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Abstract

This chapter presents the fabrication of the special microstructured optical fibers (MOFs)
and the development of sensing applications based on the fabricated fibers. Particularly,
several types of MOFs including birefringent and photosensitive fibers will be introduced.
To fabricate the special MOFs, the stack-and-draw technique is employed to introduce
asymmetrical stress distribution in the fibers. The microstructure of MOFs includes con-
ventional hexagonal assembles, large-air hole structures, as well as suspended microfibers.
The birefringence of MOFs can reach up to 10�2 by designing the air hole structure
properly. Fiber Bragg gratings as well as Sagnac interferometers are developed based on
the fabricated special MOFs to conduct sensing measurement. Various sensing applica-
tions based on MOFs are introduced.

Keywords: microstructured optical fibers, MOFs, fiber sensor, interferometry, FBG

1. Introduction

Microstructured optical fibers (MOFs), which have air-hole structure along the fiber length,

have attracted tremendous attention in the development of novel fiber sensors for a multitude

of industry applications. Majority of the effort has been focused on silica photonic crystal fibers

(PCFs), which are composed of many air channels arranged in hexagonal (honeycomb) shape [1–

3]. Since Phillip St. Russel proposed the use of silica/air structure to design the fiber and realized

all-silica single mode PCF in 1990s [4, 5], significant advances were made in supercontinuum

generation [6–8], fiber lasers [9–11], as well as fiber-optic sensor [12–14]. More flexible fiber

design and different kinds of materials are used in MOFs, for example, using tellurite or chalco-

genide glass rather than pure silica glass [7] and suspended-core structure instead of honeycomb

arrangement [13]. Light is guided in PCFs by two principles, namely, the modified total internal
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reflection (M-TIR) and the photonic bandgap (PBG). Typically, fibers employing the M-TIR

principle have a solid core made of pure silica or silica doped with metal ions (e.g., Ge, Er, Yb,

Tm, Co), whereas PCFs using the PBG principle have hollow core. Even though the fiber core is

free of dopants or hollow, light can be confined in the core by cladding with periodic air-hole

structure due to the lower effective refractive index of cladding or the bandgap effect. The air-

hole structure or dopants of MOFs modified the mechanical and optical properties of the fibers,

and thus, the MOFs can be tailored to suit specific sensor requirements.

Physical parameters, such as strain, temperature, pressure, vibration, torsion, etc., have been

measured accurately using PCF-based sensors [15, 16]. Basically, the air-hole structure in

MOFs for sensing applications is designed to give the desired stress distribution in the fiber

so that the stress is enhanced by any external physical perturbation to the fiber, leading to

change of the effective index of the guided mode in the core. The stress change can be induced

either thermally or mechanically such as pulling, compression, and twist. Various kinds of

sensors can be implemented using such approach. For instance, polarization-maintaining PCFs

with an asymmetrical stress distribution provide an excellent option to construct Sagnac

interferometer for the measurement of oil pressure with very high sensitivity of 3.4 nm/MPa

[17]. On the other hand, the core in hollow-core PCFs can be filled with gas or analytes to

enhance the interaction between the materials in the hollow core and light to realize highly

sensitive gas and chemical sensors [18–20]. Alternatively, the air channels in the cladding of

index-guiding PCFs confining light via the M-TIR principle can be filled with the materials to

be sensed. The materials in the air holes change the index or stress distribution in the cladding

and modify the guided light in the core [21–23]. By selectively filling liquid into some of the air

holes, refractive index sensor with extremely high sensitivity = 12,750 nm/RIU was reported

[23]. The ease and flexibility of fabricating MOFs with different structures bring tremendous

opportunities in the development of fiber-optic sensors suited for a wide range of applications.

In this chapter, we present the fabrication techniques of some special MOFs and demonstrate

the sensing applications based on the fabricated fibers. The stack-and-draw approach is used

to make the fibers; however, specific modifications were introduced to obtain different air-hole

structures, especially to induce the asymmetrical stress distribution in the fiber to realize

highly sensitive pressure sensors. Various kinds of MOFs including twin-core PCF, high

birefringence PCF, suspended core fiber, suspended microfiber, as well as two semicircle holes

fiber were fabricated for sensing applications. MOF-based pressure sensors were fabricated

using fiber Bragg grating (FBG) and/or interferometry technique. Section 2 will present the

fabrication techniques used to fabricate our special MOFs. Section 3 describes the use of MOF

sensors for the oil and gas industry. The summary is given at the end of this chapter.

2. Fabrication and characterization of special microstructured optical

fibers

2.1. Fabrication of MOFs

Several approaches are being used to fabricate MOFs, including extrusion [24], casting/mold-

ing [25], mechanical drilling [26], and stack-and-draw [27]. The stack-and-draw technique is
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the most versatile and flexible. This is because by stacking small capillaries, not only various

structures can be implemented but also different materials besides silica glass can be utilized.

Extrusion, casting, and drilling are widely used to make polymer or soft-glass MOFs due to the

much lower softening temperature of these materials. In contrast, it is easier to stack different

structures regardless of materials. In addition to fabricate conventional hexagonal air-hole

structures, more complicated superlattice structures can be fabricated using circular capillaries

that are arranged in patterns to approximate triangular holes, square holes, and elliptic holes

[27, 28]. We demonstrated the fabrication of superlattice PCFs using the stack-and-draw

technique [27] to realize elliptical holes in the cladding and its optical characteristics are

comparable to the design with ideal elliptical holes. Various designs of MOFs with either side

hole, two core, or suspended core were used to fabricate optical fiber sensors for different

sensing applications. Some of the circular capillaries arranged in hexagonal pattern can be

replaced by capillaries/rods of different diameters. The stack-and-draw method offers the

flexibility to fabricate a large variety of MOF sensors suited for different industries.

Figure 1 illustrates the process of fabricating a twin-core PCF (TC-PCF) using the stack-and-

draw technique. Hexagonal structure is the natural pattern when stacking circular capillaries

of equal diameter together. Typically, pure silica capillaries and rods are first drawn before the

stacking process. To fabricate PCFs with n-layer of air hole in hexagonal pattern, 3 n (n + 1) of

capillaries plus one rod for the central core are required. The stacked assemble can be secured

using tungsten wire and then fixed in position by melting some of the capillaries. Alternatively,

the entire assemble can be directly stacked inside a jacket tube, and the gaps are filled with

silica rods of various outer diameters.

Basically, two drawing stages are employed to fabricate MOFs, particularly for complicated

structures that have many layers of air holes. The first drawing stage is to draw the stacked

assembly into cane with the desired outer diameter of 1–2 mm, as illustrated in Figure 1(c). The

Figure 1. Illustration of the stack-and-draw method used in microstructured optical fibers (MOFs) fabrication.
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cane is then inserted into a jacket tube, forming a second preform. The final fiber is drawn from

the second preform, as shown in Figure 1(d). By using two drawing stages, the total reduction

ratio of diameter can be divided into two parts. Using smaller reduction ratio during the first

drawing stage, the stacked assemble can be drawn with minimal distortion from the desired

structure. For simple structures or structures with only a few large air holes, one drawing stage

is normally adequate. For the superlattice structure reported in Ref. [27], three drawing stages

were used, where the first drawn cane was used to make a second stack. To draw the MOFs

properly, the drawing temperature ≈ 1900�C is lower than that of pulling all silica single mode

fiber (SMF). The air hole would collapse if the drawing temperature is too high [29]. The

collapse ratio is inversely proportional to the viscosity and the ratio of drawing velocity over

feeding velocity (i.e., vdraw/vfeed). High temperature leads to low viscosity and ultimately large

collapse ratio. Collapse ratio equal to 1 means air holes completely collapse. Relatively fast

drawing velocity is preferable to maintain a certain tension to sustain the air-hole structure.

