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Abstract

Photonic crystal fibers (PCFs), also known as microstructured optical fibers, are a
highlighted invention of optical fiber technology which have unveiled a new domain of
manipulating light in engineered fiber waveguides with unparalleled flexibility and
controllability. Since the report of the first fabricated PCF in 1996, research in PCFs has
resulted in numerous explorations, development and commercialization of PCF-based
technologies and applications. PCFs contain axially aligned air channels which provide
a large degree of freedom in design to achieve a variety of peculiar properties; numerous
PCF-based sensors have been proposed, developed and demonstrated for a broad range
of sensing applications. In this chapter, we will review the field of research on design,
development and experimental achievement of PCF-based interferometric sensors for
physical and biomedical sensing applications.

Keywords: photonic crystal fibers, interferometry, fiber optic sensors, Fabry-Perot
interferometer, Mach-Zehnder interferometer, Michelson interferometer, Sagnac
interferometer

1. Background

Optical fiber interferometric sensors have been widely used for various sensing applications
and characterization of physical magnitudes. The advantages provided by optical fibers have
been well recognized and utilized in interferometric sensor applications, which include com-
pactness, alignment freedom from free space optics, high sensitivity, high reliability etc. [1].
Photonics crystal fibers (PCFs), a highlighted fiber technology that was first invented and
demonstrated in 1996, have brought breakthroughs in communications, sensing, defense and
medicine [2]. These fibers have demonstrated superior features in many applications and
created substantial scientific and industrial impact in recent years. In the past decade, PCFs
have received intensive and continuous attention, and undergone rapid development from
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design and fabrication to device realization and commercialization. Compared to conventional
optical fibers, PCFs represent a more versatile platform to construct interferometry sensors
because of enhanced flexibility in manipulating optical properties and light-medium interac-
tions. Various PCF structures, such as polarization-maintaining (PM) PCFs, photonic bandgap
(PBG) PCFs including hollow core (HC) PCFs and all-solid PBG PCFs, Bragg fibers, large mode
area (LMA) PCFs and highly nonlinear PCFs have been demonstrated with good potential in
developing interferometric fiber sensors. PCFs can provide a platform for integration of mate-
rials such as gas, fluid or metals for additional functionality. For example, PCFs have been
exploited for optofluidic sensing and gas sensing applications utilizing the selective or unse-
lective infiltration of fluid or gas in the holey structures [3]. In addition, they are a desirable
platform for the incorporation of plasmonic structures that can enhance application opportu-
nities in terms of performance as well as versatility. Integration of plasmonic structures such as
metal nanoparticles, metal nanowires, and metal thin films in PCF structures have proven to
substantially improve sensor performance, e.g. sensitivity [4]. The continuing development
and maturation of PCF technologies and PCF-based interferometric sensors are expected to
make more contributions to optical fiber technology and real world applications [5].

2. Overview of PCF-based interferometric sensors

In this chapter, various configurations of interferometry sensors based on PCFs and their sensing
applications are demonstrated, namely Fabry-Perot interferometer (FPI), Mach Zehnder interfer-
ometer (MZI), Michelson interferometer and Sagnac interferometer. Compared to standard opti-
cal fibers, PCF structures possess many interesting characteristics and tunable properties which
are highly desirable when constructing interferometric sensors with enhanced performance.

2.1. Fabry-Perot interferometer (FPI)

A Fabry-Perot interferometer is comprised of a cavity (or etalon) made of two highly reflective
surfaces/mirrors which enable light propagating down the fiber to be partially reflected. The
transmitted, and subsequently, reflected beams will form an interference pattern due to the
difference in phase delay.

The reflection coefficients, R;, at the mirrors can be defined by [6]:

2
R = <w> i=1,23, ... (1)

nj + i

where 7, is the refractive index of the cavity and surrounding medium.
The phase difference, 6, of the interferometer can be represented by [1]:

2
5= TnnZL 2)

where A is the incident light wavelength and L is the physical length of the cavity.
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FPIs can typically be classed as either extrinsic or intrinsic, depending on their make-up.
Extrinsic FPIs (EFPI), as shown in Figure 1(a), use the air gap between two fibers and reflects
light between the cleaved ends. The cavity of intrinsic FPIs (IFPI) is formed within the fiber
itself, where the two reflectors lie along the length of the fiber [1], as shown in Figure 1(b), (c).
IFPIs can have advantages over EFPIs such as higher coupling efficiency.

