interferometric sensor with a four-hole suspended-core fiber. Also,
a fiber-optic Fabry–Pérot sensing structure based on the utilization of
3-hole and 4-hole suspended-core fibers was presented by Frazão
et al. [18].

In this work, the pressure sensitivity of two interferometric setups
based on suspended core fibers is studied and their temperature re-
sponse measured to assess the pressure/temperature cross sensitivity.
The spectral response of the interferometers is determined by using
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an optical spectrum analyzer and the measurand induced shift of this
response obtained to characterize the measurand sensitivity.
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2. Fiber sensor structures

Two sensing interferometric configurations based on suspended-
core fiber were fabricated. One is a Fabry–Pérot Cavity and the second
one a Sagnac loop incorporating a length of suspended-core fiber. The
suspended-core fiberwasmade of pure silica at the Institute of Photonic
Technology (IPHT, Jena, Germany). The four air-holes with about 43 μm
diameter surrounded a silica core with about 5 μm in diameter. A
schematic of the FPC as a sensinghead and the cross sectionmicroscopic
image of SCF have been presented in Fig. 1 (a). Fig. 1 (b) illustrates
schematically the SCF based Sagnac interferometer.

The first interferometric configuration proposed for pressure mea-
surement is based on a Fabry–Pérot cavity (FPC) and consists in a
length of 5.2 mm SCF (cavity length). In the input side this fiber was
spliced to the SMF-28. The SCF is made of a single material (pure
silica) and the mismatch between the effective refractive indexes of
the guided light in the SMF28 and SCF fibers provides the first Fresnel
reflection of the Fabry–Pérot cavity. The second one was obtained by
splicing a length (3 cm) of HCF to the end of SCF, originating a Fresnel
reflection with the magnitude of an interface silica–air, enhancing the
strength of the interferometric signal (the unbalance of the Fresnel
reflections implies also a reduction of the interferometric fringe
visibility, which means a reduction of the interferometric signal;
however, the visibility reduction is a weak function of the this unbal-
ance, having a smaller effect than the positive one associated with a
higher signal-to-noise ratio derived from having higher levels of optical
power in the interferometer). The splicing of the SCF with the SMF-28
has been done with a standard fusion splice machine in manual opera-
tion, resulting in a splice loss of ~5 dB. This value is mainly determined
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Fig. 1. (a) A schematic of the FPC as a sensing head and the cross section microscopic
image of SCF. (b) A schematic of the SCF based Sagnac interferometer.
by the fact that the core of the SCF is slightly elliptical owing to the hole
asymmetry originated during the fabrication process.

The end of HCF was closed by collapsing the fiber by inducing a high
electric discharge. By this way the liquid cannot penetrate into the HCF
and holes of SCF. The channeled spectrum of the FPC is shown in Fig. 2
(a). As can be observed, after splicing the visibility and phase of the
interferometer are changed. These variations are expected due to
changes introduced by the electric arc at the end of the suspended-
core fiber. We should emphasize that the phase change is in major part
due to the impact of electric arc in length and refractive index of thefiber.

The second interferometric sensor based on SCF proposed for
pressure measurement is based on a Sagnac loop incorporating a
length of this fiber (~ 89 cm), spliced between two single mode fibers
(SMF-28). In the Sagnac interferometer the birefringence of the SCF
gives origin to a channeled spectrum that shifts with the variation
of the external pressure. This is shown in Fig. 2 (b), where the spectral
response of the Sagnac loop interferometer and the corresponding
shift of the interferometric pattern are depicted when the sensing
head was pressurized at three different pressure values. From this
data, the group modal birefringence (β) of the SCF was obtained
using the equation β=λ2/LΔλ, where λ is the operation wavelength
(1550 nm), and Δλ and L are the spectral wavelength period of the
interferometric fringe pattern and the length of the SCF, respectively.
Using the mentioned parameters and also the value of spectral wave-
length period (Δλ=71 nm) it was found that β≈3.8×10−5.
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Fig. 2. (a) Spectral response of the FPC with a 4-hole SCF before and after the splicing
with a hollow-core fiber. (b) Spectral response of the Sagnac interferometer with a
length of 4-hole SCF at three different pressures.
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Fig. 4. Pressure and temperature responses of the SCF based Fabry–Perot interferometer.
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3. Experimental setup and results

To determine the pressure sensitivity of the FPC, it was placed inside
a high pressure vessel and the SMF-28 was sealed to cap of a high pres-
sure vessel and then hydrostatic pressure was applied. The vessel was
pressurized by injection of the water by a high pressure unit. Fig. 3
shows the experimental setup. To illuminate the system a broadband
optical source with a bandwidth of 70 nm and a central wavelength of
1550 nm was used. The FPC was interrogated in reflection via a 2×2
coupler and an Agilent 86142B OSA with a maximum resolution of
10 pm.

The SMF was bonded to form a sealed feed through on the high
pressure vessel by using a two components adhesive. Pressure was
applied in a range from 0 psi up to 4000 psi (in comparison to atmo-
spheric pressure), measured using a high precision pressure gauge
(±5 psi accuracy). The test was done at room temperature. Addition-
ally, this sensing headwas also characterized for temperature variation.
In order to do that, it was placed in an ovenwhere the temperaturewas
set from room temperature up to 90 °C, with a variation lower than
0.1 °C. The pressure and temperature response of the sensor were
obtained by registering themeasurand induced shift of the cavity chan-
neled spectrum. The results are shown in Fig. 4. In both situations, a lin-
ear variation is observed with slopes of −4.68×10−5 nm/psi and
−0.011 nm/°C for pressure and temperature, respectively.