However, large tension also results in poor fiber strength, which makes the fiber fragile. Thus,

there is a trade-off to adjust the drawing temperature and tension. The control of tension and

temperature is particularly important for drawing MOFs with large air holes.

Figure 2 shows the scanning electronic microscopic (SEM) photos of the cross-section of some

fabricated MOFs in our lab using the stack-and-draw technique. By introducing air holes with

different diameters, the mechanical properties of the fiber can be modified. In particular, the

noncircularly symmetrical air-hole structure provides some degree of tailoring the stress

Figure 2. Scanning electronic microscopic photos of the cross section of the fabricated MOFs by using various stacking

strategies. The examples shown are (a) twin-core photonic crystal fiber (TC-PCF) [12], (b) six-hole suspended-core fiber

(SH-SCF), (c) high birefringence PCF (HB-PCF), (d) two-core HB-PCF, (e) superlattice PCF [27], (f) two semicircle hole

fiber, (g) high birefringence suspended-core fiber (HB-SCF) [13], and (h) single-ring suspended fiber [30].
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distribution in the fiber. Basically, the stress distribution of circularly symmetrical struc-

tures, including the standard single-mode optical fiber, is identical along the two polariza-

tion axes. MOFs with noncircularly symmetrical cross-section are birefringent. Figure 2(a)

shows a two-core MOF, where the optical coupling between the cores is affected by pres-

sure. Figure 2(b) shows a 6-hole MOF for the measurement of refractive-index changes of

fluid. The cores of the MOFs shown in Figure 2(c)–(g) are elliptical, and the fibers are highly

birefringent. Figure 2(h) shows a small-diameter fiber suspended inside a fiber and is

designed for vibration measurement.

2.2. Twin-core photonic crystal fiber

A twin-core PCF was developed as an alternative sensor to standard single-mode optical fiber

for pressure measurement. The air-hole structure of the TC-PCF is shown in Figure 2(a), where

two capillaries are replaced by two pure silica rods in the stacked assembly. The fabrication

process is described schematically in Figure 1, and details can be found in Ref. [12]. The fiber

was drawn at a temperature close to 1900 C. The outer diameter of the fiber is 125 μm, and

diameter of two cores is ~2.5 μm. The hole diameter is ~1.1 μm, and pitch is ~1.85 μm. As the

distance between the two cores is so close (~4 μm), the coupling effect between each other is

strong. The modes guided in each core are combined and known as supermodes, i.e., even and

odd modes [12, 31, 32]. Particularly in the fabricated TC-PCF, there are x-polarized even and

odd modes and y-polarized even and odd modes. Figure 3 shows the simulated mode profile

of these modes.

According to the coupling theory, the coupling length of even and odd modes at each polari-

zation (e.g. x polarization) can be written as

Lc λð Þ ¼
λ

2 np,x�even � np,x�odd

�

�

�

�

¼
λ

2 Δnx,p
�

�

�

�

, (1)

where np,x-even and np,x-odd represent the phase effective index of the x-polarized even and odd

modes respectively, and Δnp,x stands for their difference. The effective index of each mode

changes with the stress distribution induced by the external environment (such as pressure

and strain), which eventually causes the corresponding change of coupling coefficient. As for

Figure 3. Simulated profiles of the electrical field for the x-polarized even and odd modes and y-polarized even and odd

modes supported in TC-PCF, where the arrows show the direction of the field (adapted from ref. [12], OSA).
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one polarization direction, the power coupled from one core to the other after propagating a

distance of L can be expressed as

Ix λð Þ ¼ sin 2 π

2Lc λð Þ
L

� �

¼ sin 2 π

λ
Δnx,pL

� �

: (2)

Since the x and y polarization are orthogonal, the total output power of the transmission is the

sum of both polarizations, which is then expressed as

I λð Þ ¼ Ix λð Þ þ Iy λð Þ ¼ 1� cos
π

λ
Δnx,p þ Δny,p
� �

L
h i

� cos
π

λ
Δnx,p � Δny,p
� �

L
h i

: (3)

It can be seen that the transmission spectrum of the TC-PCF is modulated due to the mutual

influence of the two polarizations. If considering a short wavelength range, the fringe spacing

can be approximated as

Δλ ¼
2λ2

Δnx,g þ Δny,g
� �

L
: (4)

Here, Δnx,g and Δny,g are the group effective index difference of the even and odd modes of

x- and y-polarizations, respectively. The group index (ng) and phase index (np) have a relation-

ship of ng = np � λdnp/dλ. The calculated Δnx,g and Δny,g are 3.745�10�3 and 3.386�10�3,

respectively. The calculated fringe spacing for a 110-cm long TC-PCF is ~0.613 nm. In experi-

ment, the TC-PCF was spliced to two SMFs using manual splicing mode [33, 34]. A broadband

source (BBS) and optical spectrum analyzer (OSA) were utilized to monitor the transmission

spectrum of the output. To obtain high fringe contrast, an offset in the alignment and repeated

arc discharges are needed. Figure 4 shows the calculated and experimental transmission

spectrum. Both results show modulation on the interference. Besides, the fringe spacing

obtained experimentally is about 0.676 nm, which is also in good agreement with the calcu-

lated value. The obtained transmission spectrum of TC-PCF is sensitive to external physical

perturbation and can be employed as pressure sensors.

Figure 4. (a) Simulated and (b) experimental transmission spectra of a 110-cm long TC-PCF, adapted from ref. [12], OSA.
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2.3. High birefringence microstructured optical fiber

In addition to the multiple cores achieved by replacing certain capillaries during stacking,

capillaries with different inner diameters can be used to fabricate noncircularly symmetric air-

hole structures to introduce birefringence in MOFs. The effective index of the x-polarized mode

and y-polarized mode is different in birefringent MOFs. The birefringence of the fiber is defined

as the index difference of the two polarization modes (i.e., B = |nx � ny|). In optical fiber

communications, birefringent fiber is utilized to realize polarization maintaining. Commonly

used polarization-maintaining fibers (PMFs) have a bowtie, elliptical, or PANDA structures [35].

The main feature of these fibers is that there are two heavily doped parts in the cladding, e.g.,

PANDA fiber [36] or an elliptical core designed to induce noncircularly symmetric stress to the

core. The stress applying part in the cladding or the asymmetrical geometry of the fiber is

regarded as exterior stress to the fiber core, whereas the thermal expansion of the noncircularly

symmetric core yields interior stress to the core. The total birefringence of the fiber is composed

of the contributions from exterior stress, interior stress, or both, depending on the fiber type.

Similar concept is employed inMOFs. Unlike conventional PMFs, high birefringence MOFs (HB-

MOFs) exhibit the flexibility of modifying the fiber geometry and inducing exterior stress to the

core. MOF fabrication permits the ease of introducing various air-hole structures in the cladding

and breaks the circular symmetry of the fiber. Birefringence is an important property in fiber

sensors for the measurement of many physical parameters. PM-PCF has been demonstrated to

be a good candidate in the measurements of pressure [17], strain [37], temperature [38], torsion

[39], etc. Most of these applications are based on the commercially available PM-PCF from NKT

Photonics (PM-1550-01), which has a birefringence of ~4�10�4 at the wavelength of ~1550 nm.

The birefringence of MOFs allows for the construction of Sagnac interferometer (SI) by simply

splicing PM-PCF between two output ports of a 3-dB coupler. The 3-dB coupler splits the light

from one input port into two counter-propagating beams that interfere with each other at the

3-dB coupler after propagating through the PM-PCF, as shown in Figure 5(a). The phase

difference (ϕ) of the two polarization is 2πBL/λ, where B and L are the birefringence and

length of the fiber, respectively. At the valleys of the spectrum, the phase difference is always

equal to 2kπ (k is an integer). As for two adjacent valleys, the change of phase difference is 2π

and equals (dϕ/dλ)*Δλ, where Δλ is the wavelength difference of these two adjacent valleys.