For IFPIs, the etalon/cavity can be formed by fusion splicing a section of HC-PCF, which acts as
the cavity, between two lengths of single mode fiber with cleaved end surfaces [7]. This
configuration allows for a customizable cavity length, which can be a few micrometers or a
few centimeters long [7]. Villatoro . presented a spherical FP cavity by means of a microscopic
air bubbles (20-58 um diameters) fabricated via arc discharge between a standard SMF and a
PCF. This technique can reduce the number of steps required for fabricating FPIs [8]. Favero
et al. [9] pressurized the holes in the PCF to produce reproducible elliptical bubbles with
controllable cavity dimensions.

Hu et al. [6] were able to realize a refractive index tip sensor used in reflection mode. This
sensor was based on a hollow silica sphere with a thin silica wall being formed at one end of a
simplified HCF via means of arc discharge, as shown in Figure 2. The reflected spectrum was
modulated by the interaction between the sensor head and the environment (refractive index
(RI) and temperature). A RI resolution of 6.2 x 10~°, using fringe visibility (Figure 2 (c)), was
determined and the temperature sensitivity for the high and low frequency fringes were 1.3
and 17 pm/°C, respectively (Figure 2 (d)), at temperatures up to ~1000°C.

Micro FP cavities can offer low cross sensitivity with temperature, yet high RI sensitivity. A RI
sensor was realized by drilling micro-holes into a simplified hollow core (SHC) PCF micro
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Figure 1. (a) The schematic of an extrinsic Fabry-Perot interferometer; (b) the schematic of an intrinsic Fabry-Perot
interferometer; (c) the schematic of an intrinsic Fabry-Perot interferometer working in reflection mode. R; represents the
reflective surfaces and L is the length of the cavity.
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Figure 2. (a) Configuration of the simplified HCF based IFPI working in reflection mode; (b) interference spectrum of the
sensor head; (c) refractive index against fringe visibility. (d) Temperature sensitivity against wavelength shift for low and
high frequency oscillations. © 2012 IEEE. Reprinted, with permission, from Ref. [6].

cavity using a femtosecond laser to allow the analyte to enter the cavity [10]. A RI sensitivity of
~851 nm/RIU and a low cross sensitivity with temperature of ~3.2 x 10”7 RIU/°C was obtained.
A short section of hollow fiber had been sandwiched between single mode fiber (SMF) and
solid core (SC) PCF [11]. By taking advantage of the air holes in PCF, air was allowed to
infiltrate the PCF cavity and the RI changes under different pressures were measured. When
creating hole collapse regions between a section of SMF and PCF, the length of the region can
affect the sensitivity of the sensor to RI and also temperature. A longer collapsed area will lead
to more cladding modes being excited and in turn larger changes in the interference pattern.
Dash and Jha [12] found that as they increased the length of the collapsed region from 180 to
270 pm, the RI sensitivity also increased from 30 to 53 nm/RIU with a RI resolution of
1.18 x 10 * RIU.

A Microbubble FPI has been shown as a strain and vibration sensor with a spheroidal cavity
achieving a strain sensitivity of ~10.3 pm/ue and high fringe visibility (~38 dB) [13]. A 157 nm
laser was used for micromachining an in-line etalon, with two smooth and parallel reflecting
sides, in an endlessly single mode PCF. This was demonstrated for strain measurements in a
high temperature environment with a fringe contrast of ~26 dB [14]. Shi et al. [15] were able to
produce a multiplexed strain sensor system using different lengths of HCF spliced between
SME. Due to their wide free spectral range, the signals could be easily demodulated using fast
Fourier transform (FFT). A strain insensitive IFPI has been developed by splicing one end of a
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solid PCF to a SMF and the other end to a HC-PCF to form a micro cavity. A large portion of
the strain sensitivity comes from changing the size of the micro cavity, but in this case, this was
at the end of the sensor and remained fixed in size [12].