Fig. 5 illustrates the experimental setup for pressure characteriza-
tion of the sensing head based on the Sagnac interferometer. It consists
of an edge light emitting diode (ELED), an Agilent 86142B OSA and a
Sagnac loop interferometer containing a length of 4-hole SCF and a
polarization controller to optimize the interferometric fringes
visibility. To apply hydrostatic pressure to the SCF, a length of fiber of
the Sagnac loop containing the whole SCF was wrapped around a tube
and placed inside the high pressure vessel. The vessel input/output
fibers were sealed as indicated before.

The results obtained are shown in Fig. 6 where the shift of the
channeled spectrum when the measurand changes is presented. For
the case of pressure, a linear dependence is observed with a slope of
~0.032 nm/psi. The temperature characterization of the sensing
head has been done at two distinct conditions, namely the SCF coated
Fig. 3. Experimental setup for pressure characterizati
(suspended-core fiber length of~89 cm) and uncoated (length
of~32 cm). For the uncoated case, the temperature sensitivity is re-
sidual as a consequence of the low temperature dependence of the
on of the SCF based Fabry–Pérot interferometer.

image of Fig.�4
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SCF birefringence. This happens because this fiber is formed by pure
silica, i.e., has no doping, the birefringence is only appearing due to
the geometrical asymmetry of the core. The small temperature cross-
sensitivity is a favorable characteristic of this structure for pressure
measurement compared with the one based on the FPC. On the other
hand, the conditionwith coatedfiber also shows negligible temperature
sensitivity up to the temperature of~60 °C, where a kind of “phase
transition” appears, probably due to the release of the coating tension
on the silica associated with the softening of the coating. , we can
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Fig. 6. Experimental setup for pressure characterization of the SCF based Sagnac
interferometer.
compare the normalized pressure sensitivity of both interferometric
structureswith experimentally pressure sensitivity of similar structures
which has been reported in literature. MacPherson et al. [15] has
reported the pressure sensitivity of FPC based on a similar 3-hole SCF
which core is approximately 5 μm in diameter and is supported by
three strands of glass 24 μm×2 μm. The pressure sensitivities of FPC
based on 3-hole SCF and SMF-28 were found to be 7.86 rad/bar/m
2.37 rad/bar/m, respectively. Also Fu et al. [16] have obtained the pres-
sure sensitivity of a PM-PCF based Sagnac loop interferometer sensor.
The sensitivity of the pressure sensor was measured to be 3.24 nm/
Mpa at 1509.8 nm. The normalized pressure sensitivity of the results
for pressure sensitivity in 1/psi unit for FPCs based on three different fi-
bers, namely 4-hole SCF and 3-hole SCF and SMF-28, are presented in
Table 1. It should be noticed that the conversion can be facilitated
using the relation dϕ=(4πnL/λ2)dλ, where L is the cavity length, n is
the effective refractive index of the guided mode and λ is the operating
wavelength (around 1550 nm). We obtained the conversion factor
using the refractive index 1.46, at 1550 nm for pure silica. Also, the
table shows the normalized pressure sensitivity for SCF and PM-PCF
based Sagnac loop interferometer. The sign of pressure sensitivity in
FPC and Sagnac based sensors is opposite. For the FPC based sensor
the pressure sensitivity is the sum of axial and strain-optic effects
resulting into a negative value [19]. On the other hand, for the Sagnac
based sensor the sign of pressure sensitivity is determined only by the
birefringence–pressure coefficient of the 4-hole SCF [20], which in this
case is positive.

The results in Table 1 underline a pressure sensitivity enhancement
of≈2.2 for FPC sensor in comparison to SMF; also the result for 4-hole
SCF based Sagnac interferometer shows the highest sensitivity.

4. Conclusion

In this work two sensing structures based on pure silica suspended-
core fibers were proposed and characterized for pressure and
Table 1
Pressure and temperature sensitivity of FPC with different optical fiber.

Sensor based FPC 4-hole SCF 3-hole SCF [15] SMF-28 [15]

Pressure sensitivity −4.68×10−5 nm/psi −7.86 rad/bar/m −2.37 rad/bar/m
Normalized pressure
sensitivity (1/psi)

−0.030×10−6 −0.046×10−6 −0.014×10−6

Sensor based Sagnac interferometer 4-hole SCF PM-PCF [16]

Pressure sensitivity 0.03 nm/psi 3.24 nm/MPa
Normalized pressure sensitivity (1/psi) 20.6×10−6 14.8×10−6
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temperature measurement. One is a Fabry–Pérot configuration that
shows sensitivities of −4.68×10−5 nm/psi and −0.0106 nm/°C for
pressure and temperature, respectively. The second structure investi-
gated is a Sagnac interferometer incorporating a length of suspended-
core fiber as a birefringence element. In this case, a pressure sensitivity
of 0.032 nm/psi was obtained . The temperature sensitivity of this sens-
ing head depends on the presence or not of fiber coating, being residual
thus essentially eliminating the temperature cross-sensitivity problem.
The small temperature cross-sensitivity is a favorable characteristic of
this structure for pressure measurement compared with the one
based on the Fabry–Pérot cavity, which anyway has its own advantages
namely the small dimensions and also its operation independent of the
polarization.
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