Thus, the birefringence of one HB-MOF can be expressed by

G ¼

λ1 � λ2

Δλ � L
, (5)

where λ1 and λ2 represents the two adjacent valley wavelengths and G is the group birefrin-

gence, which can be measured via the experimental SI spectrum. Figure 5(b) plots the spec-

trum of a typical SI constructed using in-house HB-PCF (shown in Figure 2(c)) having a length

of 5.5 cm. The wavelengths of two valleys close to 1550 nm are 1547.16 nm and 1550.66 nm.

The group birefringence of this fiber is calculated to be ~1.25�10�2.

The birefringence of the MOFs offers an alternative to conventional PMFs in the construction

of interferometric sensors using phase difference of two polarization modes propagating in the

Fabrication and Sensing Applications of Special Microstructured Optical Fibers
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MOFs. The sensitivity of interferometric sensors is highly dependent on the birefringence

change induced by external perturbations. Therefore, the arrangement of the air-hole structure

that transfers the external perturbation to the optical mode in the core is important. We

designed and fabricated several types of MOFs to measure oil pressure and refractive index

of fluid for biomedical sensing. The sensitivity of the sensors varies greatly with the geometry

of the core and cladding, as well as the sensing principle employed in the sensors. In general,

interferometry-based sensors exhibit better sensitivity than grating-based sensors. However, in

interferometry-based sensors, the sensing information is encoded in the spectral dips/peaks,

which is much broader than the reflection peaks of grating-based sensors. Detecting the shift of

the dips/peaks of a broad spectrum accurately is more difficult, therefore could affect the

measurement accuracy. The sensing performance of different MOFs will be presented and

compared in the following two sections.

Figure 2(c)–(g) show the SEM photos of some of the MOFs with high birefringence fabricated

in our lab. As the air-hole structure is different, the birefringence of the fibers is not the same.

The phase and group birefringence of HB-PCF we fabricated (show in Figure 2(c)) are mea-

sured to be 1.1�10�2 and 1.25�10�2. Both values are in good agreement with the calculated

values of 1.4�10�2 using finite element method. The two large holes in the cross section of the

fiber shown in Figure 2(c) are slightly elongated, resulting in the desired noncircularly sym-

metric air-hole structure for high birefringent fiber. For index-guiding MOFs made of silica,

this fiber possesses the highest birefringence in reported literatures. Table 1 lists the compari-

son of our various HB-MOFs and others reported in the literatures.

Basically, elliptical core leads to higher birefringence because the two polarization modes are

along with the major and minor axis of the elliptical core, individually. Due to the feature that

optical mode is confined in the air for hollow-core PCF, even slight imperfection can influence

the light propagation significantly, such as the loss and modal profile. Thus, hollow-core PCF

with elliptical core exhibits very high birefringence even for small ellipticity. For example, the

elliptical core with an aspect ratio of 1.16 exhibits a group birefringence of 2.5�10�2 [52]. MOFs

Figure 5. (a) Schematic figure of the configuration of a typical Sagnac interferometer realized by HB-MOF and (b) interfer-

ence spectrum of a SI based on a 5.5-cm long in-house fabricated HB-PCF.
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made of other type of glass (e.g. SF57, Chalcogenide glass) also have large birefringence in the

order of 10�2, if the structure is optimized. Sensors with high birefringence allow the imple-

mentation of compact sensing configuration because shorter fiber can be used. The sensing

information of Sagnac interferometer is encoded in the wavelength shift of the interference

spectrum. The phase difference at one valley is equal to 2kπ, and the sensitivity, which is

defined as the wavelength shift per unit change in the measurand, can be expressed by

dλ

dX
¼

λ

G

∂B

∂X
, (6)

where X is the measurand, such as pressure, temperature, refractive index, etc., B is the modal

(phase) birefringence, and ∂B
∂X is the polarimetric sensitivity. Note that the length effect is

neglected in Eq. (6), which is not applied to the strain measurement. The strain is mainly

PM fiber type Description of the structure Reported date Measured

birefringence

HB PM-PCF, Figure 2(c) Two large holes close to an elliptical core May, 2013 [40] 1.25 � 10�2

Superlattice PCF, Figure 2(e) Superlattice with rhombic cell of 9 holes June, 2014 [27] 8.5 � 10�4

6-hole suspended-core fiber,

Figure 2(g)

Elliptical core suspended by 6 large air

holes

June, 2014 [13] 5 � 10�4

Semicircle hole fiber, Figure 2(f) Two large semicircle side holes August, 2017 1 � 10�4

Low-loss PM-PCF Two large air holes close to the core December, 2011 [41] 1.4 � 10�3

PANDA PMF Stress-applying parts with PANDA

shape

July, 1981 [42] 8.5 � 10�5

Bow-tie PMF Stress-applying parts with bow-tie shape November, 1982 [43] 4.87 � 10�4

First fabricated HB PCF Twofold rotational symmetry September, 2000 [44] 3.85 � 10�3

Side-hole fiber Two side holes with elliptical Ge-core September, 2008 [45] 1.39 � 10�4

HB MOF Irregular air holes with elliptical core July, 2007 [46] 1.1 � 10�2

Butterfly-type MOF Twofold air-hole structure with butterfly

shape

June, 2010 [47] 1.8 � 10�3

Squeezed lattice PCF Squeezed air holes with two big holes February, 2010 [48] 5.5 � 10�3

HB index-guiding PCF Elliptical core by achieved by replacing

two holes

June, 2001 [49] 9.3 � 10�4

Fiberized glass ridge waveguide Borosilicate glass-based fiberized ridge

waveguide

April, 2015 [50] 9.5 � 10�3

HB nonlinear MOF Small elliptical core July, 2004 [51] 7 � 10�3

Hollow-core PBGF Elliptical hollow core August, 2004 [52] 2.5 � 10�2

SF57 glass MOF at 1.06 μm

wavelength

Asymmetric structure with elliptical air

holes

May, 2017 [53] 9 �10�2

Chalcogenide glass PCF at 7.5 μm

wavelength

Two large air holes close to the core April, 2016 [54] 1.5 �10�3

Table 1. Comparison of birefringent MOFs reported in the literatures.
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caused by elongation and thus needs to be taken into account to estimate the sensitivity, which

can be formulated by considering the length, and the equation becomes

dλ

dε
¼

λ � ∂B1 λ; εð Þ=∂εþ B1 λ; εð Þ½ �

G1 λ; εð Þ þ 1=α� 1ð Þ � G2 λð Þ
, (7)

where B1(λ,ε) and G1(λ,ε) are the phase and group modal birefringence for the MOF section

under stressed, G2(λ) is the group modal birefringence for the MOF section without strain

applied, and α is the ratio of fiber section under strain over total length of the MOF. Different

air-hole structures give different values of birefringence derivative with respect to the

measurands; therefore, it is important to design the MOFs with the desirable birefringence

derivative to optimize the sensing performance. In terms of the form of wavelength shift, the

sensitivity is inversely proportional to the birefringence. The key consideration to achieve high

sensitivity is to have large-phase birefringence change with measurands but relatively low-

group birefringence.

2.4. Sensors based on fiber Bragg grating inscribed in MOFs

The ease and flexibility of fabrication of birefringent MOFs result in the increasing use of these

fibers in Sagnac interferometric sensors. Fiber Bragg gratings can be inscribed in MOFs to

increase their sensing capabilities. However, it is more difficult to inscribe FBGs in the MOFs

compare to SMFs due to the existence of the air holes that diffract the UV light needed to write

gratings. UV light at 193, 248, 213, and 266 nm, as well as femtosecond laser [55–57], is being

used to inscribe FBGs in various types of MOFs. 193 nm lasers [56] and femtosecond lasers

were used to write FBGs in nonphotosensitive MOFs. These lasers induced physical deforma-

tion in the fiber cores. FBG written on MOFs using femtosecond laser can be used for high

temperature measurement up to 800�C [56]. There are two reflective peaks instead of one peak

in the reflection spectrum of an FBG inscribed in birefringent fibers [40, 58, 59]. The separation

of these two peaks is directly related to the fiber birefringence.

