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ABSTRACT 

Photonic crystal fibers (PCFs) or microstructured optical fibers (MOFs) having 

periodic air holes hexagonally arranged along their entire length can induce unique 

properties that are difficult to realize in conventional fibers. Specialty optical fibers 

(PCFs or MOFs) were investigated in this work for sensing applications, e.g. 

pressure, strain, temperature, torsion, vibration because of the many inherent 

characteristics of glass which include high temperature operation and elasticity (i.e. 

very repeatable). The air holes in specialty optical fibers could also be exploited in 

biomedical applications, such as in optofluidics. Fabrication process of specialty 

optical fibers using the stack-and-draw method was developed and their practical 

issues are discussed in this work. 

A twin-core photonic crystal fiber (TC-PCF) with two ~2.5-µm diameter cores 

separated by one air-hole was designed and fabricated for pressure sensing 

applications such as downhole monitoring. The intermodal coupling between the 

four supermodes in the TC-PCF has been analyzed and verified by experiments. An 

interferometric pressure sensor using the fabricated fiber was developed.  It has a 

sensitivity of -21 pm/MPa, which is in good agreement with the calculated value of -

19 pm/MPa. An ultrahigh birefringence PCF (Hi-Bi PCF) designed for simultaneous 

measurement of temperature and pressure, by introducing an elliptical Germanium-

doped core, was fabricated. The phase and group modal birefringence in the Hi-Bi 

PCF were measured to be 1.1×10-2 and 1.3×10-2, respectively, at the wavelength of 

~1550 nm, which are in good agreement with the calculated values. The fiber has the 

highest birefringence reported for the fabricated index-guiding PCFs. Bragg grating 

inscribed in the fiber produces two spectral peaks with a large separation of 12 nm 

due to the exceptionally high birefringence. The two peaks exhibit different 
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coefficients when the Hi-Bi PCF is subjected to different pressure or different 

temperature, allowing multiple parameters sensing. The measured pressure 

sensitivities of the Hi-Bi PCF are -1.96 pm/MPa, -5.13 pm/MPa with the x- and y-

polarized peaks, respectively, while the temperature sensitivity for both peaks is 

similar, which is 11 pm/˚C. 

Several types of suspended-core optical fibers (SCFs) having six big air holes 

surrounding a fiber core (i.e. suspended-core) were designed and fabricated for 

physical parameter sensing applications. The cores of the SCFs are either elliptical or 

doped with Germanium. The elliptical core introduces high birefringence (5×10-4) 

while doping with Germanium introduces photosensitivity in the fiber, allowing 

Bragg gratings to be inscribed in the ~2-µm diameter core. The high birefringence 

SCF was characterized in terms of its transmission, and birefringence. The SCF was 

constructed into a Sagnac interferometer to measure pressure, strain, and torsion, 

achieving sensitivities of 2.82 nm/MPa, 0.43 pm/µε, 0.0157/˚, respectively. The pure 

silica fiber-based sensor exhibits low temperature dependency (<1 pm/˚C). 

In addition, novel schemes and configurations using specialty optical fibers for 

biophotonics applications were also studied. Two kinds of optical interferometers 

using short pieces (~20 µm) of C-shaped fiber were constructed to measure refractive 

index of liquid. One sensor in the form of a Sagnac interferometer has a short length 

(11.5 cm) of PM-PCF sandwiched between two short pieces of C-shaped fiber. The 

C-shaped fiber allows liquid, whose RI is to be measured to get in and out of the air 

holes in the SOFs. Sensitivity of 6621 nm/RIU in the RI range of 1.330 to 1.333 was 

attained with the Sagnac interferometer sensor. Another sensor was constructed 

using one short piece (~20 µm) of C-shaped fiber sandwiched between two 

singlemode fibers to form a Fabry–Pérot interferometer. The C-shaped fiber served 
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as a spacer and allowed liquid to move into the path of the light beam between the 

two singlemode fibers. This sensor is smaller and has a simpler configuration but has 

a lower sensitivity of 1368 nm/RIU than the Sagnac interferometer sensor. A novel 

microstructure device constructed with a short length (10 mm) of tapered Co2+-doped 

fiber, which exhibits high light-absorption, was developed to measure flow rate in 

microchannels. The device contains two microchannels and a tapered Co2+-doped 

fiber inscribed with a Bragg grating. The Bragg grating adjacent to the 

microchannels measures the temperature and thus the cooling rate of the Co2+-doped 

fiber, which is heated by laser light and cooled by liquid flowing inside the 

microchannels, to determine the liquid flow rate. The flow rate sensor shows 

excellent detection ability for small amount of liquid with minimum detectable 

change of flow rate as low as ~16 nL/s. 
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Chapter 1  

Introduction 

1.1 Research Motivation and Contributions 

Fiber-optic sensors attract increasing attention of researchers in the world and 

have been developed rapidly in recent years. Fiber-optic sensors have proven to be 

excellent sensors for gyroscopes and structural health monitoring, and are very 

promising candidates in applications of large-scale sensing networks for condition-

monitoring of railway systems, and biomedical analysis. Most of the sensors or 

sensing systems have been developed into prototypes and applied in the real world. 

With the development in the past decades, the technology of fabricating these 

sensors becomes more mature and advanced after the advent of the special optical 

fibers. Compared with conventional electrical sensors, photonic sensors based on 

optical fibers show unique advantages of compact size, robustness, high sensitivity, 

electromagnetic immunity, capability of long distance and sensors’ multiplexing. 

Photonic crystal fibers (PCFs), also called microstructured optical fibers 

(MOFs), are one kind of special optical fibers and have been investigated widely for 

their applications in communication, sensing, lasers, and light sources. Because of 

the unique feature of having air holes along the fiber length, it is easy and flexible to 

tailor the properties of PCFs by designing different kinds of air-hole structures. For 

example, the dispersion, birefringence, nonlinearity, and the core properties (such as 

position, size, shape, quantity, dopants) can be engineered to unique values, which 

may be difficult or impossible in conventional single mode fiber. These special 

properties in PCFs make it flexible to develop fiber-optic sensors with high 

performance and sensitivity. The periodic structures of air holes with various sizes, 
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pitches, distributions in the cladding, show different dependency on the 

environmental changes and eventually influence the light guided in the center core. 

Specifically, two kinds of PCFs are widely studied, i.e. index-guiding PCFs and 

hollow-core PCFs. The hollow core PCF provides the opportunity to be filled with 

liquids or gases in the hollow core, showing good capability in the applications of 

microfluidics. Moreover, the air holes in PCFs are demonstrated to be suitable to 

serve as microchannels for liquids in biomedical analysis applications. With specific 

analyte in the air holes of the fibers, enhanced light signal induced by the long 

interaction length can be obtained. On the other hand, the structure of air hole in 

index-guiding PCFs can be customized with asymmetrical stress distribution. Thus, it 

is possible to perform pressure, strain or temperature sensing using this kind of fiber. 

PCFs with Bragg gratings written in the core could enhance their sensing capability 

further, allowing multi-parameter sensing. These features and technologies make the 

special optical fiber, especially the PCFs, more versatile and flexibility in sensing 

applications.  

In the past decade, several techniques have been developed to fabricate the 

PCFs. For instance, the well-known approaches of drilling, extrusion and stack-and-

draw are widely used to make different types of microstructures. Among these, the 

technique of stack-and-draw has been proved to be efficient, flexible, and easy to 

operate. In terms of PCF fabrication, novel methods, such as the super-lattice 

structure approach, are proposed and developed to obtain the special structure, such 

as how to form an elliptical core, how to introduce an asymmetrical structure, etc. 

Furthermore, a lot of approaches have been demonstrated to fabricate 

microstructures, which are used for the sensing applications. For instance, access 

holes could be drilled to reach the air holes of PCFs so that it is possible for the 
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external materials to get inside for biomedical sensing applications. It is also possible 

to selectively expand the air holes of PCFs to obtain the microcell for sensing 

applications. Therefore, the study on the techniques of fabricating PCF is worth 

pursuing, also the post-processing technique of PCFs is another important scope of 

research study. 

In this thesis, we present the study of fabrication techniques of microstructured 

optical fibers and their sensing applications. A few kinds of PCFs and 

microstructures were fabricated, and their sensing capability in the measurements of 

the pressure, temperature, strain, torsion, refractive index, and flow rate were 

demonstrated. The proposed microstructures based on novel optical fibers show great 

potential in the specific applications. 

The main contributions of this work in the thesis are summarized in the 

following statements: 

• Investigation of twin-core photonic crystal fiber (TC-PCF) and its pressure 

sensing applications. The TC-PCF containing five rings of air holes and two 

symmetrical silica cores in the center was fabricated in the lab. The pressure 

sensor based on the fabricated TC-PCF was proposed and demonstrated 

experimentally, achieving a sensitivity of -21 pm/MPa. The theory of 

intermodal coupling occurring between the twin cores was analyzed and 

simulated. Simulation results were in good agreement with the experimental 

results. The calculated pressure sensitivity was -19 pm/MPa, which was also 

reasonably close to the measured value. The pressure sensor of TC-PCF was 

easy to implement and has a good repeatability. 

• Study of the fabrication of an ultrahigh birefringence photonic crystal fiber 

(Hi-Bi PCF). The fabrication techniques of this PCF was developed and 
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described, where an elliptical Germanium-doped core was introduced to obtain 

the ultrahigh birefringence. Simulation of the Hi-Bi PCF was conducted, 

giving a calculated phase and group modal birefringence of 1.4×10-2, 1.5×10-2, 

respectively, at the wavelength of 1550 nm. Both parameters were measured 

experimentally, and the measured phase and group birefringence are 1.1×10-2 

and 1.3×10-2 at the wavelength of ~1550 nm. To our best knowledge, the 

obtained birefringence is the highest reported result for index-guiding PCF, and 

it is more than one order of magnitude higher than most solid-core birefringent 

fibers previously reported. 

• Pressure and temperature sensors constructed with the fabricated Hi-Bi PCF 

written with Bragg gratings have been demonstrated. Due to the ultrahigh 

birefringence of the fabricated Hi-Bi PCF, the reflection spectrum of FBG 

exhibits two reflective peaks with an unusually large separation of over 12 nm, 

which is much larger than that in conventional PM-PCF (~0.5 nm). The two 

peaks show different responses to pressure and temperature. The response of 

pressure was measured to be -1.96 pm/MPa for fast axis, and -5.13 pm/MPa for 

slow axis, while the temperature responses for both axes were almost the same, 

i.e. 11 pm/˚C and 11.2 pm/˚C, respectively. This difference between the two 

polarizations allows for simultaneous discrimination of pressure and 

temperature. 

• Fabrication and characterization of six-hole suspended-core fibers (SCFs) with 

elliptical core. The elliptical core exhibits high birefringence of 5×10-4. The 

proposed and fabricated HB-SCF has a propagation loss of 0.15 dB/m, and 

very low bending loss of <0.1 dB for the case of coiling in a 5-mm diameter 

loop. Sagnac loop mirror was constructed using the fabricated SCF and used as 
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pressure, strain, torsion sensors. The detailed characterizations of the sensing 

responses for these parameters have been analyzed theoretically and 

investigated experimentally. A pressure sensitivity of 2.82 nm/MPa was 

obtained by using a 30-cm long fiber. Strain response is 0.43 pm/µε and 

torsion sensitivity is 0.0157/°. Due to pure silica used, the HB-SCF has low 

temperature dependency of <1 pm/°C, which is comparable to the 

commercially PM-PCF (from NKT Photonics) and about 10 times smaller than 

FBG. 

• Investigation of a Germanium-doped core SCF (Ge-SCF) and its applications 

in sensing. Dopants (e.g. Ge, Er/Yb) were introduced to the core of SCF, and a 

Ge-SCF was designed and fabricated. Only small area of Ge dopant of ~2 µm 

was made, however, it still enabled strong Bragg gratings to be inscribed in the 

fiber. The sensors based on Ge-SCF with FBG was demonstrated to have a 

strain sensitivity of 0.96 pm/µε and temperature response of 10.7 pm/˚C. 

Because the SCF has large air holes and the propagation mode exhibits strong 

evanescent field, the holes could be filled with biomaterials or even metals to 

extend its uses in other types of sensing applications. 

• Development of refractive index biosensors using a specially designed C-

shaped fiber. Two kinds of interferometers were proposed and demonstrated as 

RI sensors. A novel scheme of Sagnac interferometer with two short pieces of 

C-shaped fiber spliced between PM-PCF and SMF was fabricated, where the 

C-shaped fiber provided an opening window for the liquids to get in the air 

holes of PM-PCF. Furthermore, a new kind of Fabry–Pérot interferometer 

where the C-shaped acted as the cavity was also fabricated. A sensitivity of 

6621 nm/RIU was obtained in the RI range of 1.330 to 1.333 by using Sagnac 
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interferometer with PM-PCF, and the response of Fabry–Pérot interferometer 

was 1368 nm/RIU. 