Due to the all silica structure of PCFs, they are able to withstand high temperatures [6, 16],
often for long periods of time [17]. The sensitivity to temperature is often based on the thermal-
optic effect of silica and is therefore proportional to the length of the PCF cavity [18]. Frazao
et al. [18] characterized the strain and temperature sensitivities of suspended core fibers with
three and four holes. The normalized temperature sensitivities were found to be similar at 67.8
and 67.6 rad/m°C for three and four holes, respectively. The strain response was found to be
greater for the three hole fiber. This was because the strain was applied to the cladding region
(supporting walls of the fiber), and this cross-section was smaller for the three hole fiber.

Wu et al. were able to successfully demonstrate a high pressure (up to 40 MPa) and high
temperature FPI (up to 700°C) sensor. A SC-PCF was spliced to one end to a SMF and hole
collapse was carried out at the other end, to improve the reflectivity of the second mirror. The
pressure and temperature sensitivities were —5.8 and ~13 pm/°C, respectively [19]. PCF based
IFPIs may also have potential use in photonic integrated circuits [20].

2.2. Mach-Zehnder interferometer (MZI)

The Mach-Zehnder interferometer (MZI) works where an incident beam from a single light
source is split into two arms and later recombined, forming an interference pattern [1]. When
there is a perturbation in one arm, the difference in optical path length changes and is con-
veyed by the variation in the interference signal.

A MZI can be fabricated using two fibers with the light being split and recombined using fiber
couplers, as shown in Figure 3(a). One beam is referred to as the reference arm, and the other
the sensing arm. To fabricate an in-line MZI using a singular fiber, as in Figure 3(b), modal
dispersion is used and the propagating modes are coupled into the cladding as well as the
core. Though the physical length of the two arms is the same the phase velocity is different as
the effective indices of the core and cladding are not the same.

(a) Reference arm
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Figure 3. (a) The schematic of a Mach-Zehnder interferometer using two fibers; (b) the schematic of an in-line Mach-
Zehnder interferometer using one fiber.
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The Mach-Zehnder sensor interference spectrum can be expressed as [21]:
I=1 +1, +2\/I1I, cosAD (3)

where [; and I, are the irradiance of the interfering waves, A@ is the phase difference between
the core and cladding mode is defined as:

2
AD = %AnL + O )

where A is the wavelength, L is the optical length of the interferometer, An is the difference in
effective refractive index and @ is the initial phase difference of the two waves.

PCF MZIs commonly consist of a SMF-PCE-SMF configuration; where a small section of solid
core PCF is spliced between two standard SMFs. By using a fusion splicer to collapse the air
holes of the PCF, the light is no longer constrained to the core and some of the light is coupled
to one or multiple cladding modes and are able to propagate along the fiber [22, 23]. The splice
points act as the mode couplers to form the fiber MZI, where the first splice point causes light
from the core to couple to the cladding and the second splice causes the modes to recombine.
MZIs composed entirely of LMA-PCF have also been realized [22] by core misalignment or by
hole collapsing, as shown in Figure 4. By using the hole collapse technique in an all PCF MZI,
alignment is less stringent as no cleaving is required. More cladding modes will also be excited
and when the interference spectra were Fourier transformed, multiple spatial frequencies were
seen with the number increasing with increasing interferometer length [22]. Different lengths
of PCF were studied and compared for sensitivity [23-25]. It was found that the sensitivity was
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Figure 4. (a) The offset splicing method and the corresponding spatial frequencies at different interferometer lengths.
Inset: Cross section of the LMA-PCEF; (b) the hole collapse method and the corresponding spatial frequencies at different
interferometer lengths. (a) produced one dominant spatial frequency at each length, whereas (b) induced several.
Reprinted with permission from Ref. [22]. Copyright 2007 Optical Society of America.
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not strongly dependent on length, though longer sections could require better handling and
packaging.

These MZI configurations make useful refractometers as the effective refractive index of the
cladding modes will be influenced by the surrounding environment [21, 23]. Highly sensitive
refractometers have been demonstrated by means of tapering, either at just the splice points
[26, 27] or the entire PCF section [28] to expose the evanescent field, making the MZI more
sensitive to external RI changes. By tapering at the splice point, when compared to direct
splicing, Wang et al. [27] was able to increase the sensor sensitivity from 224.2 to 260.8 nm/
RIU. Wong et al. [29] used a combination of PCF-MZI and cavity ring-down technique for
signal demodulation, which lead to a minimum detectable RI to be 7.8 x 107° RIU, almost 2.5
times greater than when compared to a PCE-MZI based on wavelength demodulation.