It is easy to introduce photosensitivity in MOFs by using a germanium-doped rod during the

stacking stage. Gratings can be inscribed in MOFs using UV light, and the ease of grating

inscription depends on the air-hole patterns. Figure 6 shows the reflection spectrum of an FBG

inscribed in a six-hole suspended-core fiber (SCF) and HB PCF fabricated in our lab. The SEMs

of their cross-section are shown in the insets. By optimizing the inscription system, very strong

FBGs can be achieved. Owing to the ultrahigh-phase birefringence (~1.1�10�2), the two reflec-

tive peaks of FBG inscribed in HB PCF show very large wavelength separation of more than

10 nm which is much larger than that in the commercial PM-PCF (0.5 nm) [59] and the HB

MOFs (2.1 nm) reported in Ref. [58]. Two peaks with large separation allow for simultaneous

measurement of temperature and pressure because the stress transferred to the core along the

two polarization axes is different when subjected to pressure.

The FBG inscribed in the six-hole suspended-core fiber can be employed to measure strain and

temperature. The measured strain sensitivity is about 0.96 pm/μm, which is close to that of

SMF. Since the germanium is doped in the core as in SMF, similar temperature sensitivity of
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10.7�C was measured. However, the pressure sensitivity of the FBG inscribed in the fiber was

measured to be 8.2 pm/MPa, which is higher than that of SMFs, which is ~3.1 pm/MPa [60].

This improvement is due to the six air holes, and further increase in the sensitivity is possible

by using larger air holes, as demonstrated in [61]. We designed and fabricated a single-ring

suspended fiber, as shown in Figure 2(h), to increase the pressure sensitivity. The measured

pressure sensitivity using FBG on this fiber is about 18 pm/MPa, more than 5 times higher than

that of standard SMFs.

In addition, the large air holes of MOFs permit materials to be filled in the cladding to

functionalize MOFs into a large variety of sensors. For example, low-temperature melting

point metal was filled into the air holes of the six-hole SCF to function as anemometer to

measure wind speed [22]. The metal absorbs energy from light propagating in the six-hole

SCF, and the FBG inscribed in the core measures the temperature change. The cooling rate of

the metal/FBG is directly related to the wind speed. Due to the large optical absorption of

metal, the heating efficiency is very high, i.e., ~7.3�C/mW. Laser power as low as 14 mW is

sufficient to heat the metal/FBG up to 100�C. This is more efficient than the heating process

using Co2+-doped fiber as we have demonstrated in [62].

3. Sensing applications of MOFs in the oil and gas industry

The demand for fiber optic sensors in the oil/gas industry comes from the harsh downhole

conditions and the depth of oil wells which can be as deep as 12 km. The great distance

coupled with the high pressure (up to 100 MPa) and temperature (more than 200�C) of oil in

downholes restricts the use of conventional sensors. However, the intrinsic features of optical

fiber sensors such as long distance transmission, immune to EMI, and high operating temper-

ature make it a promising candidate for the oil industry. The use of multiple FBGs distributed

along a single strand of SMF has been employed in oil monitoring. Key parameters like

pressure, temperature, and flow speed are widely measured in oil wells [63, 64]. In such

Figure 6. Reflection spectrum of an FBG inscribed in the (a) photosensitive six-hole SCF and (b) HB PCF, adapted from

ref. [40], OSA. The insets show the SEM photos of the cross section of the fabricated fibers.
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circumstances, high pressure can cause large irretrievable disasters during oil exploitation and

oil transportation. Therefore, it is of great importance to measure pressure, and MOFs are

potential candidates to enhance the capabilities of optical fiber sensors used in the oil industry.

The stress distribution around the core of MOFs can be tailored via the air-hole pattern to

enhance the MOFs’ sensitivity to pressure. The application of pressure to MOFs leads to large

compression stress in the fiber core where optical light propagates. Good performance in terms

of sensitivity, resolution, as well as fast response can be achieved by properly designing the

structure of the MOFs.

The basic principle that permits fiber sensors to measure pressure is the photoelastic effect of

silica glass. When subjected to pressure, fiber sensors regardless of the use of different operat-

ing principles, the silica fiber shows the corresponding dependence on the change in pressure.

Particularly, the refractive index of the core/cladding of MOFs varies with applied pressure,

which can be expressed as
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where ni is the index component in ith direction (i = x, y, z), σi represents the corresponding stress

component, and n0 is the silica index without pressure applied. The constants C1 and C2 are the

stress-optic coefficient for silica glass and have values of 6.5 � 10�13 and 4.2 � 10�12 m2/N,

respectively. The change in refractive index induced by pressure is determined by the above

equation. The pressure-induced change in index is taken into account to calculate the guided

mode in MOFs. Either FBGs or interferometry is employed to make pressure sensors, and the

stress transfer mechanism is similar. However, in terms of the polarimetric approach based on

high birefringence MOFs as introduced in Section 2.3, the resultant pressure sensors that employ

the index difference of two polarized modes exhibit better sensitivity.

Figure 7 plots the results of oil pressure measurement using FBGs written on conventional

SMF and single-ring suspended fiber (shown in Figure 2(h)) with various outer diameters. The

single-ring suspended fiber differs from SMF because of the large air region in the fiber,

resulting in high air-filling ratio (AFR). AFR of SMF can be regarded as 0, as no air holes exist

in the fiber. Typically, higher AFR gives better sensitivity [61]. The measured results using FBG

on single-ring suspended fiber show a large improvement (five times) of pressure sensitivity

compared to that obtained on SMF. Furthermore, by etching the cladding of the fiber, smaller

outer diameter of this MOFmeans higher AFR and consequently further increases the pressure

sensitivity from �18 to �21 pm/MPa.

In addition to improvement in sensitivity, MOFs enable simultaneous measurement of pressure

and temperature by using FBG inscribed in high birefringence fiber. As shown in Figure 6(b), the

two distinct peaks occurred in the reflection spectrum have a wide wavelength separation due

to the large fiber birefringence. The separation is more than 10 nm for this MOF, which has a

measured birefringence of 1.1 � 10�2. Two-parameter measurement tends to be easier when
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utilizing two peaks with large separation. Figure 8(a) shows the pressure responses of the two

modes polarized in fast and slow axes, corresponding to the two FBG peaks located at shorter

and longer wavelength, which gives sensitivities of �1.9 pm/MPa for the fast axis peak and

�5.1 pm/MPa for the slow axis peak [40]. The different pressure responses obtained from the

fast and slow axis peaks are due to the asymmetrical air hole structure, which breaks the

uniformity of the pressure-induced stress. Therefore, the stress change along the fast axis is

Figure 7. Pressure response of FBGs inscribed in SMF and MOFs.

Figure 8. (a) Pressure response of FBG written in the HB-PCF fabricated in our laboratory, where the fast and slow axis

peaks show different responses, (b) temperature dependence of the two axes (adapted from Ref. [40], OSA).
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smaller than that in the slow axis due to the existence of two large air holes. However, the

temperature dependence of the two polarized modes are the same, about 10 pm/�C, as shown

in Figure 8(b). Such discrimination in pressure and temperature allows the simultaneous

measurement of these two parameters. The change in pressure and temperature can be calcu-

lated according to the total wavelength shift of the fast and slow axis grating peak via the

following equation

ΔT

ΔP

� �

¼

1

32:17

�1:9 5:0

�10:5 10:7

� �

Δλs

Δλf

" #

, (9)

where Δλs and Δλf are the total wavelength shift for the slow and fast axis grating peaks due to

changes in the applied pressure and temperature, respectively.