• Demonstration of a novel design and fabrication of a microfluidic flowmeter 

based on a microfifber Bragg grating (µFBG) written in a short piece of Co2+-

doped fiber. The Co2+-doped fiber can be heated by light propagating in the 

fiber and the µFBG reads the fiber temperature. Two microfluidic channels 

were located along the Co2+-doped fiber. Liquid flowing in the channels cooled 

the µFBG and the liquid flow rate can be determined by µFBG’s cooling rate. 

Experimental results showed that the minimum detectable change of the flow 

rate of the proposed sensor was ~16 nL/s. A high sensitivity of 0.31 nm/(µL/s) 

at v=1 µL/s was achieved. The microfluidic flowmeter has the potential 

applications in microfluidics where the flow rate is one concern. 

 

1.2 Thesis Outline 

This thesis presents the research work during the author’s Ph.D. study, and 

focuses on the design, fabrication, characterization, and sensing applications of novel 

optical fibers. Special techniques developed during the study to make the micro-

structures are described. The work are divided into individual chapter and organized 

as followed: 

In order to give a general background of this work, the related work and 

concepts in the literatures are reviewed in Chapter 2. The basic ideas and categorizes 

of photonic crystal fibers (PCFs) are reviewed, followed by the main properties of 

PCFs that will be studied in this work, such as mode analysis, fiber loss, effective 

index and birefringence. 
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Chapter 3 describes the fabrication process of PCFs in our lab in details. The 

technique of stack-and-draw will be presented, including how to draw the capillaries, 

canes, and fibers, and how to stack the preforms. The key issues and parameters used 

in the whole fabrication process will be described. 

Chapter 4 introduces the method used to simulate the fabricated PCFs. The 

method of finite element is utilized and the fundamentals of FEM will be discussed. 

The guide of simulating a conventional polarization-maintaining PCF (PM-PCF) will 

be introduced by using a commercial software COMSOL and the analysis of mode, 

birefringence, dispersion will be given. This part gives the methodology of the 

simulation in the research work. 

In Chapter 5, we explain the fabrication method for twin-core PCF (TC-PCF) 

and its performance when used to measure pressure. The detailed process of how to 

make the TC-PCF using stack-and-draw method will be described. By conducting 

simulation based on the actual structure of the fabricated TC-PCF, the analysis of the 

effective indices of four supermodes is presented. Coupling between these modes 

was analyzed theoretically. Finally, the pressure sensor based on the mechanism of 

internal mode coupling among the supermodes in TC-PCF is proposed and 

demonstrated. A measured sensitivity of -21 pm/MPa was obtained, which is 

consistent with the simulated value of -19 pm/MPa. 

Chapter 6 focuses on another kind of PCF that exhibits high birefringence. The 

method of introducing ultrahigh birefringence in the index-guiding PCFs is proposed 

and developed. The fabrication of elliptical core polarization-maintaining PCF (PM-

PCF) with high birefringence will be presented. This kind of fiber exhibits the phase 

and group birefringence of over 10-2, which is verified by the experiment and 

simulation. Fiber Bragg gratings (FBG) were successfully written in the core of the 
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fabricated PM-PCF, showing two reflective peaks with large separation of over 12 

nm owing to its high birefringence. A Sagnac loop mirror was constructed to 

measure the group birefringence. Pressure and temperature sensing measurements 

using the fiber with Bragg grating were also conducted and will be introduced in this 

chapter. 

Chapter 7 presents the fabrication of suspended-core fiber (SCF) with high 

birefringence and its detailed characterizations in terms of loss, mode and 

birefringence. Simulation of this fiber is also carried out by COMSOL, giving a good 

agreement with the experimental results. Sensing applications using the fabricated 

HB-SCF configured in a Sagnac loop interferometer for the measurements of 

pressure, strain, torsion, and temperature will also be presented. 

In Chapter 8, we study the biomedical applications of microstructured optical 

fiber by proposing and demonstrating the measurements of refractive index (RI) 

using a C-shaped fiber. The C-shaped fiber, which is also fabricated in the lab, 

provides a good way for the liquids or gas to flow into and out of the air holes of 

PCFs. Two kinds of interferometers for RI measurements are proposed. One is based 

on Sagnac loop using PM-PCF, and the other one is based on Fabry–Pérot cavity. 

The fabrication process of integrating C-shaped fiber into the two interferometers for 

RI sensing will be described.  

Chapter 9 introduces a novel micro-structure for flow rate measurement in 

microfluidics. The flowmeter consists of a short piece of Co2+-doped fiber with FBG 

written in the core. The Co2+ in the doped fiber is highly efficient in absorbing light 

energy and heating the fiber whose temperature can be measured with the FBG. Two 

microchannels were assembled together with the Co2+-doped fiber and then tapered. 

The flow rate of the liquid flowing in the microchannels can be determined by the 
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cooling rate of the FBG. The fabrication of the device and the flow measurement of 

microfluidics will be included. 

Chapter 10 summarizes the research work and discusses potential future works.  
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Chapter 2 

Background Review 

2.1 Introduction 

In this chapter, topical research on the photonic crystal fiber (PCF) will be 

reviewed. The basic concepts and properties of PCF and its classifications including 

index-guiding PCF, hollow-core PCF, high birefringence PCF, and suspended-core 

fiber as well as their sensing applications are introduced. The fundamental ideas and 

applications of Fiber Bragg Grating (FBG) fabricated in PCF are also reviewed. 

 

2.2 Photonic Crystal Fibers  

2.2.1 Guiding Mechanisms 

Photonic crystal fiber (PCF), also called microstructured optical fiber (MOF), 

which has periodic air holes along the fiber length was invented by Phillip Russell 

about twenty years ago[1], and in the last decade attracted tremendous attention [2]–

[7]. Since the first all-silica single mode photonic crystal fiber was published in 1996 

by J. C. Knight et al[8] and the first endless single mode photonic crystal fiber was 

fabricated by T. A. Birks et al in the year of 1997[9], research activities on photonic 

crystal fiber including theoretical models and fabrication techniques have sprung up 

in large numbers, opening a realm of novel optical fiber and its promising 

applications in communication, sensing, fiber laser, etc. Normally, photonic crystal 

fiber has a hexagonal structure assembled with several rings of air holes. The 

diameter of the air holes varies from subwavelength (~1µm) to tens of µm, 

depending on the applications which the fibers are designed for[5]. Different designs 
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of the PCF can introduce different unique characteristics to enhance the fiber 

properties such as nonlinearity[10], birefringence[11]–[13], dispersion[14] and so 

forth. 

Unlike conventional single mode fiber (SMF) designed for optical 

communication, which is made of pure silica in cladding and doped germanium or 

phosphorus in the core to increase the refractive index, PCFs are normally made 

entirely of pure silica[8], with the structure of air holes in the cladding to lower the 

average refractive index. The absence of dopants makes the fiber less sensitive to 

temperature[15]. Rare earth elements such as Erbium or Ytterbium doped in PCFs 

were demonstrated to realize high-power fiber lasers[16]–[19]. The dopants can also 

increase the nonlinearity of the fiber so that the supercontinuum generation[20] is 

possible using photonic crystal optical fiber. Furthermore, nonlinearity and zero-

dispersion wavelength (ZDW) could be tailored by changing the size of the air holes 

and the pitch between them, which makes strong and wide supercontinuum 

generation possible[21]. In terms of supercontinuum generation, special materials 

such as Bismuth[22], Tellurite[23], Chalcogenide[24] are also investigated to 

fabricate PCF for broadband light sources. It is well known that Germanium-doped 

fiber is photosensitive and allows fiber Bragg gratings (FBGs) to be written in the 

fiber core. The same technique was applied to PCFs, leading to many sensing 

applications based on FBGs inscribed in PCFs[25]–[27]. Besides optical glass, 

polymer materials, which has much lower melting temperature (<200˚C), is also used 

to fabricate microstructured optical fiber (PMOF), exhibiting some good 

characteristics in terms of flexibility, biocompatibility, ease of fabrication and 

material modification, and potentially low-cost[28]–[31]. The main material of 

polymer microstructured optical fiber is PMMA, which, normally, acts as the 
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cladding part due to its lower refractive index. Dopants are added in the core of 

PMOF to introduce novel functionalities, for instance, doping trans-4-

stilbenemethanol (TS) to increase the UV photosensitivity[32], which makes it 

possible to write FBG on PMOF with shorter writing time of about 10 mins[29], [33]. 

Generally, PCFs or MOFs are more flexible, compare to conventional fibers, not 

only in structural design, but also larger choice of materials. 

 

Figure 2.1 The first endless single mode all silica photonic crystal fiber that was 

fabricated in 1997 by T. A. Birks et al[9] 

Conventional single mode fiber (SMF) consists of core and cladding, where 

core has a slightly higher refractive index than that of cladding satisfying the law of 

total internal refraction (TIR) to support light propagation in SMF. Generally, only 

one kind of material (i.e. fused silica) is used to fabricate PCFs, therefore the 

condition of conventional TIR is not satisfied. Figure 2.1 shows the first endless 

single mode all-silica PCF that was fabricated in 1997[9]. Noted that there is no 

doped core in the middle to increase the index of refraction. The core is formed by 

replacing one air channel with silica rod, with a refractive index of 1.444 at the 

wavelength of 1550nm. Whereas, the cladding has a few rings of air-holes arranged 
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in hexagonal structure. Because of the existence of the air channels along the fiber, 

the “average of index of refraction” in the cladding is lower than 1.444. 

Consequently, the refractive index of the cladding is lower than that in the core, 

exhibiting an index profile that is similar to conventional step-index fiber. Therefore, 

light can be guided in core of PCF and this guiding mechanism is called modified 

total internal refraction (M-TIR). The PCF functionalized by M-TIR is named as 

index-guiding PCF. Similarly, the light with propagation constant β in the core is 

larger than that in the cladding[9]: kn0>β>βFSM, where βFSM is the propagation 

constant of the fundamental space-filling mode (FSM) in the infinite photonic crystal 

cladding where the core does not exist, n0 is the core index and determines the upper 

boundary of the guided mode. In this way, the effective cladding index can be 

defined as:  

.     (2.1) 

However, there is also another kind of PCF (shown in Figure 2.2), called 

hollow-core photonic crystal fiber (HC-PCF), in which the core is formed by 

introducing an air hole in the center rather than using a solid silica rod. Because the 

core is air, its refractive index is equal to 1 and smaller than that in the cladding, thus, 

even the M-TIR cannot be satisfied. In this case, the unique feature of photonic 

bandgap is applied to explain the guiding mode in the core. 

neff =
βFSM
k
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Figure 2.2 The SEM photos of cross-section of hollow-core photonic crystal fiber 

with 7 (left) and 19 (right) cells missing respectively[34] 

Figure 2.3 (a) and (b) shows the propagation diagram of the conventional SMF 

and a PCF with 45% air-filling fraction, respectively. Take the single mode fiber as 

an example, at point R, guided modes can be formed due to the total internal 

reflection, where the light is free to propagate in the core but cannot penetrate into 

the cladding. The narrow red band where R stands is the transmission window. As 

for PCF in region 1, light is free to travel in each region of air, silica and photonic 

crystal area in the fiber. In region 2, only the photonic crystal area and silica part can 

propagate the light, and the light is turned off in the air. The photonic crystal area in 

region 3 indicates that M-TIR happens. In the last region 4, light is evanescent in 

every region. From figure 2.3b, it is observed that two-dimensional photonic band 

gaps (black regions) exist in both regions 1 and 2. At point P, the light is guided in 

the air but prevented from penetrating into cladding due to PBG, which makes it 

feasible in practice to guide light in the air core of HC-PCF. 

The hollow-core PCF is implemented by removing capillaries from the 

triangular lattice of holes in certain cells. Figure 2.2 demonstrates two HC-PCFs with 
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7 and 19 cells missing. The usage of hollow core reduces the fiber loss in a large 

scale, which, theoretically, can be close to air loss. 

 

Figure 2.3 Illustration of the propagation program of (a) Ge-doped single mode fiber 

and (b) PCF with 45% air-filling fraction[6] 

It is worth noting that both M-TIR and PBG are analyzed as the structure of 

two-dimensional photonic crystal exists in the fiber. The novel periodic honeycomb 

structure in the cladding causes a big difference between conventional SMFs and 

PCFs, especially the guiding mechanisms.  