PCFs are generally known to be relatively temperature insensitive due to their small thermo-
optic coefficient. Methods used to increase this sensitivity include, partial [30] or full [31] liquid
infiltration into the holey region of the PCF, and multipath (more than two) MZIs using
multicore PCFs [32] as this improves the phase sensitivity. Zhao et al. were able to achieve a
temperature sensitivity of 130.6 pm/°C [32].

Different PCF configurations have been used for measuring strain [25, 33-35]. By using a
multimode PCF, and careful hole collapse during splicing, a MZI was realized by coupling to
two different core modes, LPy; and LP3;, allowing the light to be confined within the core and
not as susceptible to ambient environment. Zheng et al. [25] were able to demonstrate a
temperature and RI insensitive strain sensor with a sensitivity of 2.1 pm/ue at 1550 nm with a
45 mm long PCF between two lengths of SMF. By introducing an additional collapsed region
in the center of the length of PCF, two cascaded MZIs were created; the extinction ratio of the
MZI induced fringes and in turn the measurement accuracy was improved [34]. The sensitiv-
ities for a normal SMF-PCF-SMF MZI and the modified MZI were 1.87 and 11.22 dB/ms¢,
respectively. With twin core (TC) PCFs, the two cores can each act as the arm of the interfer-
ometer [36] and allow for a large strain measurement range as there are no deformations in the
PCF to weaken the structure [33].

TC-PCFs have also been successfully demonstrated for use as intensity-based bend sensors
[36], with a signal change found when the fiber is bent, such that both cores will experience
different bend radii. Sun et al. [37] proposed a sensitive bend sensor by introducing an up- or
peanut like -taper as the splitter and a down-taper as the recombiner. The up-taper improves
the coupling between the PCF core and cladding modes and produces a stronger interference
signal when recombined. The bend sensitivity of 50.5 nm/m' is one order of magnitude
greater, when compared to a PCF MZI with a configuration of hole collapse and core offset
(3.046 nm/m") [38].

The addition of a functional coating can lead to more specific and tailored sensing applications.
As shown by Tao et al. [39], by coating the holey region of large mode area (LMA) and a
grapefruit PCF with a polyallylamine layer with an affinity towards TNT vapor, they were able
to selectively detect TNT. The LMA PCF had a lower a detection limit of 0.2 ppb,, due to a
higher Q-factor. Lopez-Torres et al. demonstrated a humidity sensor capable of resolving
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0.074% of relative humidity, and used a method based on the fast Fourier transform to yield a
more linear device response with less noise [40]. Functionalized tip sensors have been used to
detect changes in pH level [41] and changes in RI [42]. By modifying the surface of a compact
PCF (~3 mm long) sensing region with biotin, Hu et al. were able to successfully demonstrate
streptavidin detection [43]. Surface modified sensors can be more advantageous over air hole
modification as it can be easily cleaned, reused and the analyte response is faster [43].

Long period gratings (LPGs) have also been used to fabricate in-line MZIs as they work by
coupling forward propagating core light with one or more co-propagating cladding modes.
This has been extended for use in all-PCF MZIs [44, 45]. Mechanically induced LPGs allow for
identical, yet tuneable non-permanent LPGs to be fabricated. Yu et al. [45] demonstrated that
the first LPG could be replaced by a misaligned splice point. As this is easier to manufacture
than an LPG, it could reduce fabrication time and cost. The interference pattern can be tuned
by adjusting the offset or the distance between the splitter and combiner [45] as well as the
period and strength of the gratings [44]. It is also possible to replace the second LPG by
collapsing the holes of the PCF [46]. Compact LPG based MZIs have been demonstrated, by
using a CO, laser [35, 47] to create periodic grooves until both LPGs have coupling efficiency
of around 3 dB. Compared with a standard single mode fiber MZI, Ju et al. [47] were able to
obtain a higher strain sensitivity (—2.6 pm/ue compared to +0.445 pm/ue) and a lower temper-
ature sensitivity (42.4 pm/°C per m compared to 1215.56 pm/°C per m). MZIs made with LPGs
can be at risk of having a high insertion loss [24] due the deformation of fiber structure from
inscription or from the misaligned splice point [45]. By cascading an LPG with a PCF MZ],
simultaneous temperature and RI sensing was achieved as both elements in the sensor matrix
responded differently to the multiple parameters [48].