The pressure sensitivity of FBG sensors is very small, varying from a few to tens of pm/MPa

even if special MOFs are employed. The low sensitivity is due to the slight modal index

change with respect to pressure. On the other hand, the sensitivity can be improved signif-

icantly by applying the polarimetric approaches based on high birefringence MOFs. For

example, SI or rocking filter pressure sensors exhibit much higher sensitivity in pressure

measurement [65, 66]. The construction of a SI sensor is shown in Figure 5(a), where the

MOF is subjected to oil pressure. The oil pressure sensitivity demonstrated by a PM-PCF

Figure 9. Hydrostatic oil pressure response of Sagnac interferometer realized using HB-SCF [13], (2014 IEEE) and two

semicircle hole fiber.
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commercially available from NKT Photonics, Inc. is 3.24 nm/MPa at ~1550 nm [67]. The

pressure sensitivity of a SI pressure sensor can be written as

dλ

dP
¼

λ

G

dB

dP
, (10)

where the derivative dB/dP represents the phase birefringence change with respect to applied

pressure, which means the index difference of two polarized modes is considered rather than

only one mode as in the case of FBG sensor. This value can be improved easily by using

noncircularly symmetric structure. Figure 9 shows the wavelength shift as a function of the

applied pressure on the highly birefringent MOFs, where (a) plots the results for HB-SCF and

(b) is the pressure response for the two semicircle hole fiber. Both measurements are based on

SI configuration. The measured pressure sensitivity is ~2.8 nm/MPa using HB-SCF, which is

comparable to the commercial PM-PCF. However, the fabrication of HB-SCF is much easier

than PM-PCF that has a lot of air holes in honeycomb arrangement [13]. On the other hand, the

sensitivity improvement is significant by using the design of two semicircle hole structure,

which was measured to be 44 nm/MPa, about 13 times larger than that achieved with com-

mercial PM-PCF. Such great increase owes to the relatively low birefringence (i.e., small G), as

well as the cutoff of fast axis by two large semicircle holes (i.e., large dB/dP).

4. Conclusion

To conclude the chapter, several novel structures of optical fibers are proposed and demon-

strated for sensing applications. The sensing performance is comparable to and better than

most sensors developed based on traditional single-mode fibers (SMFs). The basic fabrication

method is briefly reviewed, especially to introduce the asymmetrical stress distribution to

MOFs. Due to the novel structure of MOFs, it also exhibits unique feature that SMF does not

possess, for instance, the high birefringence. Different air hole structures of MOFs exhibit

various mechanical and optical properties that are employed to develop the sensors. The

ultrahigh birefringence of HB-PCF can be ~1.2�10�2, which is the highest one for the fabri-

cated index-guiding PCFs. The pressure sensor based on the fabricated two semicircle hole

MOF shows very high sensitivity >40 nm/MPa by constructing a Sagnac interferometer. Those

sensors can find good applications in oil and gas industry, as well as the biomedical detection.

The demonstrated MOFs can give full understanding of developing sensors to measure phys-

ical and biomedical parameters, in terms of the design, fabrication of the MOFs, and the

approaches to configure sensors.
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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

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



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, Ri, at the mirrors can be defined by [6]:

Ri ¼
ni � niþ1

ni þ niþ1

�2

, i ¼ 1, 2, 3,…

 

(1)

where ni is the refractive index of the cavity and surrounding medium.

The phase difference, δ, of the interferometer can be represented by [1]:

δ ¼
2π

λ
n2L (2)

where λ 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 μm 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 � 10�5, 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

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. Ri represents the

reflective surfaces and L is the length of the cavity.
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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� 10�7 RIU/�Cwas 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 μm, the RI sensitivity also increased from 30 to 53 nm/RIU with a RI resolution of

1.18 � 10�4 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/με 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

SMF. 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

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].
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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]. Frazão

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.

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 ¼ I1 þ I2 þ 2
ffiffiffiffiffiffiffiffi

I1I2

p

cos∆∅ (3)

where I1 and I2 are the irradiance of the interfering waves, ∆∅ is the phase difference between

the core and cladding mode is defined as:

∆∅ ¼
2π

λ
∆nLþΦ (4)

where λ is the wavelength, L is the optical length of the interferometer, ∆n is the difference in

effective refractive index and Φ is the initial phase difference of the two waves.

PCF MZIs commonly consist of a SMF-PCF-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

Figure 4. (a) The offset splicing method and the corresponding spatial frequencies at different interferometer lengths.

Inset: Cross section of the LMA-PCF; (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 � 10�5 RIU, almost 2.5

times greater than when compared to a PCF-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, LP01 and LP31, 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/με 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/mε,

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/m1 is one order of magnitude

greater, when compared to a PCF MZI with a configuration of hole collapse and core offset

(3.046 nm/m1) [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 TNTvapor, they were able

to selectively detect TNT. The LMA PCF had a lower a detection limit of 0.2 ppbv 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 CO2 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/με compared to +0.445 pm/με) 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 MZI,

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 SMF-MMF-SMF configuration [49].

PCF-MZIs 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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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 μm. 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,

Figure 5. (a) The schematic of a Michelson interferometer using two fibers; (b) the schematic of a Michelson interferom-

eter using one fiber.
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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 μm, to a SMF of one output port of a 2� 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 � 10�4, 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 andMCFwas 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.

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.
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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-silicamaterial used

in the fiber compared to conventional PMFswith 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/με [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

Figure 7. The schematic of a fiber Sagnac interferometer.

Figure 8. (a) Schematic diagram of the proposed OFSI strain sensor. Inset: SEM of the cross section of the PM-PCF. (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 ¼ 1� cos ψð Þ½ �=2 (5)

where ψ = 2πLB/λ 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 λ 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:

Δλ ¼ λ 1þ p0e
� �

ε (6)

where p0e is a constant that describes the variation of strain-induced birefringence, and ε 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 Frazão 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:SiO2 rods and stress-induced birefringence

by two Boron-doped rods have been reported to produce higher strain sensitivity of 25.6 pm/με

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
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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�1 [83]. Compara-

tively, Frazão et al. demonstrated a Hi-Bi PCF Sagnac interferometer for curvature sensing

with an improved detection resolution of (1.39 � 0.07) � 10�5 m�1. The measurement param-

eter was the group birefringence β, which was defined as β =λ2/ΔλL, where λ is the central

wavelength in operation, Δλ 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/oC [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-PCF,

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

PCF, 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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Abstract

We propose and demonstrate the concept of transversally chirped microstructured opti-
cal fiber and its application for the development of new platforms for sensing and tele-
communications devices. First, the feasibility of the structure is demonstrated through 
two different techniques of manufacture. Based on the proposed structure, a novel mode-
converter device is numerically studied. It is found that the mode conversion between 
LP

01
 and LP

11
 modes can be continuously tuned by temperature changes from 25 to 

75°C. And that, the coupling efficiency in the wavelength range between 1.2 μm and 1.7 
μm is always higher than 65%. Consequently, the proposed mode converter can oper-
ate in the E + S + C + L + U bands. Finally, a similar structure was used to design a new 
sensing architecture, which consisting of a dual-core transversally chirped microstruc-
tured optical fiber for refractive index sensing of fluids. We show that by introducing a 
chirp in the hole size, the microstructured optical fiber can be a structure with decoupled 
cores, forming a Mach–Zehnder interferometer in which the analyte directly modulates 
the device transmittance by its differential influence on the effective refractive index of 
each core mode. We show that by filling all fiber holes with analyte, the sensing structure 
achieves high sensitivity (transmittance changes of 302.8 per RIU at 1.42) and has the 
potential for use over a wide range of analyte refractive index.