 

2.2.2 Index-Guiding Photonic Crystal Fiber 

One kind of PCFs where the light is guided by modified total internal reflection, 

is called as index-guiding PCF. One pure silica or doped silica rod replaces the 

capillary in the center, forming a solid core. The index-guiding PCF operating 

principle is similar to conventional step-index SMF. The mode guided in PCF has a 

propagation constant larger than that of the fundamental FSM, which is a boundary 

effective index in the cladding (shown in Equation 2.1). As for conventional SMF, 

the V-number is an important parameter to define the mode numbers and critical 

cutoff wavelength. For example, step-index SMF has V-number expression of 
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,
    (2.2) 

where a, λ are the radius of the core and guiding wavelength, respectively. nco 

and ncl are the refractive index of the core and cladding. When V is less than 2.405, 

there is only one guided mode (LP01) in the core and the fiber is called single mode 

fiber (SMF). Reversely, the fiber supports many modes if V>>2.405, and is called 

multi mode fiber (MMF). 

Similarly, the V-number is also introduced to define the modes in PCF, 

proposed by N. A. Mortensen et al in Crystal Fiber A/S in Denmark[35], and is 

expressed as 

 ,   (2.3) 

where Λ represents the pitch of the air holes, nco(λ) is the core index, nFSM(λ) is 

the effective index of the fundamental FSM defined in Equation (2.1). The effective 

index of the cladding is highly wavelength-dependent when the operation 

wavelength is less than the pitch of air holes. The shorter the wavelength, the larger 

is its effective index[35], eventually, making the V-number close to a constant, as 

shown in Figure 2.4. It can be found that only one fundamental mode is guided in 

PCF for the case VPCF<π. This is different from the critical value found in SMF, 

which is 2.405. In particular, VPCF can always be less than π at all wavelengths if d/Λ 

is chosen at a certain value, which is calculated as 0.44. This implies that the fiber 

will be endless single mode all-silica PCF when the ratio of d/Λ is reduced to 

~0.44[36].  

V =
2πa
λ

nco
2 − ncl

2

VPCF (λ) =
2πΛ
λ

nco
2 (λ)− nFSM

2 (λ)
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Figure 2.4 Calculated VPCF as a function of Λ/λ for the cases of d/Λ ranging from 

0.20 to 0.70 in steps of 0.05, where the dashed line is the cutoff value for single 

mode operation[36]. 

Since the first all-silica PCF was fabricated by J. C. Knight, T. A. Birks, P. St. 

J. Russell et al at University of Bath and University of Southampton in 1996[8], 

various kinds of index-guiding PCFs were reported by different research groups. 

Figure 2.5 shows several kinds of index-guiding PCF with different structures, 

exihibiting different properties of PCF, such as endless single mode, high 

birefringence, and high nonlinearity. Due to the flexibility of the fabrication 

techniques of PCF, the arrangement of air holes can be designed and reshaped to 

tailor for their birefringence, nonlinearity, dispersion, etc. 
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Figure 2.5 Cross-section of several kinds of index-guiding PCF fabricated in the past 

years[9], [37]–[41] 

 

2.2.3 Hollow-Core Photonic Crystal Fiber 

In additional to index-guiding PCFs, hollow-core PCFs that guide light based 

on the principle of PBG, were widely investigated since it was first reported in 1998 

by University of Bath[2]. Unlike index-guiding PCF, hollow-core PCF has a hole 

defect in the center instead of a solid rod. Therefore, M-TIR is not satisfied any more. 

As analyzed in Section 2.2.1, the two-dimensional photonic crystal has the band gaps 

to allow light to be confined in the air core, finally forming optical modes. During 

fabrication, the hollow core PCF is implemented by removing pieces of capillaries 

(normally 7 or 19) in the stacking stage. The guided light is highly sensitive to the 

precision of the structure and the size of the air holes and core, meaning that great 

care needs to be taken and it is very difficult to fabricate a good and workable 

(a) (b) (c)

(d) (e) f
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hollow-core PCF. Even a slight distortion in fabricated PCF can lead to high fiber 

loss and mode deformation[42]. 

Figure 2.6 shows several examples of fabricated hollow-core PCF reported in 

the literature[2], [44], [45]. Normally, HC-PCF has high air-filling fraction in the 

cladding. Currently, commercial HC-PCFs of various designs are available from 

NKT Photonics or other companies. Elliptical core of HC-PCF, as shown in Figure 

2.6 (c), was also fabricated to obtain high birefringence for applications where the 

light polarization needs to be maintained. The highest birefringence of HC-PCF can 

reach the order of 10-2[43], [44], which is comparable to that of index-guiding PCF. 

 

Figure 2.6 Examples of hollow core PCF[2], [44], [45] 

It is worth noting that polymers are also promising candidates for fabrication of 

HC-PCF. Researchers in University of Sydney have successfully fabricated HC-PCF 

with relatively low attenuation. Owing to the absence of polymer material in the core, 

the fiber loss reaches as low as 0.05dB/m, which is much lower than the PMMA 

material absorption of 0.15dB/m at 650nm[46].  

Another approach to realize photonic bandgap PCFs is to utilize rods made of 

materials that have lower index than silica to replace air holes. Using this approach, 

the core still has a lower index than the cladding, allowing PBG to exist. This kind of 

fiber can be regarded as generalized HC-PCF and fabricated by University of Bath 

using compatible silicate glasses: LFF1 and SF6[47]. LFF1 glass has an index of 

~1.54 at visible and near-IR wavelength range while the index of SF6 glass is ~1.79. 

(a) (b) (c)
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LFF1 glass rods are used to make the assembly to form the core. Since there is no air 

hole in the fiber, it is stronger than HC-PCF and easier to draw without precise 

control of pressure.  

The main reason why HC-PCF attracts tremendous attention is due to the 

advantage of low nonlinearity because of the usage of air core [34]. The fiber loss of 

HC-PCF can be reduced to 1.8 dB/km using only five rings of air holes[48]. 

Furthermore, the air core provides an opportunity for gas or liquid to flow inside, 

enabling the detection of Raman scattering of gas[49] and optofluidics between the 

guided light and the liquids[50].  

 

2.2.4 High-Birefringence Photonic Crystal Fiber 

Thanks to the flexibility of the fabrication techniques of PCF, high 

birefringence of PCF can be introduced by designing the holes structure 

appropriately. High birefringence means that the fiber supports two orthogonal 

linearly-polarized modes based on fundamental mode over a wide range of 

wavelength, and thus, the fiber is not single mode but dual mode in spectral domain. 

In terms of polarization maintaining fiber (PMF), the birefringence can be expressed 

in three parts: 

,    (2.4) 

where BG represents the geometrical component induced by the core 

anisotropy, 𝐵!!  is related tot the interior stress of the core, which is the self-stress 

induced by thermal expansion difference of the asymmetrical core and outer cladding, 

and 𝐵!! corresponds to the exterior stress to the core, which is caused by the stress-

applying parts embedded in the cladding. It can be seen that BG is dependent on the 

structure of the fiber, meaning that the asymmetry of the core shape or even an 

B = BG +BS
i +BS

e
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elliptical core results in birefringence. Figure 2.7 illustrates the cross-section of 

typical high birefringence fibers based on asymmetrical designs, where the cyan part 

is doped glass with a high thermal expansion coefficient and low refractive index, 

such as B2O3-SiO2. 

 

Figure 2.7 Schematic cross-section of typical stress-induced high birefringence 

fibers: (a) elliptical core fiber (b) elliptical cladding fiber, (c) PANDA fiber and (d) 

Bow-tie fiber 

In the same way, the idea of asymmetrical structure is also introduced into PCF 

fabrication, to make high birefringence PCF (Hi-Bi PCF). Two main kinds of 

structures are used; namely, asymmetrical air holes in the cladding and elliptical core. 

In the year of 2000, A. Ortigosa-Blanch et al at University of Bath first made high 

birefringence PCF and obtained a birefringence of 3.85×10-3[51]. The fiber has a 

two-fold air hole in the cladding, leading to anisotropic stress that is applied to the 

core. Similar to the PANDA fiber, side holes are utilized to increase the 

birefringence in PCFs, where the two air holes are enlarged adjacent to the core 

compared with the other holes in the cladding. This fiber, PM-1550-01, is 

commercially available and widely used in sensing applications to measure 

pressure[39], strain[52], [53], torsion[54], and refractive index[55]. Fiber Bragg 

grating was successfully inscribed on this fiber by Guan et al using 193nm excimer 

laser without photosensitization treatment[56], obtaining two Bragg peaks with a 

y

x

y y

x x

(b) (c) (d)

y

x
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separation of 0.52nm due to high birefringence of ~5×10-4. In this thesis, we 

described a Hi-Bi PCF with an elliptical core. The proposed and fabricated Hi-Bi 

PCF obtained a birefringence of 1.4×10-2, which is the highest reported birefringence 

for any fabricated index-guiding PCF[57]. FBG written in the Hi-Bi PCF exhibit 2 

Bragg peaks with a separation of ~12 nm. The details will be presented in Chapter 6. 

The group in NTT Corporation in Japan also fabricated a polarization maintaining 

PCF with quite a small loss of 1.3 dB/km and high birefringence of 1.4×10-4[58], 

which makes it promising for light transmission in long length. 

According to Equation 2.4, the asymmetry in the cladding leads to high 

birefringence, several novel structures based on such design were proposed in the 

past, for instance, large side hole PCF[59], butterfly PCF[60], [61], super lattice 

PCF[62], [63], elliptical air holes PCF[11], [38], [64], and so forth. The birefringence 

of these PCFs varies from 10-4 to 10-3.  

Instead of making asymmetrical cladding, another way to introduce high 

birefringence in PCFs is to make an elliptical core. The asymmetry in the core 

directly results in the interior stress to the core and increases the birefringence. This 

approach was first studied by a group in Technical University of Denmark (DTU) in 

2001, and high birefringence of 9.3×10-4 was achieved[12]. The design of elliptical 

core was later investigated widely in terms of dispersion effect with highly 

birefringent fiber[65], the triple defect in the core to form elliptical core[66], side-

hole Ge-doped elliptical core[67], suspended elliptical core[68] and our proposed 

six-hole suspended elliptical core fiber[69]. Precise control is important to fabricate 

these fibers with asymmetrical core as slight deviation from the design could result 

in the PCF with very different characteristics. Although coupling loss for elliptical 

core to SMF is higher than that with normal core, it is still interesting to obtain high 
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birefringence using elliptical core PCFs, which have been found in a lot of 

polarization-maintaining applications. 

Hollow-core PCF can also be made to exhibit high birefringence. Xin Chen et 

al, in 2004, demonstrated an ultrahigh birefringence hollow-core photonic bandgap 

fiber by intentionally altering the core with two-fold symmetry, obtaining high 

birefringence of 2.5×10-2[43]. The elliptical air core has a long axis of 9.4 µm and 

short axis of 8.1 µm, indicating that the aspect ratio is 1.16. It is observed that even 

small anisotropy in the air core of hollow-core PCF can generate ultrahigh 

birefringence, which is quite different from index-guiding PCF[57]. A detailed 

numerical investigation of group birefringence of this fiber was carried out by M. 

Shah Alam et al in 2005, and reported numerical value of group birefringence of 10-2, 

and phase birefringence of 10-3[44]. 

Hi-Bi PCFs are very useful in sensing applications and single polarization 

devices. A lot of interferometers such as Sagnac interferometer and Mach-Zehnder 

interferometer are constructed to conduct pressure[70], strain[53], torsion[54], and 

temperature measurements[71]. By designing the Hi-Bi PCF with high attenuation 

for the polarization mode along fast axis (e.g. >25 dB/km) and low loss (e.g. <5 

dB/km) for the guided polarization mode along slow axis, single polarization PCF is 

possible, which can get rid of cross-talk between polarizations and polarization 

dispersion. This can be achievable either by varying the hole size and the pitch of 

polarization-maintaining PCF so as to obtain high confinement loss for the fast 

polarization mode and low confinement loss for the slow polarization mode[72], [73], 

or by designing and fabricating hybrid PCF which guides light based on the 

mechanisms of M-TIR and PBG simultaneously[74]–[76]. Single polarization is 



Chapter 2 Background Review 

	

	

	

25 

implemented in a very broadband wavelength (>225 nm). Our work on Hi-Bi PCF 

will be introduced in Chapter 6. 

 

2.2.5 Suspended-Core Fiber 

Suspended-core fiber (SCF) is another kind of index-guiding photonic crystal 

fibers with a small core suspended in the center by a few struts created by large air 

holes. Normally, the struts between the holes are quite thin (few µm or less than 1 

µm). Also, the size of the diameter of a suspended-core is subwavelength, with or 

without dopants (e.g. Germanium). Because the cladding has large part of air holes, 

making the average index of cladding close to 1, the diameter of the core needs to be 

~ 1µm if the fiber is single mode. SCFs with three, four and six air holes are widely 

investigated. Figure 2.8 shows the typical structures of SCFs. 