Measuring low acoustic frequencies underwater can be difficult due to poor signal-to-noise
ratios. An optical fiber based hydrophone using a polarization maintaining (PM) PCF
sandwiched between SMFs was able to detect frequencies ranging from 5 to 200 Hz. The MZI
used a two parameter detection method, namely a change in the intensity of the signal and a
shift in wavelength. The change in power ranged from 0.8 to 2.32 dBm, which was much
higher when compared to the ~0.1 dBm change using a SME-MMF-SMF configuration [49].

PCF-MZlIs also have potentials in communications for the demodulation of signals using differ-
ential phase shift keying (DPSK) [50] and in wavelength-division multiplexing (WDM) [51].

2.3. Michelson interferometer

Optical fiber Michelson interferometers can be realized by using two fibers or one fiber with
the configurations shown in Figure 5. They are a similar version of MZI configurations. In the
two fibers configuration, the laser light is split into two optical paths by an optical fiber
coupler. The light is reflected back by the mirrors and recombined at the coupler to form the
interference at the detector. In the one fiber configuration, the modes are split at a region where
higher order modes or cladding modes are excited, e.g. splicing region between SMF and PCF,
and are reflected by the mirrors and recombined at the splicing regions to form the interference
which passes to the detector via a circulator.
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Figure 5. (a) The schematic of a Michelson interferometer using two fibers; (b) the schematic of a Michelson interferom-
eter using one fiber.

Most PCF-based Michelson interferometers are based on one-fiber configurations. PM-PCFs
have two orthogonally polarized core modes which act as two different optical paths for
interference [52]. The two different optical paths can also be formed by two core modes in
two-core PCFs [53, 54], or two core fibers [55]. In addition, the core mode and cladding modes
that are excited at the splicing region between a SMF and a PCF due to mode mismatch [56] or
a collapsed region in PCFs [57-62]. Similar configurations have also been reported in thin core
fibers [63]. Due to the flexibility in the waveguide properties, PCF-based configurations can
achieve high sensitivities when measuring ambient parameters, such as RI, temperature etc.

Jha et al. presented a Michelson interferometer device using a stub of a LMA PCF, with the
schematic of the experimental setup and the interference spectrum in the reflected signal as
shown in Figure 6. The PCF was fully collapsed at the splicing region between SMF and PCF,
forming a multimode region for cladding mode excitation, and the end of the PCF was
behaving as a reflective mirror. The dependence of the PCF length, temperature and ambient
RI on the interference fringes of the device was investigated for sensing applications [58].

Enhanced temperature sensitivity was reported using a liquid-filled PCF-based Michelson
interferometer [60]. The cladding holes of the PCFs were filled liquid with an RI of 1.45. The
voids of the PCF were collapsed fully in the splicing process and the collapsed region between
SMF and PCF was about 300 um. The PCF end face acted as the reflective surface for the core
mode and cladding modes of the PCF, which were combined and interfered in the collapsed
region at the return path. The device demonstrated high temperature sensitivity with the
wavelength shifts being was around 27 nm for a temperature change of 5°C [60].

Because PCF-based interferometers possess several desirable advantages including high sensi-
tivity, linear response, and small size, they have attracted great interest in biosensing applica-
tions. Gao et al. proposed an in-line PCF Michelson interferometer for label-free, real time and
sensitive detection of DNA hybridization and methylation [61]. To fabricate the interferometer,

29



30 Selected Topics on Optical Fiber Technologies and Applications

Reflection (dB)

=12 L 1 I 1 n 1 1
1200 1300 1400 1500 1600

———— _ Wavelength (nm)
(a) (b)

Figure 6. (a). Schematic of the experimental setup. A micrograph of the PCF used in the experiments is shown. The
bottom drawing represents the interferometer, being L the length of the PCF. BBS stands for broad brand source, FOC for
fiber optic circulator or coupler, and OSA for optical spectrum analyzer. (b). Reflection spectrum of a device with
L =24 mm over 400 nm. Reprinted from Ref. [58], with the permission of AIP publishing.

a section of the PCF was collapsed to excite cladding modes which possessed lower effective
refractive indices than that of the core mode. The end facet of the PCF was coated with a gold
film as the reflective mirror. The DNA hybridization and methylation resulted in a variation of
surrounding RI, which changed the effective refractive indices of the cladding modes. The
experimental results demonstrated a detection limit of 5 nM [61].