Keywords: microstructured optical fibers, fiber optics sensors, interferometry, mode 
converter, space, division multiplexing, refractive index sensor, mode conversion, 
Mach–Zehnder interferometer
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1. Introduction

In the last two decades, several technological breakthroughs were needed to increase and sat-
isfy the capacities of the optical links. Some important advances allow the connection between 
users through the implementation of optical fibers. One of the most important advances, 
related to these technological breakthroughs, is the use of broadband optical amplifiers to 
increase the length of optical links. On the other hand, different multiplexing techniques such 
as optical time division multiplexing (OTDM), wavelength division multiplexing (WDM) and 
polarization division multiplexing (PDM) have been implemented in transmission channels 
to increase the optical transmission system capacity. However, due the high growth in the 
demand, the transmission capacity of this technology has reached the limits imposed by the 
nonlinear effects in optical fiber [1, 2]. In order to keep up the growth of current optical com-

munication networks, it is necessary to implement new technological breakthroughs. One 
possibility is the implementation of independent spatial channels to send information. This 
technique is known as spatial division multiplexing (SDM) and can be implemented in two 
different schemes. Intuitively, in the multi-core fiber (MCF) scheme, each core acts as an inde-

pendent channel for sending the information [1], while in the modal division multiplexing 
(MDM) scheme, each mode is considered an independent transmission channel as in single-
mode fiber [3, 4]; hence, the key is to convert the fundamental fiber modes to higher order 
modes. As the processing systems are not prepared to work with hundreds of modes, in the 
MDM scheme it is preferred to work with few modes fibers (FMFs) [3, 4]. As with any new 
technology, emerging SDM systems require the development of new components such as 
optical fibers that support multiple spatial modes and integrated mode converters to control 
propagating modes, spatial mode multiplexers (SMUXs) and demultiplexers (SDEMUXs).

To address these needs, several works have reported different mechanisms to control the 
propagation modes in FMFs, such as long period fiber grating (LPFG), Fiber Bragg Gratings 
(FBG), tapers and phase mask [5–10]. Another interesting alternative is to use microstruc-

tured optical fibers (MOFs), also called photonic crystal fibers (PCFs), which offer flexibility 

in its design and the possibility of manipulating the optical properties of the device because 
its characteristics―dispersion, effective area, birefringence and nonlinearity, among others― 
depends on the diameter of holes, the separation between them and the shape of the micro-

structure [11–17]. Owing these characteristics, these type of optical fibers have been employed 
for the development of different devices such as polarization beam splitters [18], dispersion 

compensators [19, 20] and mode converters [5] to name a few.

Mode selective couplers (MSC) based on microstructured optical fiber (MOF) represent one of 
the best approaches to achieve mode conversion, avoiding the problems of other techniques―
bulky free-space optics, polished- and fused-type MSC―since the devices are compact, robust 
and efficient, and allows the possibility of manipulating its behavior based on the MOF geo-

metrical parameters [3, 21–24]. The principle of MSC is to phase match the fundamental mode 
in a single-mode fiber with a high-order mode in FMF.

In [23], Cai et al. proposed a mode converter based on a hybrid dual-core MOF, which 
contains an index-guided core and a photonic bandgap core. The air holes of the first ring 
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around one of the cores are replaced with high-index rods, then mode conversions can 
be continuously achieved by varying the refractive index of high-index rods The all-solid 
bandgap structure requires two suitable materials that are also compatible for drawing 
and splicing with few-mode fibers. In [24], the authors proposed a tuneable MSC based on 
a fully liquid-filled dual-core MOF with non-identical cores. The tuning of the wavelength 
in the S + C + L + U bands is performed by changing the refractive index (RI) of the filling 
fluid.

Simultaneously, the implementation of MOFs has allowed the development of a new fam-

ily of optical fiber sensors, which present higher sensitivity and compact sizes compared 
to sensors based in standard optical fibers and other technologies [25]. Some novel con-

figurations of these sensors have been implemented in the measurement of refractive index 
(RI) changes [26, 27], temperature [28, 29] and force [30–32], among others. The refractive 
index sensors are the most studied and applied in recent years in biological, medical and 
chemical applications [33–38]. Two general configurations for the interaction between the 
light and analyte in MOFs may be identified. In the first option, the analyte is located in the 
evanescent field of the waveguide [39, 40]. In the second option, the analyte can be inserted 
into the fiber holes and experience long range interaction with the guided light while main-

taining the waveguide, thereby ensuring a robust device [26, 41]. In addition, optical fiber 
sensors based on the dual-core MOF configuration are able to achieve improved sensitivity 
for RI measurements. In these structures, the fiber holes are filled with the analyte. Then, 
the refractive index of the sample modulates the device transmittance by its influence on 
the coupling between the cores. In [37], Markos et al. presented an experimentally feasi-
ble design of a dual-core microstructured polymer optical fiber (mPOF), which can act as 
a label-free selective biosensor. Numerical results indicate a sensitivity of 20.3 nm/nm―
wavelength shift per nm thickness of biolayer―achieved with a 15-cm-long device at visible 
region where the mPOF has the lowest absorbance. Recently, Wu et al. proposed and dem-

onstrated a novel configuration with a sensitivity of 30,100 nm per refractive index unit (nm/
RIU). This configuration is based on a directional coupler architecture using a solid- core 
PCF [42]. Yuan et al. demonstrated the design of an all-solid dual-core photonic bandgap 
fiber, in which a single hole between the cores acts as microfluidic channel for the analyte 
[43]. The predicted sensitivity was 70,000 nm/RIU. In 2011 [44], Sun et al. proposed and 

demonstrated a refractive index sensor based on the selectively resonant coupling between 
a conventional solid core and a microstructured core. Numerical results shown that this 
configuration could achieve a sensitivity of 8500 nm/RIU. However, these configurations 
have also some drawbacks, for instance, have complex design for the fiber cores or require 
selective filling. For this reason, the implementation of interferometric schemes in combi-
nation with these specialty fibers has emerged as a new alternative. In [26], we introduced 
the concept of transversally chirped solid-core MOF and reported a dual-core chirped MOF 
that could act as a structure with decoupled cores, thus forming a Mach-Zehnder interfer-

ometer in which the analyte directly modulated the device transmittance by its differential 
influence on the effective RI of each core mode, achieving a sensitivity of 300 per RIU for a 
12-mm-long device and analyte RI of 1.42. A year later, we designed a label-free biosensor 
by immobilization of an antigen sensor layer onto the walls of the air holes of rings sur-

rounding one core of the fiber. A sensitivity of around 3.7 nm/nm was achieved for a 10 mm 
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long device at near IR wavelengths [38]. Then, we studied some refractometric properties of 
these configuration using numerical models to improve the performance of this device [41].

The chirp concept has been widely used in one-dimensional structures such as chirped mir-

rors [45] and chirped fiber Bragg gratings where different spectral components are localized 
at different positions inside the chirped structure [46]. In both cases, the chirp was imple-

mented on the propagation direction. Chirping also has already been applied for design-

ing hollow core fibers with a radially chirped microstructured cladding [47]. By introducing 
a radial chirp into the photonic crystal structure, it was demonstrated a novel concept that 
breaks with the paradigm of lattice homogeneity and enables a new degree of freedom in the 
design of MOFs. Another important variation was reported by Ghosh et al. [48]. The authors 
proposed a novel chirped cladding as a novel tailoring tool to attain wider transmission win-

dow and reduced temporal dispersion in an all-solid Bragg-like MOF.