 

Figure 2.8 Typical cross-section structures of SCFs with (a) three, (b) four and (c) 

six air holes in the cladding[41], [77], [78] 

There are several advantages of suspended-core fibers. Firstly, the tiny 

suspended-core enables strong interaction between materials in the air holes and 

guided light in the core because of the large evanescent field extended in the air 

holes. This is promising in biomedical sensing, where the analytes can be filled into 

the air holes. The amount of how much modal power penetrates into the holes 

(a) (b) (c)
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depends on the core diameter and also its refractive index. The smaller the core 

diameter, the larger is the electrical field (power) within the holes, interacting with 

the material in the air holes. This can be observed in Figure 2.9, which illustrates the 

percentage of modal power in the air holes as a function of core diameter for three 

kinds of glasses (Si, F2, Bi-based). 

 

Figure 2.9 The relationship of modal power within air holes and core diameter for a 

water-filled three hole SCF[41] 

In order to make the guided light interact with liquids in an easier way, the 

exposed core SCF was proposed by Warren-Smith Stephen C et al at The University 

of Adelaide. The fiber was fabricated using extrusion method by drawing an 

extruded wagon wheel shape preform. The final diameter of core is estimated to be 

2~3 µm and has large interaction with surrounding media due to the open side, as 

shown in Figure 2.10. It was demonstrated that the fiber has a good performance in 

the measurements of real time fluorescence. 
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Figure 2.10 Exposed and suspended core fibers fabricated from symmetrical wagon 

wheel preform[79]. 

Furthermore, high nonlinearity is introduced in SCFs due to the small size of 

core, which allows for the supercontinuum generation (SCG). Libin Fu et al 

demonstrates an efficient SCG in a high nonlinearity (γ=~140 W-1⋅km-1) SCF with a 

small core supported by six air holes[80]. Very highly efficient octave-spanning SCG 

was achieved with peak pump power as low as 1.5 kW at ~1 µm and 1 kW at ~800 

nm.  

 

2.3 Main Properties of Photonic Crystal Fibers 

2.3.1 Mode Property 

PCFs support single mode as well as multimode depending on the design of the 

structure (e.g. core size, air-filling fraction). When the air-filling fraction (d/Λ) is less 

than 0.4, the fiber is single mode at any wavelengths. In single mode PCFs, two 

polarizations, namely x- and y-polarized directions, are guided, which have equal 

effective index of refraction. Basically, these two polarized electric modes (Ex, Ey) 

form the general single mode (LP01) for the weakly guiding optical fiber. Due to the 

flexibility of design of PCFs, it is possible to arrange the structure asymmetrically. 

Therefore, the effective indices of refraction for the two polarized modes are not 

equal any more, resulting in birefringence for the core. 
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The effective mode area, which is defined as an area for PCF mode covering in 

the transverse dimensions effectively, plays an important role in nonlinearity, and is 

expressed by[81] 

 ,   (2.5) 

where E⊥ represents the amplitude of electric field in transverse distribution and 

I⊥ is the intensity, A is cross-section area of PCF. With a given intensity of input light, 

small Aeff introduces higher energy density in the core, indicating higher nonlinearity. 

However, as for the propagation of high power in fiber, e.g. double clad fiber laser, 

the power level is limited due to nonlinear effect of stimulated Brillouin scattering. 

Thus, large effective mode area is desired in such application[18], [82]. The 

nonlinearity is inversely proportional to effective mode area as described by the 

equation[83] 

 ,    (2.6) 

where n2 is the nonlinear coefficient of material because of nonlinearity, ω is 

the angular frequency of light and c is the velocity of light in free space. As for 

conventional single mode fiber, γ equals ~0.9 W-1⋅km-1 with n2 = 2.2×10-20 m2/W 

λ=1550 nm and Aeff = ~100 µm2. As for PCFs, nonlinearity varies according to the 

hole sizes, core diameter and index difference. With higher index difference, the 

light is confined tighter. When the core diameter gets significantly smaller than the 

guiding wavelength, the fiber cannot confine the light sufficiently, thus exhibiting 

strong evanescent field to the air-hole area. In this case, nonlinearity is reduced 

because effective mode area becomes larger again. It can be concluded that the 

nonlinearity is controllable by designing proper structure of PCF, for instance, hole 

Aeff =
( E⊥∫

2
dxdy)2

E⊥

4 dxdy∫
=
( I∫ dA)2

I∫
2
dA

γ =
n2ω
cAeff

=
2πn2
λAeff



Chapter 2 Background Review 

	

	

	

29 

size, hole pitch and core diameter. For example, by introducing Silica suspended-

core with small size, high nonlinearity of ~140 W-1⋅km-1 can be achieved[78], which 

is over 100 times than the standard SMF. Moreover, even higher coefficient (9300 

W-1⋅km-1) is possible by using high nonlinear materials (e.g. Chalcogenide-tellurite 

glass) to fabricate PCFs with small effective mode area[23]. 

Note that since all the fabricated PCFs in the thesis have small size of core, the 

nonlinear effect may be very serious if the launched power is too high. The mode 

index of the fiber changes with the nonlinearity. Because all the sensors are based on 

the index dependency on the change of external physical parameters, it can be 

predicated that the sensitivity of all the sensors using the fabricated PCFs will show 

different response if serious nonlinear effect occurs. For instance, the pressure 

response may not be linear and the sensitivity can be smaller or larger for a particular 

measuring range. The nonlinear effect in all the proposed sensors should be avoided, 

and thus, the power of light source can not be extremely high. The widely-used 

broadband source has much lower power and is used in most experiments, the 

nonlinearity induced by high laser power is not taken into consideration for the 

sensors’ demonstration. However, the issue of nonlinear effect should be addressed 

here in advance in order to clarify the extreme limitation of the sensors in terms of 

nonlinearity. 

 

2.3.2 Fiber Loss 

In terms of propagation loss, attenuation in PCFs mainly consists of four parts: 

material absorption loss (αm), scattering loss (αs), bending loss (αb), and confinement 

loss (αc): 

.       (2.7) α =αm +αs +αb +αc
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The absorption loss results from material absorption; namely, silica absorption 

in PCF, infrared absorption, ultraviolet absorption and OH absorption. αm is 

dominated by OH absorption and comes from OH ions introduced in the preform 

preparation. Note that OH absorption can be reduced greatly by using dehydration 

process in the preform fabrication, and it can reach down to 0.4 dB/km at 1380 nm.  

Scattering loss is important in PCFs’ fabrication and application. It is due to 

the impurities of the material and imperfection and surface roughness of the structure. 

These are also called Raleigh scattering loss, and are inversely proportional to λ4. 

The scattering loss can be reduced by optimizing the interior surface roughness of 

capillaries and by maintaining the uniformity along the fiber. The scattering loss in 

PCF can be reduced to ~1 dB/km at the wavelength of 1550 nm. 

As for single mode fiber, bending loss is another consideration for the 

attenuation, including micro-bending and marco-bending loss. The conventional 

single mode fiber has a bandwidth with a lower limit of cutoff at short wavelengths, 

and a higher limit of macro-bending loss at long wavelengths. The bending loss is a 

critical issue for large mode area PCF, which is mainly expressed as macro-bending 

loss. Macro-bending occurs when the bending radius is larger than the core size. In 

PCFs, it is not only serious at longer wavelengths, but also at shorter wavelengths, 

meaning that PCFs have lower and upper bending loss edge in the range of 

wavelength. This was investigated by Sørensen et al[84] and the results are shown in 

Figure 2.11. The midpoint of the operational window between lower and upper edges, 

where the minimum bending loss is, is empirically approximated as half of the hole-

to-hole pitch (Λ/2). The reason why short-wavelength bending edge appears is 

because light is confined tightly into the silica core with the decrease of wavelength. 

This occurs due to the increase of effective index in the cladding at shorter 
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wavelengths, leading to the decrease of index difference with decreasing 

wavelength[85]. In large mode area PCF that is realized by increasing the hole pitch 

or by reducing hole diameter, the guided mode may escape from the solid bridges 

between air holes when the fiber is bent, which induces significant bending loss. 

 

Figure 2.11 Calculated bending loss against the wavelength for a specific PCF with 

d=2.4 µm and Λ=7.8 µm[84]. 

Since PCFs in reality do not have infinite air hole rings, the unique 

confinement loss in PCF should be taken into consideration. Because the core shares 

the same material as the cladding part beyond the finite air holes and has the same 

refractive index, it is inevitable for the guided modes to be leaky, resulting in 

confinement loss. Given that the complex effective index of PCF, neff=j⋅χ+ nr,eff, the 

confinement loss can be expressed by 

,   (2.8) 

where χ is the imaginary part of the complex effective index. Note that the 

confinement loss has high dependency on the structure of PCF, e.g. air-filling 

fraction (d/Λ) and hole-to-hole pitch (Λ). Figure 2.12 shows the relationship between 

CL = 40π
λ ln(10)

Im(neff ) =
40π

λ ln(10)
⋅ χ      (dB /m)
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the confinement loss and d/Λ and Λ. It can be observed that PCFs with more air hole 

rings, larger air-filling fraction and larger pitch have lower confinement loss. 

Moreover, by properly adjusting the air hole size, the pitch and the numbers of air 

hole rings, the confinement loss can be reduced to a negligible level (<10-5 dB/m). 

 

Figure 2.12 (a) The confinement loss as a function of air filling fraction d/Λ for 

different air hole rings and (b) confinement loss against the air hole pitch Λ[86]. 

Even though losses in PCFs have several factors to be considered, the loss is 

reduced by improving the fabrication technique and by designing a good structure. 

The propagation loss can be as low as 0.37 dB/km for the index-guiding PCF, which 

has been investigated and used for communication with a length of 10 km by Tajima 

K. et al[87]. In the applications of sensing, where PCFs are mostly used as sensing 

head at a short distance, higher propagation loss (<1 dB/m) is generally not an issue. 

 

2.3.3 Effective Index of Refraction 

Effective index of refraction (neff) is the most important parameter in PCFs and 

its value needs to be determined. It is obtained from the propagation constant of each 

mode. This is solved by the Helmholtz equation according to one specific PCF, and 

the effective index can be derived from 
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,     (2.9) 

where β corresponds to the propagation constant of one guided mode in PCF. 

The effective index depends not only on the operating wavelength (λ), but also the 

structure of PCFs. Normally, effective index decreases with wavelength. The 

effective index is associated with the dispersion, which can be expressed by[88] 

,   (2.10) 

where D and GVD represent chromatic dispersion coefficient and group 

velocity dispersion, respectively. Note that the effective index can be a complex 

value if confinement loss is taken into account for the finite layers of air holes, while 

the imaginary part is related to the loss and the real part determines the modal 

property, as shown in Equation 2.10.  

The group velocity is derived from phase velocity. Whereas the group effective 

index (ng,eff) can be deduced via phase effective index (np,eff) as[40] 

.           (2.11) 

Differentiating phase and group effective index is useful in understanding the 

birefringence in PCF, which will be discussed in the next subsection. In terms of Hi-

Bi PCF, there are two liner polarization fundamental modes propagating in the fiber, 

which have two different phase effective indices, the difference of which stands for 

the amount of birefringence.  

 

2.3.4 Birefringence 

neff =
λ
2π

β

D = - λ
c
d 2 Re(neff (λ))

dλ 2

GVD =
d 2β
dω 2 =

λ3

2πc2
d 2 Re(neff (λ))

dλ 2

ng,eff = np,eff (λ)−λ
dnp,eff (λ )
dλ
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Optical birefringence, generally, occurs in the cases of non-isotropic crystals, 

and is equal to the difference of the refractive indices of the two polarization 

directions. Birefringence can be induced by non-isotropic material, asymmetrical 

optical structure, isotropic material with inhomogeneous mechanical stress and 

thermal stress. As for PCFs, it is introduced by designing asymmetrical air hole 

structures and elliptical cores, with birefringence as high as 10-2. Stokes vector 

𝑆 ={S0, S1, S2, S3} is commonly used to present the polarization of birefringence 

fiber. Assuming a plane wave propagating along the z direction of PCF, the electric 

field can be expressed by[89] 

,           (2.12) 

where Δ represents the phase difference of the two polarization mode in PCFs,  

and the electric fields have the relationship of[89] 

,            (2.13) 

 which is re-deduced by taking time average as[89] 

.      (2.14) 

Therefore, the parameters of Stokes vector can be defined as[89]  

.  (2.15) 

If taking tan 2𝜑 = !!
!!
, 0 ≤ 𝜑 ≤ 𝜋, sin 2𝜒 = !!

!!
 into account, the parameters 

of Stokes vector are projected as one point on a sphere with unit radius, called 

Poincaré sphere, with the following relationship[89] 

E
!"
(z, t) = Ex

!x +Ey
!y

Ex (z, t) = Ax cos(βz−ωt)
Ey (z, t) = Ay cos(βz−ωt +Δ)
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      .   (2.16) 

The Stokes vector is a useful tool to solve problems arising in polarization-

maintaining PCFs, for example, the torsion on PM-PCF[54].  