Sun et al. demonstrated a hybrid fiber interferometer by splicing a short length of PM-PCF,
177 pm, to a SMF of one output port of a 2 x 2 50:50 fiber coupler, forming a Fabry-Perot cavity
in one of the optical paths of the Michelson interferometer. The spectral response of the hybrid
interferometer exhibited two distinctive interference fringes and was demonstrated experi-
mentally for simultaneous measurements of ambient RI from 1.33 to 1.38 with a resolution of
8.7 x 10%, and temperature in the range of 35-500°C with sensitivity of 13 pm/°C [53].

Multicore fiber (MCF) based multipath Michelson interferometers have been proposed and
demonstrated for high temperature sensing recently [64]. The reflective mirror was formed via
arc-fusion splicing the fiber end face. The splicing region between SMF and MCF was tapered for
coupling the center core mode to surrounding cores due to reduced distances. The seven cores
acted as the different optical paths in the multipath Michelson interferometer. The device dem-
onstrated a temperature sensitivity of 165 pm/°C in the temperature range of 250-900°C [64].

Besides sensor applications, generation of logic gates such as optical add-drop multiplexers
based on PCF-based Michelson interferometers has been investigated recently [54].

2.4. Sagnac interferometer

Optical fiber Sagnac interferometers (OFSI) use a Sagnac loop as the sensing element which
usually uses highly birefringent (Hi-Bi) fibers or polarization-maintaining fibers (PMFs) to intro-
duce a large optical path difference for interference between two counter-propagating waves.
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The configuration of a fiber Sagnac interferometer is illustrated by Figure 7. The input light is
split by an optical fiber coupler, usually a 3 dB coupler. Two counter-propagating waves travel in
the Sagnac loop and accumulate an optical path difference due to birefringence.

Compared to conventional Hi-Bi fibers, PM-PCFs usually achieve much higher birefringence.
Consequently, the required length of PM-PCF in the Sagnac loop is much shorter than that of
conventional PMFs. Moreover, PM-PCFs are thermally stable due to their pure-silica material used
in the fiber compared to conventional PMFs with temperature dependent birefringence. PM-PCFs
also possess advantage of low bending loss due to high numerical aperture and small core
diameters. As a result, PM-PCF based Sagnac interferometers have been extensively exploited
and develop for many applications, such as strain, twist, pressure and curvature sensing, etc.

The temperature insensitivity of PM-PCF based Sagnac interferometers improves the accuracy
of strain measurements, as the temperature crosstalk is negligible. The temperature depen-
dence of birefringence in the PM-PCF is 35 times smaller than that of conventional PMFs [65].

Further reduced temperature sensitivities in strain measurements using PM-PCFs were reported
to be 0.29 pm/K, about 3000 times lower than that of conventional PMFs, with strain sensitivity
of 0.23 pm/ue [66]. The experimental setup is shown in Figure 8(a), consisting of a 3 dB fiber
coupler to equally split the input light into two counter-propagating waves. The 86 mm long

Sagnac Loop Laser

Coupler
Detector

Figure 7. The schematic of a fiber Sagnac interferometer.
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Figure 8. (a) Schematic diagram of the proposed OFSI strain sensor. Inset: SEM of the cross section of the PM-PCEF. (b)
wavelength shift of the transmission minimum at 1547 nm against the applied strain. (c) Wavelength variation of the
transmission minimum at 1547 nm against temperature. Reprinted from Ref. [66], with the permission of AIP Publishing.
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PM-PCF was spliced to the single mode fiber in the Sagnac loop. One end of the PM-PCF was
fixed and the other end was stretched using a precision translation stage, for strain measure-
ment. The scanning electron microscopic (SEM) image of the PM-PCF is shown in the inset of
Figure 8(a). A broadband light source is connected to the input port of the 3 dB coupler, and the
transmitted light is measured by an optical spectrum analyzer (OSA) that is connected to the
other input port of the 3 dB coupler. The interference occurred when two orthogonal guided
modes combined at the coupler due to an accumulated phase delay in the Sagnac loop.