In this chapter, dual-core transversally chirped MOFs for active mode conversion in tele-

communications and sensing applications are presented. In the first part of this chapter, we 
explain the fabrication process of this novel structure. Next, we demonstrate that this type of 
MOF can be used to design a novel and tuneable mode-converter to improve the performance 
of the modern optical systems. Finally, a dual-core transversally chirped MOF is proposed to 
create a compact highly sensitivity optical fiber sensor.

2. Fabrication methodology

Two techniques can be used to fabricate dual-core transversally chirped MOFs. The first alter-

native consists in the implementation of the standard stack and draw technique [49, 50]. The 
first step is producing the preform, which is based on stacking of capillaries and rods. In our 
case, the diameter of the capillary should have a slight reduction in its diameter along the 
cross-section. Then, several slightly chirped preforms of about 1 mm were obtained by pull-
ing a ∼1 cm preform with a small transversal temperature gradient. The temperature gradi-
ent was produced by pulling the preform off-center [26]. After this process the fiber shown 
in Figure 1(a)  was obtained, which is characterized by a slight transverse chirp in the hole 
distribution.

The second alternative consists in tapering the MOF from the previous step, in such a way that 
fiber structures with a larger transverse chirp can be achieved. In our case, MOF tapers were 
produced by using the flame brushing technique. The MOF was mounted on a motorized 
stage. The fiber was heated using a butane flame, which was mounted on a second motorized 
stage. The butane flame was moved back and forth along the fiber axis as the taper was pulled 
simultaneously. In order to ensure that the holes do not collapse, it was applied pressure 
within the holes. Figures 1(b) and (c) show the cross-section of two tapered MOFs obtained 

with an applied pressure of 6 and 7 bars, respectively. From these results, it is evident that 
the pressure applied inside of fiber holes can control the transversal chirp of the pristine 
MOF. For example, the MOF with an applied pressure of 6 bars has a structure in which none 
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of the holes collapsed during the tapering process and the transverse chirping slope is smaller 
than the MOF obtained when the pressure was 7 bars.

3. Mode converter device

The cross-section of the proposed dual-core transversally chirped MOF MSC is shown in 
Figure 2. As we can see, the cladding holes are arranged in a hexagonal lattice with constant 
pitch Λ = 6 μm. The diameter of the circular air holes decreases linearly from d

max
 = 6 μm on 

the left side of the fiber to d
min

 = 0.9 μm on the right side. The considered MOF has two solid 

Figure 1. SEM images of (a) a dual-core transversally chirped MOF obtained with the standard stack and draw technique. 
(b) and (c) Dual-core transversally chirped MOF tapers obtained through the flame brushing technique at 6 and 7 bars, 
respectively, within the fiber holes.
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cores, which are separated by only one hole in the microstructure, that is, by 2Λ. In this case, 
we employ a small separation between both cores in order to guarantee power transfer. In 
addition, background material is silica, and its dispersion is given by Sellmeier’s equation 
[51]. Note that by the transverse chirping of the microstructure, the fiber cores obviously do 
not have the same shape. In this case, the right core is almost 1.8 times wider than the left core.

In our device, a RI-matching oil (Cargille Labs., n
0
 = 1.42 at room temperature) is chosen to be 

filled onto the MOF, and its thermo-optic coefficient is α = 3.94 × 10−4/C°, and the relationship 
between refractive index n and temperature T is to be n = n

0
 − α(T − T

0
) where T

0
 is the room 

temperature. A variety of functional fiber devices have been fabricated based on MOF fully 
infiltrated by fluid such as optical switches [52, 53], all-optical modulator [54], tunable optical 
filters [55] and fiber polarimeters [56].

According to our design, the fundamental mode LP
01

 in the left core is converted to the LP
11

 

mode in the right core. Because the right core supports two modes (LP
01

 and LP
11

), supermode 
analysis [57] was used to investigate the behavior of the temperature-controlled mode con-

verter. We performed finite element simulations under different temperature conditions at 
the particular free-space wavelength λ = 1.55 μm.

Figure 3 shows the effective index curves of symmetric (supermode 1) and antisymmetric 
(supermode 2) modes. From these results, it is evident that LP

01
 mode in the left core inter-

acts with LP
11

 mode in the right core. As expected, the effective refractive index neff of both 
supermodes decrease with increasing temperature. In addition, the effective index of  
symmetric mode is always slightly larger than that of antisymmetric mode, indicating that these 
supermodes have different propagation constants and therefore there is a beating between these 
two modes and, thus, the power fluctuates back and forth between the two cores.

Once it was determined which modes exchange energy, the coupled mode theory was applied 
to find the phase-matching conditions [57, 58]. Here, each core is analyzed as an independent 

Figure 2. Structure of the mode selective coupler based on a dual-core transversally chirped MOF.
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waveguide to avoid the perturbations caused by the presence of the other core. When the 
mode of the left core interacts with the mode of the right core, crossing occurs and propaga-

tion constants of the two modes are matched. Then, maximum power transfer can be achieved 
at the phase-matching wavelength.

Figure 4(a) presents the modal dispersion curves of LP
01

 mode in the left core and of LP
11

 

mode in the right core with different temperature values in the wavelength range 1.2–1.8 μm. 
Colored points in this figure represent the phase-matching wavelengths. Figure 4(b) shows 
the dependence of the operating wavelength on temperature. Therefore, the liquid-filling 
method is an easy method to tune the behavior of this device. According to this result, this 
mode converter could operate in the E + S + C + L + U bands.

To test the mode-conversion performance of the coupler, Figure 5 presents the normalized 

power as a function of fiber length at a wavelength of 1.55 μm. It is observed that almost 
100% of the power is coupled between the cores with the beating length L

c
 = 2 mm. This result 

shows that the proposed device is compact compared with other MOF-based mode convert-
ers [5, 7, 23–25].

Finally, the mode coupling efficiency of the device was evaluated. The results are depicted 
in Figure 6. From these results, it is evident that the mode coupling efficiency obtained with 
this structure presents a good performance in the E + S + C + L + U bands. As expected, the 
behavior of this device can be thermally controlled. It is observed that the phase-matching 
wavelength varies with the temperature change. It is found that when T increases, the operat-

ing wavelength also increases. In addition, coupling efficiencies above 65% were obtained in 
this study.

Figure 3. Supermode analysis of the dual core transversally chirped MOF when temperature varies from 25 to 75°C at 
an operating wavelength λ=1.55 μm.
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Figure 4. (a) Modal dispersion curves for LP
01

 mode in the left core and LP
11

 in the right core with temperature. (b) Operating 
wavelength as function of applied temperature on mode converter based on dual-core transversally chirped MOF.
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4. Refractive index sensor

The dual-core transversally chirped MOF that is considered for refractive index sensing of fluids 
has a similar structure to the fibers in Figures 1(b) and (c). Now, it is necessary to guarantee 

Figure 5. Normalized power transfer for the proposed mode-converter device with T = 25°C.

Figure 6. Comparison of mode coupling efficiency for different temperature values in the telecommunication windows.
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that the cores are uncoupled to exploit the fiber as a Mach-Zehnder interferometer (MZI) [27]. 

Then, the distance between the cores is increased to 4Λ, where in this new design Λ = 4.33 μm. 
This separation was considered because small fluctuations in fiber diameter due to fabrication 
tolerances may affect the performance of the sensor. In this structure, the diameter of the air 
holes decreases linearly from d

max
 = 2.6 μm to d

min
 = 0.6 μm, so the relative sizes of holes (d/Λ) 

range from 0.6 to 0.13 μm. As expected, the cores are non-identical because the holes around the 
right core are smaller than the holes around the left core. However, both cores are single-mode 
waveguides due to the slight chirp.