 

2.4 Fiber-Optic Sensors Based on Photonic Crystal Fibers 

Owing to its flexibility in structure design and optical properties, PCF becomes 

very promising component for optical communication, fiber devices, and fiber-optic 

sensing. Based on improvement of structure design, high power fiber lasers were 

demonstrated by using large mode area core PCF as well as novel leakage channel 

fiber[90], [91]. Moreover, supercontinuum generation can be implemented due to the 

high tailored nonlinearity, zero-dispersion point and flexibility in choosing 

material[20], [80], [92]–[94]. Besides light sources, PCF also shows much potential 

in sensing applications, for instance, structural health monitoring, pressure sensing, 

biomedical sensing, chemical analysis, and environmental monitoring[95]. 

Polarization-maintaining PCF (PM-PCF) is used widely in pressure, strain, and 

temperature sensing. As shown in Figure 2.13, a Sagnac interferometer can be 

configured with 3-dB coupler and PM-PCF, two counterpropagating lights split by 

the 3-dB coupler will interfere constructively or destructively, depending on the 

wavelength, and the interference in spectrum is observed. The setup using a 

commercial polarization-maintaining PCF, PM-1550-01, was investigated for 

hydrostatic pressure measurement, achieving a high sensitivity of 3.42 nm/MPa and 

a low temperature sensitivity of -2.2 pm/˚C[39]. The same fiber and similar setup 

was also utilized to measure strain by stretching PM-PCF, and a sensitivity of 0.23 

!
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pm/µε was obtained in a large range of 32 mε. Since the PM-PCF used is pure silica, 

low temperature dependency (0.29 pm/˚C) is expected[53], compared with 

conventional polarization-maintaining fiber (PMF) which has a high temperature 

cross sensitivity of 0.99 nm/˚C. Furthermore, the pressure sensing was conducted 

using other kinds of PCFs, such as grapefruit PCF[96], dual-core PCF[40], hybrid 

PCF[97], side-hole PCF[98], super-lattice PCF[63], FBG on PCF[57], suspended-

core PCF[99].  

 

Figure 2.13 Schematic diagram of the pressure sensor configured with PM-PCF 

based on Sagnac interferometer[39]. 

In terms of physical parameter sensing, suspended-core fiber was also applied 

to establish Sagnac interferometer to measure strain and temperature. A sensitivity of 

~1.94 pm/µε was obtained by Frazão et al with a temperature dependency of ~0.29 

pm/˚C[100]. In order to eliminate the temperature effect, it can be compensated by 

simultaneous measurement. Sun et al demonstrated how to discriminate the two 

parameters of strain and temperature at the same time by using two high 

birefringence PCFs with birefringence of 3.3×10-4 and 4×10-4. The strain and 

temperature discrimination resolution was experimentally calibrated as ±3 µε and 

±0.4 ˚C[101]. 
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Moreover, due to the flexible design of birefringence, PCFs with low and high 

birefringence are good retarders to characterize the torsion that is applied on the fiber, 

making the specific PCF to be twisting sensor. Frazão et al[102] used a novel 

suspended twin-core fiber. The experimental results were analyzed with the method 

of fast Fourier transform (FFT), obtaining a torsion responsibility of 5.1×10-4/˚ with 

temperature- and strain-independence by detecting the visibility change of resonant 

peak in FFT spectrum. All-optical polarimetric torsion sensor was proposed by Fu et 

al using PM-PCF [54]. The birefringence of PM-PCF as well as the polarization of 

launching light were analyzed by means of Stokes vector and Jones matrix, and a 

normalized sensitivity of ~0.014 /˚ was achieved in the linear twisting angle range of 

30˚~70˚. Besides, high sensitivity in wavelength domain can be achieved by using 

low birefringence PCF, with a value of ~1nm /˚, even though in a short linear 

twisting range of 75˚ to 140˚[103]. 

Figure 2.14 shows the interference spectrum of a Sagnac interferometer 

constructed using PM-PCF, which is one of the widely-used interferometric 

configurations. The period of the interference peaks depends on the birefringence 

and length of PCF used. Owing to the tailored birefringence in PCFs, it is easy to 

design novel fibers for sensing applications. 
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Figure 2.14 The transmission spectrum of one Sagnac interferometer configured 

using PM-PCF with a length of 86 mm and birefringence of ~8.7×10-4[53].  

Since the PCFs have air holes along the fiber and the light can be guided in the 

air-core of hollow-core PCF, liquids and gas can be filled in the air holes and interact 

with the guided light due to the strong evanescent field from the core. Unterkofler et 

al[45] proposed a novel configuration of microfluidics for chemical reaction using 

hollow-core PCF, shown in Figure 2.15. Cyanocobalamin (CNCbl) was filled into 

the hollow core with special technique to demonstrate the photoconversion. In 

comparison with the results in cuvette, the reaction in HC-PCF shows similar 

detection capability, whereas HC-PCF provides the advantages of compactness and 

less time-consumption. Furthermore, liquid core PCF was achievable by filling the 

center air hole of PCF with liquids for optofluidic applications, such as measuring 

refractive index of biomaterials[104]. In terms of liquid core, Xiao et al came up 

with another approach to fill liquid into the hollow core of PCF, with which the 

nonlinearity of liquids ((toluene and ethanol) was characterized by analyzing the 

effect of Raman scattering[50]. 

 

Figure 2.15 (a) Schematic image of optofluidics for reaction analysis with HC-PCF, 

(b) the results of mass spectra of cyanocobalamin (CNCbl) photoconversion with the 

sample in a cuvette (top) and HC-PCF (bottom)[45] 

(b)
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PCF with air holes can be filled with gas for detection. Recently, Yan et al 

conducted the acetylene (C2H2) gas detection with Bragg grating in PCF by 

measuring the reflectivity of FBG changing with the gas concentration[105]. A 

sensitivity of 0.002dB/% was obtained, which depends on the gas-cell length and 

absorption of the specific gas. As for HC-PCF, the hollow-core offers a good cavity 

for gas to flow and interact with the light. This was demonstrated by an excellent 

investigation, in which hydrogen and acetylene were filled for stable and compact 

PCF laser[49]. Acetylene has a good property of stable and regularly spaced 

overtone absorption at around 1.55 µm, which has good performance for laser to be 

locked at different absorption lines efficiently. Figure 2.16 illustrates the assembly of 

HC-PCF with gas-filled. 

 

Figure 2.16 Samples of HC-PCF based gas-cell assembly, where (a) is the splicing 

joint with HC-PCF and SMF, (b) end view of an HC-PCF cleaved at the junction, (c) 

the cross-section of the HC-PCF used and (d) photo of 5 m long hydrogen-filled HC-

PCF gas cell[49]. 

With the novel and tailored air holes along the fiber length, PCFs are widely 

utilized to conduct sensing measurements with the advantages of small size, high 

sensitivity, high response, robustness, and so forth. Structural health monitoring, 
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such as the measurements of pressure, strain, twisting and temperature, is improved 

by new techniques with the existence of PCFs because of their flexible design of the 

structure. Furthermore, in the advent of optofluidics, biomedical analysis is 

promising in PCF, opening the big challenge for the realm of lab-in-fiber. 

 

2.5 Fiber Bragg Gratings in Photonic Crystal Fiber 

Fiber Bragg grating (FBG) is an important technique in optical fiber devices, 

and provides possibility for optical fiber to be used as wavelength selector. In the 

past, FBGs are used commonly in fiber communication as filter, dispersion 

compensator, cavity-reflector for fiber laser, as well as in sensing area due to its 

Bragg wavelength dependency on the environmental variation (e.g. temperature, 

strain). The FBG means that there is a permanent and periodical change in refractive 

index of the core along the fiber length, induced by, for instance, high power UV 

laser. Normally, the periodical pattern has a very small pitch, which is dependent on 

the designed grating period and is around 535 nm at the wavelength of 1550 nm in 

SMF. In 1978, Hill et al[106] first demonstrated the photosensitivity of optical fiber 

and successfully made the periodical change of refractive index in the core, obtaining 

a FBG as reflection filter for laser application. Photosensitivity means that the index 

of optical fiber can be changed by laser light with specific wavelength, such as UV 

excimer laser irradiating the wavelength of 193 nm, 248 nm, and solid laser at the 

wavelengths of 213 nm, 266 nm. The photosensitivity can be obtained by doping rare 

earth (e.g. Germanium) of high concentration in the core, which increases the index 

at the same time. Basically, only if the fiber has the feature of photosensitivity, it is 

possible to write FBG[107], except that the FBG is inscribed by damaged approach 

such as femtosecond laser[108]. The same technique of FBG is used in PCFs or 
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microstructured optical fibers (MOFs), the photosensitivity of which can be 

enhanced by doping GeO2 in the solid core of PCF[109]. At present, most of FBGs 

are fabricated by using phase-mask technique, which is one of the most effective 

approaches[107]. 

Figure 2.17 shows the schematic diagram of FBG fabrication as well as the 

reflection and transmission spectrum. During FBG inscription, phase mask with 

designed grating period is placed behind the fiber. UV laser light is irradiated on one 

side of phase mask and diffracts into +1 and -1 orders, which induce interference 

pattern just at the position of fiber core, leading to refractive index modulation in the 

core and forming grating. When an incident broadband source is launched into the 

fiber and encounters the FBG position, part of light with specific wavelength, called 

Bragg wavelength, is reflected back. Observed from reflection spectrum, there is one 

reflective peak, while a dip occurs in the transmission spectrum. 

 

Figure 2.17 Schematic diagram of FBG fabrication using phase mask technique 

With the UV laser exposed on the fiber, a permanent index perturbation (δneff) 

is made to the effective index of the guided mode, which can be described by[110] 
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,          (2.17) 

where Λ is the grating period in the fiber core, 𝛿𝑛!!!(𝑧) presents the ‘dc’ index 

change spatially averaged over the grating period, υ is the fringe visibility of the 

index change. φ(z) is the chirp information. Due to the index modulation, the 

wavelength of reflected light is locked at the specific position, which is determined 

by phase-matched condition[107] 

       .    (2.18) 

Let R(z)=A(z)exp(iδz-φ/2), S(z)=B(z)exp(-iδz+φ/2) represents the amplitudes of 

reflection mode and counter-propagating mode, the relationship of R, S can be 

derived as[110] 

       (2.19) 

where κ is ‘AC’ coupling coefficient and 𝜎 is ‘dc’ self-coupling coefficient, 

and determined via 

.  (2.20) 

Generally, the amplitude of reflection mode of FBG can be analyzed with 

transfer matrix method. For non-uniform FBG, it can be divided into i uniform 

gratings cascaded together. The propagation at i grating is described by 

     .   (2.21) 

Therefore, the transfer matrix, Fi, is expressed by[110] 
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, (2.22) 

where 𝛾! ≡ 𝜅! − 𝜎!. With transfer matrix, the phase shift of grating can be 

introduced easily by multiplying one phase matrix at the phase-shift position, which 

is[110] 

.   (2.23) 

Figure 2.18 illustrates the reflection and transmission spectrum simulated using 

transfer matrix method with the parameters of: ‘AC’ modulation of 2×10-4, ‘dc’ 

modulation of 2×10-4, fringe visibility of 1, and grating length of 5 mm with a pitch 

of 535.7 nm.  

 

Figure 2.18 Simulated reflection and transmission spectrum of FBG on SMF which 

has core diameter of 8.4 µm, core and cladding index of 1.4496, 1.444 
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Figure 2.19 shows a reflection spectrum for a FBG with a π-shift at the middle 

position of the grating (2.5 mm). As can be seen there is a sharp dip in the reflection 

band of the spectrum, which is dependent on the phase shift and its position. 

 

Figure 2.19 Simulated reflection spectrum for a 5 mm long FBG with π-shift at the 

middle position. 

Owing to the narrow band of reflection peak in the wavelength domain, FBG is 

a good technique in fiber-optic sensing. The Bragg wavelength shows linear shift 

that is dependent on the environmental variation, such as strain and temperature. 

Since the information of wavelength is detected to determine the change of 

temperature and strain, it offers the advantage of accuracy, stability and high 

sensitivity. In comparison with the approaches of power or intensity detection, which 

might have power loss or fluctuation caused by the splicing, connection, or source, 

the wavelength-encoded technique makes FBG more useful and reliable. It is also 

possible to cascade groups of FBGs along one single mode fiber to conduct the 

measurements at the same time, and establish the complicated sensing system. 

Additionally, FBG in PCFs has the capability of detecting biomedical materials filled 
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in the holes of the structure, in terms of refractive index, chemical reaction, and 

microflow rate. It also provides the potential for PCF to be made as fiber laser with 

the existence of cavity formed by FBGs in PCF. 