The transmission ratio of the optical intensity in the Sagnac loop can be described as:
T =1 - cos(¢))/2 (5)

where ¢y=271tLB/A is the phase difference between the two orthogonal guided modes in PM-
PCF, L is the length of the PM-PCF, B is the birefringence of the PM-PCF, and A is the
wavelength. The peak wavelength of the interference would encounter a shift due to the strain
experienced by the PM-PCF, with the relationship being;:

AL =A(1+p))e (6)

where p/, is a constant that describes the variation of strain-induced birefringence, and ¢ is the
applied strain.

The linear relationship between strain and peak wavelength shift can be observed in Figure 8(b).
The temperature stability was tested by placing the PM-PCF in a temperature-controlled container,
and the transmission spectrum was monitored by varying the temperature. The temperature
sensitivity of the sensor was measured to be —0.29 pm/°C, as shown in Figure 8(c), which is much
lower than the reported value of 0.99 nm/°C of a conventional optical fiber Sagnac interferometer
[67].

The influence of the coating on the fiber was investigated by Frazao et al., showing higher strain
sensitivities and stronger temperature crosstalk with a nonlinear response for coated PCFs based
Sagnac interferometers [68, 69]. The strain measurement sensitivities using PM-PCFs is also
influenced by the ratio of the sensing PM-PCF over the entire PM-PCF length in the Sagnac loop
[70]. Kim et al. develop a hollow core with an elliptical shape PBG fiber Sagnac interferometer
for strain sensing with reduced temperature sensitivity when compared to conventional PMF
Sagnac interferometers [71]. All-solid PCFs with Ge:SiO, rods and stress-induced birefringence
by two Boron-doped rods have been reported to produce higher strain sensitivity of 25.6 pm/ue
with the temperature crosstalk suppressed to —9 pm/K using a cascaded Sagnac configuration
[72]. The reference signal at wavelength 1586.7 nm was used for temperature compensation of
the two sensing wavelengths at 1551.5 nm and 1616.3 nm, with the wavelength difference being
monitored [72]. Low-birefringence (low-Bi) PCFs with birefringence one or two orders lower
than PM-PCFs were also exploited to achieve broader strain sensing range with similar strain
sensitivity and a need for temperature compensation due to higher temperature sensitivity [73].

PCF-based Sagnac interferometers have been reported to develop twist or torsion sensors with
potential applications in spaceflight and constructional engineering. Compared to other



Photonic Crystal Fiber—Based Interferometric Sensors
http://dx.doi.org/10.5772/intechopen.70713

optical fiber twist/torsion sensors, PCF-based Sagnac interferometers exhibit higher sensitivi-
ties and reduced crosstalk due to temperature. Hi-Bi PCFs have been reported to construct
twist/torsion sensors with sensitivities 0.059 and 0.057 nm/°, as measured from two interfer-
ence peaks, and temperature crosstalk of —4.6 and —2.6 pm/°C, respectively [74]. Improved
twist sensitivities were obtained by using a low-Bi PCF Sagnac interferometer showing sensi-
tivity of 1.00 nm/® and temperature sensitivity of —0.5 pm/°C [75]. A Side-leakage PCF with
Ge-doped core based Sagnac interferometer was reported to achieve torsion sensitivity of
0.9354 nm/°. The temperature crosstalk was around 0.054-0.178 °/°C, which could be indepen-
dently determined by using matrix method [76]. Notably, matrix method was used for simul-
taneously multi-parameter measurement by PCF base Sagnac interferometers also. Dong et al.
introduced a core-offset technique in the splicing between the PCF and standard fibers in the
Sagnac loop, and measured the wavelength variation and the transmissivity difference in
order to demodulate the strain and temperature [77]. More recently, Naeem et al. demon-
strated a Sagnac interferometer using Hi-Bi PCF for multi-parameter measurements. The
sensor consisted of hybrid interferometry; the intra-core-mode Sagnac interference and the
inter-core-mode Mach-Zehnder interference. The phase shifts due to the Sagnac and Mach-
Zehnder interference were measured and used to construct the sensor matrix for torsion, strain
and temperature [78].