In addition, we consider as an example label-free antibody detection using the highly selec-

tive antigen-antibody binding based on our previous experience as another important varia-

tion [39]. Then, the first ring of air holes around the right core are functionalized for antibody 
detection by immobilization of an antigen sensor layer onto the walls of the holes as is shown 
in Figure 7. This layer can consist of a functionalization layer of a certain thickness in addition 
to the antigen layer. Then, we consider a layer with a thickness t

s
 equal to 40 nm for sensing 

the antibody α-streptavidin with thickness t
a
 = 5 nm. The refractive index of the sensor layer 

and α-streptavidin is 1.45 (we neglect the dispersion of the biomolecule layer).

From Figure 8 the operation of the sensor can be clearly understood. The refractometric sensor 
gains its sensitivity from the fact that only the mode of the right core has substantial overlap 
with the analyte. This arises because of the low fraction ratio (d/Λ) of holes that surrounding 
this core. Then the light is not well confined. Now, the RI of the analyte directly modulates 
the device transmittance by its differential influence on the effective refractive index of each 
core mode, resulting in a variable phase difference between the optical path lengths of the 
interferometer arms. Therefore, the proposed configuration was classified as a modal inter-

ferometer in the sense that two modes of the dual-core structure are interfering among them. 
Here, the performance of the sensor is compared with an interesting variation. It consists in 

Figure 7. Dual-core transversally chirped MOF biosensor with Λ = 4.33 μm and the hole diameter vary from d
max

 = 2.6 μm 
to d

min
 = 0.6 μm. In this design, the fiber cores are uncoupled.
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the  inclusion of biomolecule layers onto the walls of the holes, as already explained. We only 
apply this variation on the first ring of air holes around the right core in order to determine 
the impact on sensitivity of the proposed sensor.

Figure 9 shows the effective refractive index of each mode when the analyte RI changes from 
1.32 to 1.44 at λ = 633 nm. In this figure, we compared the obtained results of the MZI with and 
without biomolecule layers onto the walls of the holes. From these results, it is clear that in all 
cases the effective refractive index increases with the analyte RI. As expected, the behavior of 
the left core is the same in both configurations, due that this core has good confinement frac-

tion and no biomolecule layer. On the other hand, the results of the right core are different, 
the results with biomolecule layers presents bigger values in the effective refractive index in 
the whole range, which indicate that the presence of biomolecules can affect the behavior of 
our configuration. Although the asymmetric nature of the proposed schematic, the chirped 
MOF-based interferometer is insensitive to the polarization state of the input beam, as we 
can see from results illustrated in Figure 9. This is a great advantage because our sensor 
does not require controls of polarization. Then, its implementation could be easier than other 
configurations.

Figure 10(a) shows the effective refractive index difference between the two fundamental 
modes—for the two orthogonal polarizations and the two studied configurations—that prop-

agate through the fiber cores as a function of analyte RI. Now, from the effective refractive 
index difference, it is possible to determine the phase difference per unit length, which is 
given by Eq. (1). In this equation, Δneff is the effective refractive index difference between the 
two fundamental modes that propagate through the fiber cores.

  δ =   
2𝜋𝛥  n  eff  

 ______ λ    (1)

Figure 8. Fundamental mode distribution in left and right core at λ = 633 nm: Pitch Λ = 4.33 μm, d
max

 = 2.6 μm, d
min

 = 0.6 μm; 
all fiber holes are filled with an analyte of refractive index 1.32.
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Figure 10(b) shows the phase difference per unit length as a function of analyte RI. Here, we 
only present the results for x-polarization. As mentioned before, this sensor is polarization-
insensitive. As we can see, even though the analyte RI is low, the large differential overlap of 
the mode cores with the analyte results in a significant amount of phase difference. In both 
configurations, the phase difference increases exponentially. The configuration with biomol-
ecules layers present higher δ in the whole range compared with the configuration without 
biomolecule layers. The region from 1.32 to 1.40 presents a phase difference per unit length 

almost constant in both cases, while for analyte RI higher than 1.40 the phase difference per 
unit length increases strongly with analyte RI. These results show a better behavior for the 

Figure 9. Effective refractive index of the fundamental modes for both polarizations as a function of analyte refractive 
index. This figure compares obtained results for configurations with and without biomolecules layers.

Figure 10. (a) Effective refractive index difference between the two fundamental modes that propagate through the fiber 
cores as a function of analyte refractive index. (b) Phase difference between the two fundamental modes that propagate 
through the fiber cores as a function of analyte refractive index (x-polarization).
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Figure 11. Transmittance of the dual-core transversally chirped MOF for L = 50 mm and L = 70 mm as a function of 
analyte refractive index: (a) RI sensor without biomolecules layers; (b) RI sensor with biomolecules layers into the first 
ring of air holes around the right core.
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configuration without biomolecules layers. We believe that it is due to that the layers help to 
confine the light within the right core.

The phase difference per unit length obtained in Figure 10(b) was analytically approximated 
by an exponential function, which was used to obtain the transmittance of the both sensing 
configurations. For a balanced interferometer, the normalized transmittance can be calculated 
by using the following expression

  T =  cos   2  (  𝛿L ___ 2  )   (2)

where L is the total length of the sensor. Note that as the analyte refractive index increases, 
the transmittance passes through a series of nulls and peaks as the phase difference increases. 
In our case, the fact that the periodic variation of transmittance is reducing indicates that 
the phase difference between the optical paths of the chirped MOF interferometer changes 
increasingly rapidly with increasing analyte RI. In addition, these results show that the best 
region to implement the proposed interferometric schemes is for analyte RI from 1.40 to 1.44.

For best sensitivity, the sensor must be biased to operate at 50% transmittance around a given 
value of refractive index. In practice, this condition may be achieved by fabricating the device 
with a length so that δ = π∕2 (plus any multiple of π radians), or by temperature or wave-

length tuning. In Figure 11(a), we can see that the sensitivity of the dual-core transversally 
chirped MOF structure scales with device length. For example, the sensitivity around n

a
 = 1.42 

is 3.028 × 102 RIU−1 for a 70-mm-long device, which gives a detection limit of 3.303 × 10−6 RIU 
assuming that we can detect transmittance variations of 10−3. On the other hand, from the 
Figure 11(b) the configuration with biomolecules layers in the first ring of air holes around 
the right core present a sensitivity equal to 1.83 × 102 RIU−1 around n

a
 = 1.42. In this case, the 

detection limit is 5.464 × 10−6 RIU. Based on the obtained results, it is clear that the best con-

figuration to measure refractive index changes is the scheme without biomolecules layers. In 
addition, other works presents the same order of sensitivity [44, 59] but using selective filling 
of some holes of the microstructure in order to improve the sensor performance.

5. Conclusion

In this chapter, we have presented the concept of dual-core transversally chirped micro-

structured optical fiber and how this structure can be used in different applications such as 
mode-converter devices and refractive index sensors. We have shown two simple methods to 
manufacture this specialty fiber. The effect of pressure inside of fiber holes was demonstrated 
and the transversal chirp of the MOF can be controlled.

Based on this novel concept, a mode selective coupler was designed and analyzed. We demon-

strated a promising platform to manufacture compact and highly efficient mode converters. 
Through the fluid-filling post-processing technique the operating wavelength and the cou-

pling efficiency can be can be continuously tuned by varying the temperature. The coupling 
efficiency over the entire wavelength range between 1.2 μm and 1.7 μm was greater than 65%. 
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Consequently, the proposed mode converter can operate in the E + S + C + L + U bands. In 
general, this kind of mode selective coupler has potential applications in MDM optical fiber 
communications since it can increase the channel capacity.

Finally, sensing possibilities enabled by the concept of transversally chirped microstructure 
have been proved, which can be exploited for refractive index sensing in an interferometric 
arrangement. We have also identified some features of this sensor, including high sensitivity 
and resolution and scalability of the sensitivity with sensor length. The sensor can be oper-

ated over a wide range of analyte refractive index values with a higher sensitivity compared 
to other selectively filled MOF sensors.
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