According to Equation 2.18, the Bragg wavelength has the dependency of 

effective index of the guided mode and the period of the grating, which can be 

affected by outer surrounding strain and temperature. The change of either one will 

render the blue or red shift of Bragg wavelength, which can be expressed using[111] 

, (2.24) 

where P11, P12 are the Pockel’s coefficients of the stress-optic tensor; v is the 

Poisson’s ration; ε is the applied strain along the fiber; α is the coefficient of thermal 

expansion (CTE) of Silica, which may be different according to the dopants in the 

core; ΔT is the temperature change at the FBG position. Let Pe=(n2/2)[P12-v⋅ 

(P11+P12)], which is also called effective photoelastic coefficient, γ=(1/neff)(dneff/dT), 

thermal-optic coefficient, the effect of strain and temperature can be represented 

individually as[112]  

.         (2.25) 

where Pe is approximated to be 0.22 numerically for pure silica. The 

experimental strain and temperature response of FBG on single mode fiber is found 

to be[111]  

.    (2.26) 
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In SMF, the strain sensitivity of FBG is also measured, which is ~1.2 pm/µε, 

and the temperature response is found with a value of ~11 pm/˚C. It should be 

indicated that the strain sensitivity of FBG on PCF ought to have minor difference 

compared with conventional SMF due to the air holes structure along the fiber, 

which impede the strain transferred from outer surroundings to the core[113]. In the 

same way, the temperature sensitivity may change because of the air holes, which 

induce different thermal stress to the core. 

It can be found that FBG in PCFs has a lot of applications in the realm of 

sensing, for instance, strain, temperature, pressure, refractive index measurement, 

biomedical material analysis, gas detection, etc [95], [114]. A very detailed review 

was conducted by Cusano et al in terms of the fabrication of FBG to the applications 

of microstructured fiber Bragg gratings, especially in sensing[109]. Wu et al reported 

a pressure sensor configured with FBG in grape-fruit PCF, and obtained a sensitivity 

of -12.86 pm/MPa, which was three times higher than that using SMF (-4.23 

pm/MPa)[26]. For refractive index discrimination, sucrose solution was filled into 

the air holes of PCF with FBG under the effect of capillary force[115]. Reflected 

peaks of fundamental mode as well as high order mode were investigated for index 

measurement, and higher sensitivity of 45 nm/RIU for high order mode was obtained 

in the range of 1.4-1.44. Furthermore, John Canning et al in University of Sydney 

managed to make distributed Bragg reflector (DBR) laser using PCF[17], where two 

FBGs with high and low reflectivities in the PCF formed the resonant cavity. The 

laser had a threshold of 44 mW and slope efficiency of ~1%. To conclude, the 

technique of FBG offers enormous advantages for PCF as sensing candidates with 

high sensitivity, accuracy, and potentials in biomedical analysis. 
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2.6 Chapter Summary 

In summary, a detailed review of PCF including its basic concepts, 

characteristics, properties and sensing applications has been presented. Firstly, the 

fundamental ideas of PCF as well as the explanation of two guiding mechanisms: M-

TIR and PBG are introduced, followed by the categories of index-guiding PCF and 

hollow-core PCF. Special emphasis was placed on the high birefringence PCF and 

suspended core fiber because these are also parts of my research in Ph.D. study. 

Then the main properties of PCF are introduced, including the mode property, fiber 

loss, effective index and birefringence. The other properties such as nonlinearity and 

dispersion of PCF are also briefly presented. The main applications in sensing realms 

based on different types of PCFs are reviewed as well, which provides the guide for 

the research on how to apply our fabricated fibers or devices into practice. Finally, 

the technique of fiber Bragg grating is introduced. Not only the fundamental concept 

of FBG, but also the way to analyze FBG numerically and the novel applications in 

sensing with FBG inscribed in PCF, are presented. 
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Chapter 3  

Fabrication of Photonic Crystal Fiber 

 

3.1 Introduction 

In this chapter, the fabrication of PCFs will be introduced. The several 

commonly used techniques of fabricating PCFs, as well as the introduction of the 

fiber drawing tower that is used in my research, are presented. The processes of 

making PCF from initial preparation to the final fiber drawing are discussed in 

details, including the capillary drawing, preform stacking, canes drawing and fiber 

drawing.  

 

3.2 Fiber Drawing Techniques 

At present, PCFs can be fabricated in various advanced techniques, and all of 

these approaches have two main processes, which are preform preparation and fiber 

drawing. This is quite different from the fabrication of conventional single mode 

fibers (SMFs) or multi mode fiber (MMFs). As it is well known, chemical vapor 

deposition (CVD) and modified chemical vapor deposition (MCVD) are widely used 

in making SMFs. However, these can only fabricate all solid fibers, which means 

that novel fabrication techniques need to be developed to make PCFs which have 

large number of hexagonally-arranged air holes along the fiber. Up to now, the 

fabrication of PCFs can be implemented in several manners including stack-and-

draw[1], extrusion[2][3], drilling[4][5], so-gel casting[6]. In most of PCFs, the 

method of stack-and-draw is widely used, the procedures of which are proved to be 
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versatile to make assembles with complex lattices from individual elements, which 

are prepared before with correct size and shape. By using this technique, solid, empty 

regions or even doped glass region with rare earth elements can be produced in an 

easier way. In comparison, the extrusion or drilling method, are found to be useful in 

the fabrication with soft glass (e.g. chalcogenides, compound glasses) or polymer 

materials. For extrusion, the molten glass is extruded through a die that contains the 

designed air hole structure. It allows for the fiber to be drawn from bulk glass and 

also with almost any kinds of structure. However, this manner has the difficulty of 

selectively doping rare-earth ions in specific regions. 

Since the stack-and-draw technique is more flexible, versatile and efficient, it 

is utilized for the fabrication of all the fibers in this thesis. The preform assembled by 

this method can be made by hand-stacking an array of silica rods and capillaries into 

a desired air-hole structure. After tremendous investigations of the fabrication 

technology, a stable and efficient process is introduced to stack-and-draw, which is 

so called ”cane drawing”. This is implemented by drawing the stacked preform into 

intermediate canes of a few millimeters first, and then putting one suitable cane into 

a jacked tube to be drawn into final fiber. The “cane drawing” process helps to 

maintain the structure as well as the size of air holes of the PCFs. It is noted that the 

intermediate canes can be also used to make a new assembly so that more 

complicated PCFs are possible to be fabricated, for example, the super-lattice PCF 

with rhombus-like holes in the cladding we manufactured for pressure 

measurement[7]. 

Figure 3.1 shows the schematic procedures of fabrication for PCFs using stack-

and-draw method. Initially, the capillaries with specific outer and inner diameter are 
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drawn from a large Silica tube. Basically, all the capillaries should have the same air-

filling fraction and diameter, as shown in Figure 3.1 (a).  

 

Figure 3.1 Schematic processes of the fabrication for PCF using stack-and-draw 

method. (a) Capillary preparation, (b) stacking the assembly, (c) drawing the stacked 

capillaries into cane maintaining the air structure and (d) drawing the final preform 

into fiber with the precise control of pressure 

Next, the capillaries are stacked by hand, either directly inside a tube or outside 

on a special stage. The number of capillaries used is depending on how many rings 

of air holes are designed, which can be expressed by 

Sn = 3n(n+1) ,     (3.1) 

where n represents the number of air-hole rings. The stacked preform is then 

dawn on a fiber drawing tower into canes maintaining the structure of air holes. 

Finally, one cane is chosen and inserted into a jacked tube to be drawn into fiber. 

Normally, as for the conventional SMFs, the dimension of the solid fiber during 

drawing follows the Mass Conservation Law: 

d 2

D2 =
vf
vd
=η ,              (3.2) 

(a) (b) (c) (d)
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where d, D are the outer diameter of fiber and preform, respectively; vf and vd 

are the feeding velocity of the preform and drawing velocity at fiber side; η stands 

for the volume reduction ratio. The outer diameter of the fiber can be controlled by 

adjusting the feeding / drawing speed. In the case of drawing PCFs, the diameter of 

core is not easily preserved all the time due to the unintentional collapse or 

expansion of the air holes, which is determined by the viscosity and surface tension 

of the glass. A. D. Fitt at al mathematically modeled the drawing process of capillary, 

giving more details on deformation of air holes during drawing[8]. 

 

3.3 Fiber Drawing Tower 

In my research, a fiber drawing tower with a height of ~5 m is used. The fiber 

draw tower was bought from Nextrom (Model: OCF20), and it was customized for 

drawing specialty optical fibers. Besides the furnace and feeding systems, it also 

contains the components of preform pressure/vacuum system, gas purification 

system (Ar), diameter gauge/feedback system, start-up and master capstans, cane & 

tube cutting system, UV-curing acrylate coating system, coating concentricity check 

system and fiber collection system. By the end of writing this thesis, preform rotation 

system and heat-curing polyimide coating system were added to the tower.  

The fiber draw tower has two sides, one of which is for drawing capillaries, 

rods and canes while the other side equipped with a UV coater in the middle is for 

drawing fiber. Figure 3.2 shows the schematic sketch of the fiber tower that is used 

for drawing fiber. For drawing capillary and cane, there is a cutter at the bottom 

instead of acrylate coater and UV oven, as shown in Figure 3.3(b). The preform is 

clamped at the top chuck, which has a vertical translation distance of ~1.5 m. The 

feeding speed can be controlled in a range of ~0.1 mm/s to ~20 mm/s. The maximum 
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drawing velocity for fiber side can reach up to 300 m/min, while it is 20 m/min for 

the tractor at cane side. The furnace is graphite-based and has the controllable 

temperature from ~900˚C-2300˚C. As shown in the figure, the heating zone is ~40 

mm in length, and at the position of ~130 mm below the top iris. For the fiber side, 

the diameter of top and bottom opening is 30 mm and 15 mm, which means the 

furnace can hold a preform having maximum diameter of 30 mm with drop tube no 

more than 15 mm, while the maximum diameter that the furnace in cane side can 

hold is ~50 mm. Both furnaces are fully filled with argon before and during drawing 

to avoid any oxidation of graphite in the furnace, especially at high temperature. 

Furthermore, the positive pressure current of argon in the furnace can also prevent 

any impurities from being attached on the surface of the preform. The pyrometer in 

the furnace provides a measured temperature, which can be a temperature reference 

together with the drop temperature.  

It should be indicated that accurate temperature control plays a very important 

role during drawing fiber, especially drawing PCFs, which can affect the viscosity of 

the melted glass and then the surface tension. Minor variation in drawing 

temperature may cause fluctuations in air-hole shape as well as the diameter of 

core/air holes. This is also the reason why it is more difficult to draw PCFs with 

well-maintaining structure, compared with conventional SMFs. 
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Figure 3.2 Schematic diagram of the fiber tower used in the lab (for drawing fiber) 

Below the furnace, there is a laser micrometer diameter gauge utilized to 

measure the outer diameter of bare fiber, which is used for the feedback in the 

control system by changing the feeding or drawing speed, so as to keep the outer 

diameter to be a desired value (e.g. 125 µm). On fiber side, acrylate coating is 

applied on the surface of the just drawn fiber in order to increase its strength. 

Typically, a thickness of ~40-50% of the fiber diameter is enough to protect the bare 

fiber. The thickness of coating is controlled by a die in the coating coater, which is 

located at the fiber entrance at the bottom of coating cup, shown in Figure 3.2. For 

example, a die with diameter of 280 µm, can produce a coating diameter of ~250 µm 

for a 125 µm bare fiber. Slip occurs when the die is too large compared to the fiber 

diameter, which indicates that serious concern needs to be taken when choosing the 
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die size. Typically, the diameter of die is ~10%-20% larger than that of the coated 

fiber. Before the fiber enters into the coating cup, it should be cooled down enough 

to avoid coating slipping on the fiber surface and being burned. To improve the 

coating quality, the polymer of acrylate is heated up to ~45 ˚C during coating. 

Another thing to enhance the mechanical strength of coating is the UV curing, where 

the power and curing duration is important. Insufficient intensity of UV curing may 

cause nonuniformity and incomplete curing of the coating. In our lab, a power 

percentage of ~50%-60% is used to cure the acrylate and proved to coat the fiber 

efficiently. 

 

Figure 3.3 Photos of the fiber drawing tower used in the lab, where (a) is for 

drawing fiber and (b) is for drawing canes/capillaries/rods 

During drawing, the drawing tension is recorded at the same time by a 

tensionmeter installed in the drawing capstan. High drawing tension implies that the 

(a) (b)
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fiber is too fragile and easy to break, indicating that the drawing temperature is not 

high enough. However, for drawing PCFs, drawing tension is kept at a relatively 

high level in order to maintain the air-hole structure. According to the structures of 

air holes, the drawing tension varies from 0.5 N~1.0 N. 