Pressure sensing using PM-PCF based Sagnac interferometers have been reported recently.
Due to the high sensitivity of Sagnac interferometry, such sensors do not require modifications
for sensitivity enhancement. Furthermore, the detection scheme can be wavelength shift mea-
surement [79, 80, 81], or phase shift measurement for extended pressure measurement range
up to 2.35 MPa [82]. Feng et al. demonstrated that such sensors exhibit a good linearity of the
applied pressure and can accurately measure pore water pressure [81].

Gong et al. employed a low-Bi PCF in the Sagnac loop and used wavelength shift detection for
curvature sensing. The achieved curvature detection resolution was 0.059 m™' [83]. Compara-
tively, Frazao et al. demonstrated a Hi-Bi PCF Sagnac interferometer for curvature sensing
with an improved detection resolution of (1.39 + 0.07) x 10> m~'. The measurement param-
eter was the group birefringence g, which was defined as [3=/\2/A/\L, where A is the central
wavelength in operation, AA is the spectral width of the interferometer, and L is the length of
the Hi-Bi PCF region [84].

The presence of air holes in PCF structures permits the infiltration of substances, e.g. liquid,
metal etc., to introduce additional functionalities. For instance, highly sensitive temperature
sensing was reported by PCF based Sagnac interferometers filled with metal [85], selectively
filled with liquid [86, 87], and partially filled with alcohol [88]. The indium-filled side hole PCF
was producing a change in birefringence due to the expansion of the filler metal, resulting in a
high temperature sensitivity of the sensor of —9.0 nm/°C [85]. A PBG PCF was selectively filled
by high index liquid, leading to temperature dependence in the bandgap properties, as well as
the Sagnac interference properties. The temperature sensitivity was about —0.4 nm/°C [88]. By
selectively infiltrating water at the two larger air holes adjacent to the solid core in the PM-PCEF,
the Sagnac interferometer showed temperature sensitivity of 0.15 nm/°C [87]. In order to realize
a low cost, reusable and reliable in-line microfluidic refractometer, Wu et al. devised a device
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based on a C-shaped fiber and PCF based Sagnac interferometer [89]. The C-shape fiber and the
PCF were fusion spliced to standard fibers in the Sagnac loop. The C-shape fibers provided
openings for fluid to flow into and out of the PCF. The device was experimentally demonstrated
for in-line fluid sensing, with high sensitivity of 6621 nm/RIU over RI range of 1.33-1.333 [89].

3. Conclusions and outlook

An overview of the different interferometric sensors, based on PCF, and their applications has
been presented. The structure of PCFs is versatile and many different configurations can be
achieved to produce interferometers with desirable properties such as high sensitivity, small
sensor heads and good stability over time for sensing applications. PCF-based Fabry-Perot
interferometers utilizing short sections of hollow core fibers, or forming microbubbles as the
resonance cavities, or short sections of solid core PCFs, have been reported for measurements
of various physical magnitudes, including RI, temperature, strain and pressure. PCF-based
MZI configurations leverage on the enhanced flexibility in controlling waveguide properties in
PCEF, e.g. splicing between SMF and PCF can be used as an effective way to excite higher order
modes and cladding modes in PCF, which exhibit greater sensitivity to ambient parameters
compared to those in conventional fibers. In addition, the difference in the effective mode
indices between the cladding modes and the core mode are greater in PCF, leading to much
shorter device length and thus better robustness. PCF-based Michelson interferometers are a
similar version of MZI configurations, except the presence of a reflective surface to reflect the
modes which are combined at the same location of mode splitting. PCF-based Sagnac interfer-
ometers usually use Hi-Bi PCFs for developing compact and highly sensitive devices for
measuring parameters such as strain, twist/torsion, curvature etc. PCFs can be combined with
other fiber devices such as fiber Bragg grating or long period grating devices to achieve better
sensor performance, e.g. higher sensitivity, minimizing cross-talk and simultaneous multiple
parameter sensing. Inclusions of other substances into the holey structure of PCFs, bring
additional functionalities and enhanced sensor performance such as temperature sensors.
Moving forward, PCFs are expected for more exploitations and advancement of sensor devel-
opment for various sensing applications.
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