 

3.4 Preform Preparation 

3.4.1 Drawing Capillary  

Drawing capillaries with the desired ratio of inner diameter (ID) with respect to 

the outer diameter (OD) is the first preparation of one preform. In all the work in this 

thesis, the silica glass with good uniformity and purity is used to draw capillaries, 

which is called “Heraeus Suprasil F300”. Two types of silica tubes with the outer 

and inner diameter of 25 mm / 19 mm and 12 mm / 4 mm are chosen to draw the 

capillaries and stacking jacket tubes. It is noted that the initial diameter ratio of the 

tubes may be different from the air-filling fraction of the final fiber due to the 

collapse or expansion during drawing in the furnace. The actual size of the capillaries 

as well as the diameter ratio is characterized under the microscope. A laser 

micrometer diameter gauge is also placed on the tower to monitor the diameter 

during drawing, providing the feedback to the control system. 

In drawing capillaries, the temperature is a quite important parameter that 

should be kept on watch and adjusted if large variation happens. Lower temperature 

means high viscosity and strong drawing tension. The relationship between the 

viscosity (µ) of silica and a temperature of T˚C can be approximated by the 

following equation in the temperature range of 1600˚C to 2500˚C for silica with a 

small amount of OH content (3×10-4 wt%),[9] 
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log[µ]= −6.24+ 2.69×10
4

T + 273
.     (3.3) 

Since the capillary may collapse after drawn, the collapse ratio (C) can be 

defined as [9] 

C =1− h1h2 (0)
h2h1(0)

≅
γL

µvf ln(vd vf )
1

h1(0)
+

1
h2 (0)

#

$
%

&

'
( ,  (3.4) 

where 𝛾 is the surface tension of silica and commonly is estimated to be ~0.3 

N/m; L is the length of heating zone, h1(0) and h2(0) is the initial inner and outer 

diameter of the tube. It is worth noting that C=0 if there is no collapse after drawn 

and the ratio of inner and outer diameter would not change, C=1 means that the air 

hole is completely collapsed. It can be seen that shorter heating zone length is used, 

less collapse occurs. The collapse ratio is influenced more by the viscosity, which is 

affected by the drawing temperature, as presented in Equation 3.3. Moreover, the 

feeding speed is more dedicated to the collapse than drawing speed. Therefore, 

drawing with larger feeding speed or higher viscosity (videlicet by using lower 

temperature), can help to reduce or avoid the collapse.  

In my work, basically, the drawing speed of ~2 m/min is used to draw the 

capillaries from a tube with OD/ID of 25/19 mm, at the temperature of ~1930˚C. 

The feeding speed is determined by the Equation 3.2, for example, with the value of 

~8.2 mm/min if drawing capillaries having outer diameter of 1.6 mm. Normally, a 

low-grade rod or tube is attached at the bottom of the “F300” tube as a drop for the 

startup. It is necessary to adjust the x- and y-position of the tube in the center to 

avoid the vibration when feeding the tube into the furnace. The drop-tube will 

automatically and slowly come out from the bottom bore of furnace when the 

temperature is risen up to ~1950˚C-2000˚C, at which the tube is softened and can be 
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pulled under the gravity. Once started, the temperature can be reduced slowly to 

~1910˚C-1930˚C so as to increase the viscosity and thus avoid the collapse. 

 

3.4.2 Preform Stacking 

Before conducting the stack, all the capillaries should be cleaned very well to 

remove any dust and contaminations attached on the inner and outer surface. Firstly, 

the capillaries are cut into short pieces of ~300 mm using a blade, depending on the 

length of the preform to be stacked. One end of the capillaries is sealed using an 

oxygen/hydrogen flame torch. It should be noted that great care is taken to make sure 

that the diameter of the sealed end is not larger than the capillary because 

overheating may lead to globule formation at the end, causing the trouble of stacking 

in hexagonal structure. 

All the capillaries are then cleaned with acetone and isopropanol (IPA). Since 

it is difficult to clean the inner surface of the capillary due to its small size, only 

outer surface is involved. However, if ultralow fiber loss is required, special means 

of polishing, cleaning and pre-baking should be taken to remove the contaminations 

for the initial tube. In principle, the capillaries need to be dried after cleaned by using 

such as clean nitrogen gun or purging the stacked preform with dried nitrogen gas 

flow. 

The maximum diameter of the stacked preform is limited by the bore size of 

the furnace. However, the issue of transverse thermal distribution becomes critical if 

the preform is too large, which means that the temperature in the core and air holes 

region has minor difference, leading to the fluctuation of viscosity at the transverse 

area and finally influencing the air-hole structure. Therefore, in all my work, the 

outer diameter of jacket tube for stacking is no more than 30 mm. Specifically, two 
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kinds of tubes with OD/ID of 25/19 mm and 12/4 mm are used to stack capillaries 

inside. The inner diameter of jacket tube together with the OD of capillaries limits 

the total number of the rings of air holes. For example, using the capillaries of OD of 

1.6 mm, five rings can be arranged in total, while 9 rings of air holes are possible if 

using 1 mm capillaries. 

Schematically shown in Figure 3.4, the stack is performed directly in the jacket 

tube. The stack that has 5 rings of air holes is taken for an example, and totally 91 

capillaries are arranged in hexagon structure in the tube. Normally, silica rods with 

different size are inserted around the outermost ring of capillaries in order to hold the 

structure tightly and keep it in the center. Afterwards, the center capillary is replaced 

by a silica rod of same diameter as capillary, which acts as the core in final fiber. 

Thus, in total, 90 capillaries are finally used, as predicted by Equation 3.1. 

 

Figure 3.4 Schematic drawing of stacking 90 capillaries into a preform 

During making the assembly, serious care is taken to place all the sealed ends 

of capillaries at the same level, to avoid the minor pressure difference in each 

capillary. As for the case of more rings of air holes to be stacked, e.g. over ten layers, 

special homemade hexagon mould helps a lot to form the structure and improves the 

stacking efficiency, as shown in Figure 3.5, where several stacked preforms 
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assembled in my work are presented. Note that great care is needed to avoid any 

scratch or crack arising in the assembly. 

 

Figure 3.5 Captured photos of the stacked preform assembled in the work, where the 

black block is the homemade hexagon mould for help stacking 

In order to hold the stacked assembly on the tower to draw, a handling tube and 

a drop tube are joined at the top and bottom of jacket tube respectively. The joint is 

made on an oxygen/hydrogen lathe, where the carriage has six burners around 

forming the heating area. The lathe used in the lab is a vertical one, shown in Figure 

3.6. Note that the top joint should be kept open for the vacuum or pressure to be 

applied in the stacked assembly. 

 

Figure 3.6 The photo of the oxygen/hydrogen lathe used in the lab 
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Once the preform is joined with handling and drop tubes, the cleaning of 

preform can be conducted at the same time by purging an oxygen gas flow inside the 

preform at the temperature of ~1050˚C. The carriage can be moved up and down for 

several passes at a constant speed (~100-200 mm/min) to get rid of the metals or 

organic residuals on the surface as well as to dry the capillaries. It has to be 

mentioned that further dehydration process after this can be carried on if low water 

level is required to reduce the OH absorption by using chlorine (Cl2)[10]. However, 

this is limited due to the lab condition. Since all the fabricated PCFs are designed for 

sensing applications, the acceptance of fiber loss is not so critical as communication, 

which simplifies the dehydration steps. 

 

3.4.3 Drawing Canes 

The canes are drawn from the stacked preform only if two drawing stages are 

used. Two drawing stages can divide the total volume reduction ratio into two parts, 

thus, the volume reduction ratio will not be too large for a single draw. A smaller 

volume reduction ratio is helpful for smaller collapse ratio, and therefore maintaining 

the air-hole structure[9]. By applying two drawing stages, the total volume reduction 

ratio is the product of the ratios in each stage, namely, η= η1× η2. This is necessary to 

draw the PCFs of large number of air holes from a large stacked preform. Due to the 

small size of air holes in the second stage, the collapse ratio η2 should be kept small 

to avoid serious collapse[11]. 

During drawing, the pressure in the capillaries is important, which should be 

controlled accurately. Since all the sealed ends of capillaries are stacked at the same 

position, the residual pressure in each one can be regarded as the same. However, in 

order to collapse all the gaps between capillaries, applying vacuum at the top jacket 
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tube is necessary. Vacuum pressure of ~50kPa-80kPa is used to draw the canes. It is 

noted that the temperature is also important, which determines the viscosity of silica 

as described in Equation 3.3. Basically, to draw the canes with air holes, relatively 

lower temperature than drop temperature is utilized so that the structure can be 

preserved. In practice, a temperature of ~1900˚C is kept to draw the canes from 

stacked preform. One more process usually conducted is baking the preform when 

the temperature is increased just below 1700˚C. Before the drop starts, the preform is 

kept in the furnace at the temperature of ~1650-1700˚C for 10-15 minutes, which 

makes the distribution heat be uniform around the preform and also releases the 

stress induced in all the previous stages. The baking temperature cannot be too low 

(<1600 ˚C), at which nothing happens to the preform. With too high temperature 

(>1700˚C), air bubbles may be introduced because of the air in the capillaries as well 

as the argon flow in the furnace. 

As observed in Equation 3.4, the feeding and drawing speed affect the collapse 

ratio, whilst the former one dominates. Lager feeding/drawing speed increases the 

tension during drawing, which implies high viscosity at the neck-down region and 

lower collapse ratio. However, if the drawing speed is too large, the canes coming 

from the furnace cannot be cooled down enough before reaching the capstan belts, 

which might burn the belts due to high temperature. Also, it is difficult to collect the 

canes. The situation is the same when the diameter of canes (capillaries, rods) is too 

big. In the work, canes with the size of 1~2 mm in diameter are normally drawn with 

the drawing speed of ~2 m/min, corresponding to a feeding speed of ~2~10 mm/min. 

 

3.4.4 Jacket Tube 
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Since the diameter of the cane is too small, it is difficult to draw the fiber from 

the cane directly. One solution is to prepare a small jacket tube for the cane, which 

also helps to reduce the tension and protect the cane to be drawn. Basically, the 

jacket tube should be prepared carefully so that its OD/ID keeps uniform along the 

length and can perfectly hold the cane. The jacket tube is often fabricated by 

stretching a Silica “F300” tube with OD/ID of 12/4 mm. The inner and outer 

diameter of the tube can be determined by a volume conversion formula with the 

movement of lathe carriage and handling tailstock at the same time, which is 

represented as 

Vt =Vc 1−
D '
D

"

#
$

%

&
'
2(

)
*
*

+

,
-
-
,      (3.5) 

where Vt is the moving speed of tailstock on lathe for holding the tube, Vc is the 

translation speed of carriage with burners, as shown in Figure3.6; D and D’ is the 

diameter of tube before and after stretched, respectively. Therefore, the length of 

jacket tube after stretched will be 

L ' = D
D '
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%
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2

L ,     (3.6) 

where L, L’ is the length of tube before and after stretched. In practice, the 

velocity of carriage is set as 100 mm/min. In order to preserve the ratio of inner and 

outer diameter of the tube, the stretched temperature is kept lower, e.g. 1700-1850˚C. 

If the temperature is too low, too much tension will be remained, leading to the risk 

of crack or break, while higher temperature will induce the collapse, making the 

inner diameter smaller than the desired figure. Depending on the stretching ratio 

(D’/D)2, two or three passes are repeated if the diameter after stretched is too small. 
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 Because it is difficult to insert the cane into the jacket tube with perfect 

matched ID, the inner diameter is often pre-calculated loosely, with a margin of 

hundreds of µm to ~1 mm. The residual gap can be intentionally collapsed by 

applying a vacuum of ~50 kPa inside the preform at the top, so that the jacket tube 

can be fitted onto the cane during drawing. It should be noted that this method will 

induce minor expansion of air holes in the cane, which actually is also affected by 

the drawing temperature and vacuum pressure. 

 

3.5 Drawing Fiber From the Stacked Preform 

Drawing the fiber from the stacked preform (or jacket tube with one cane) 

directly into the fiber is like the process of drawing canes from the capillaries 

assembly. In general, the fiber can be drawn from the stacked preform of small 

diameter (e.g. 12 mm) using one drawing stage, or drawn from a stretched jacket 

tube (e.g. ~8 mm) with cane inserted inside using two drawing stages. One cane with 

good air-hole structure already is selected and put into the jacket tube that is 

stretched exactly to match the diameter of cane, as described in the Section of 3.4.4. 

Note that, before this, the top end of the cane is totally sealed in order to apply the 

vacuum inside jacket tube. Based on the practice, a vacuum of ~30-60 kPa is used to 

collapse the gap between the cane and jacket tube, and control the air-hole structure 

at the same time. 

Similar to drawing canes, the drawing temperature is an important parameter to 

be controlled. According to the Equation 3.3 and 3.4, the collapse ratio of air holes is 

dependent on the viscosity and tension of glass, thus the temperature. Initially, when 

the drop starts, the collapse ratio is large if the holes are open due to the high drop 

temperature, meaning that the holes have expansion to some extent. Therefore, after 
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the drop begins, relatively lower temperature is then utilized, which, normally, is 50-

100˚C lower than the drop temperature. In practice, drawing temperature of ~1900 ˚

C is applied. It is worth indicating that if the drawing temperature is too low (~1850 

˚C), the drawing tension is quite high, making the fiber too fragile and easily to 

break, while too high temperature induces the hole expansion.  

The drawing speed is normally set as 5~10 m/min in both cases of drawing 

fiber using one or two drawing stages. Relatively high drawing speed helps to reduce 

the collapse ratio and preserve the air-hole structure. However, it is limited by 

drawing tension, which should not be too high as discussed above, and also the 

distance between the furnace bore and coating cup. In this process, the drawing 

tension is between ~0.5~1.0 N, which is related to the drawing temperature and 

velocity. The final pitch of air holes (Λ), air-filling fraction (d/Λ) as well as the 

deformation of air holes are affected by the drawing temperature, drawing/feeding 

velocity, and the pressure balance inside capillaries.  

As for the accuracy and uniformity of drawing PCFs in the lab, it is depending 

on how stable the drawing conditions can be maintained. The variation of the size of 

air holes can be within 1 µm, compared to that in designed structure. However, in the 

case of drawing PCFs with elliptical cores, e.g. high birefringence PCF, high 

birefringence SCF, the accuracy of core shape and size is not so high because the 

intentional collapse to the core is not easy to control. In the experiments, the 

tolerance of drawing varies from 5% to 10%. Note that the structure of the fiber can 

be preserved very well after drawing the length of over 500 m. Take the Ge-doped 

suspended-core fiber (discussed in Section 7.6 of this thesis) as an example, the size 

of inner suspended-fiber is ~14 µm, and it is between 13~15 µm after collecting ~ 

500 m, which implies an fluctuation of ±7%. 
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In order to protect the bare fiber after drawn, acrylate with higher index than 

that of silica is often coated on the fiber. This increases the strength of the fiber and 

at the same time eliminates the higher order modes. The coating resin is heated up to 

~45˚C to increase its viscosity. Before adding the coating resin, great care is taken to 

align the fiber at the center position, and be kept with the x-y position feedback. 

Suitable size of die should be chosen, as described in Section 3.3, ensuring that the 

coating is strong enough to protect the fiber. Figure 3.7 shows the SEM photos of 

cross-section of the MOFs that are fabricated in the work during my Ph.D. study, 

some of which will be included in details in the following chapters together with 

their sensing applications. 

 

Figure 3.7 The SEM photos of cross-section of MOFs that are fabricated during the 

study 
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3.6 Chapter Summary 

In this chapter, the general techniques of fabricating PCFs have been 

introduced, where the widely used approach of stack-and-draw is highlighted in 

detail. The introduction of the fiber tower in the lab and the guidelines of choosing 

parameters for drawing holy fibers are given. Moreover, how to make a PCF from 

the preparation of preform and fiber drawing has been presented, including the 

processes of drawing capillaries, stacking preform, drawing canes, preparing jacket 

tube. The parameters of temperature, feeding/drawing speed and vacuum pressure 

are given with optimized figures to obtain a good air-hole structure. All the concerns 

have been pointed out to fabricate the holy fibers. The individual example of PCFs 

made in my work as well as their sensing applications will be presented in the 

following chapters. 
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Chapter 4  

Simulation of Photonic Crystal Fiber 

 

4.1 Introduction 

In this chapter, the numerical analysis method of PCFs is presented. Up to date, 

the effective approach to calculate the PCFs/MOFs with a given structure is Finite 

Element Method (FEM), which is commonly used. The fundamental introduction of 

FEM is reviewed. A commercial software based on FEM is utilized to conduct the 

simulation of PCFs that are fabricated. The basic guidelines of the software 

COMSOL are introduced by taking examples of simulation of one SMF and PCF. In 

the end, the key parameters in PCFs considered in this thesis, including mode 

analysis, birefringence and dispersion are analyzed. 

 

4.2 Finite Element Method 

In order to numerically calculate the propagation constant of PCFs, there are 

several methods that are investigated in the past. Among them, the effective index 

method[1], plane wave extension method[2]–[4], finite difference time domain 

(FDTD) method[5][6], beam propagation method (BPM)[7] and finite element 

method (FEM)[8]–[11] are quite useful and used widely to analyze the 

electromagnetic fields in waveguide as well as the optical fiber. Since FEM is 

suitable for inhomogeneous waveguide, it is a good tool to simulate PCFs where air 

holes are periodically arranged in the cladding. 



Chapter 4 Simulation of Photonic Crystal Fiber 

	

	

	

84 

The finite element method allows for the cross-section of PCFs in transverse 

plane to be divided into a patchwork of small triangular elements, which can be 

different sizes, shapes and refractive indices depending on the division. This feature 

is useful for PCFs with holy structure to be calculated accurately and efficiently. It 

can give the solution in forms of angular frequency (ω) or propagation constant (β), 

or effective index (neff) by solving the eigenvalue equation. By deriving Maxwell’s 

equations, the vectorial curl-curl equation is obtained[9]  

∇× ( 1
µr

∇×E)− k0
2εrE = 0 ,    (4.1) 

where µr and εr is the relative magnetic permeability and dielectric permittivity, 

respectively; E is the electric field, k0=2π/λ is the wavenumber in vacuum and λ is 

the wavelength. Assume that the electric field can be expressed as 𝐸 𝑥,𝑦, 𝑧 =

𝐸 𝑥,𝑦 e!(!!!!!),𝐻 𝑥,𝑦, 𝑧 = 𝐻 𝑥,𝑦 e!(!!!!!) . By applying the finite-element 

procedure, the variational formulation can be written as[11][12]  

F E( ) = ∂E
∂x
"

#
$

%

&
'
2

+
∂E
∂y
"

#
$

%

&
'

2

+ β 2 − k0
2n(x, y))* +,E

2
)

*
-
-

+

,
.
.
dxdy

Ω

∫∫ ,      (4.2) 

where Ω denotes the cross-section area of the fiber analyzed, β is the 

propagation constant, n(x,y) is the refractive index profile. The case is the same for 

magnetic field H(x,y,z). To calculate the variational formulation, the cross-section 

area Ω is divided into triangular elements. The simple way to form the triangular 

elements is to use a linear interpolation between the field values at the vertices of the 

triangular. By expressing the field values with the nodal values and the predefined 

shaped functions, the field components can be continuous in the whole solution 

domain. The continuous electric field E(x,y) can be represented by a set of discrete 
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values (en, n=1,2,3), where n is the total number of nodes. The field in the element 

(e(x,y)) can be expressed by 

e(x, y) = Nn (x, y)
n=1

3

∑ ⋅en ,            (4.3) 

where Nn(x,y) is the shaped function, determined by each triangular element, en 

is the nodal electric field. It can also be written in matrix form 

e(x, y) = N1 N2 N3
!
"

#
$

e1
e2
e3

!

"

#
#
#
#

$

%

&
&
&
&

= N[ ] en[ ] .   (4.4) 

The row vector [N] is defined as the shape function matrix, the column vector 

[en] is corresponding to the element nodal values. As shown in Figure 4.1, the 

simplest way for first order triangular element is to use a 1st-degree polynomial 

(a+bx+cy) in the every element, thus the shape function matrix can be written as 

N[ ]T =
N1
N2

N3

!

"

#
#
#
#

$

%

&
&
&
&

=
1
2Ae

a1 + b1x + c1y
a2 + b2x + c2y
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&
&
&
&

,         (4.5) 

where the coefficients ak, bk, ck (k=1, 2, 3) are determined by the following 

expressions 

a1(2,3) = x2(1,3)y3(1,2) − x3(1,2)y2(1,3)
b1(2,3) = y2(1,3) − y3(1,2)
c1(2,3) = x3(1,2) − x2(1,3)

,   (4.6) 

xk, yk (k = 1, 2, 3) are the coordinates of the three nodes of each triangular 

element, Ae is the area of each element. In the other way, the shape function matrix 

can be defined as 

N1 =
Area of the triangular P13
Area of the triangular 123

,   (4.7) 
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and N2, N3 has the similar forms, following the relationship of N1+N2+N3=1. 

 

Figure 4.1 Schematic diagram of the coordinates and the node numbers of a first 

order triangular element. 

With the electric field value represented with the shape function and nodal 

field values, the total variational formulation can be the sum of individual field 

formulation over all the m triangular elements, where m is the total number of 

elements. By substituting Equation 4.3 and 4.5 into 4.2, therefore it is expressed by 

F(E) = f (e(x, y))
1

m

∑

         = en[ ]T [X]T [X]+[Y ]T [Y ]+β 2 N[ ]T N[ ]− k0
2ne N[ ]T N[ ]( ) en[ ] ⋅dxdy

Ωe

∫∫
1

m

∑
, (4.8) 

where the subscript e means the triangular element; T is the transposed of the 

matrix; the spatial matrix derivatives are 

[X]=
∂ N[ ]
∂x
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1
2Ae

b1 b2 b3"
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After carrying out the integration in Equation 4.8, the following eigenvalue 

equation is obtained 

1
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[A]−β 2[B]( )[E]= 0 ,          (4.10) 

where the eigenvector [E] is the full electric field distribution on the cross-

section and β is the propagation constant of the mode, which determines the effective 

index as shown in Equation 2.9. The matrices [A] and [B] are in the forms of 

A = [X]T [X]+[Y ]T [Y ]− k0
2ne N[ ]T N[ ]( ) ⋅dΩe

Ωe

∫∫
1

m

∑

B = N[ ]T N[ ]( ) ⋅dΩe
Ωe

∫∫
1

m

∑
.  (4.11) 

Eventually, the effective index of each mode as well as the propagation 

properties in the PCFs can be obtained. 

 

4.3 COMSOL Software 

4.3.1 Introduction to the software 

The COMSOL© Multiphysics, available from COMSOl, Inc., is one of the 

most successfully developed commercial softwares based on FEM algorithm to solve 

partial differential equations. The software consists of many electrical, mechanical, 

fluidic and chemical models, which enable the researchers to conduct the 

complicated simulation accurately and efficiently. Not only one single physical 

model can be calculated, but also combined with the other models to simulate the 

effects of multi-physical fields. As for PCFs, the RF module is mostly used to solve 

the partial differential equations in 4.3, obtaining the results of propagation constant 

or effective index of the desired modes. For a given structure, what kind of guided 

modes are supported in the fiber can be predicted by using FEM algorithm. 

COMSOL can solve the static, dynamic, transient and frequency domain problems 
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and allow for the simulation of complex analysis in terms of anisotropic, time- or 

frequency-dependent parameters. 

In the following subsection, the basic guidelines of simulating an index-

guiding PCF is given as example, which are often utilized in the calculations for the 

fabricated fibers that will be presented in the following chapters. 

 

4.3.2 Guide to Simulate Photonic Crystal Fiber 

Before conducting the simulation of PCF, firstly, one should come up with the 

ideas how to make the sketch of the structure, especially when the air-hole structure 

is nonuniform or random. Fortunately, COMSOL integrates with a powerful drawing 

function, which helps us to draw most of structures. Therefore, it is easy to obtain the 

cross-section of, for instance, commercial PM-PCF (PM-1550-01) shown in Figure 

4.2. The fiber hole-to-hole pitch is ~4.4 µm, and the diameter of the small holes is 2 

µm, the two large holes are 4.2 µm in diameter. 

 

Figure 4.2 (a) Cross-section of commercial PM-PCF to be used in the simulation and 

(b) the SEM photo of the fiber 

In the simulation, one can set the index of the air hole region to be 1, and the 

index of silica to be 1.444 at the wavelength of 1550 nm. Note that the refractive 

(a) (b)
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index of silica is wavelength-dependent, if the chromatic dispersion is in 

consideration. This can be obtained from the Sellmeier equation, which is 

represented by 

n(λ) = sqrt 1+ B1λ
2

λ 2 −C1
+

B2λ
2

λ 2 −C2
+

B3λ
2

λ 2 −C3

"

#
$

%

&
' ,          (4.12) 

where the coefficients Bi, Ci (i=1, 2, 3) available in[13] , where Bi equals 

0.6961663, 0.4079426, and 0.8974794, and Ci are 4.67914826×10−3 µm2, 

1.35120631×10−2 µm2, and 97.9340025 µm2, respectively. Strictly speaking, if the 

core is not pure silica and doped with rare earth elements, the coefficients above 

should be re-estimated empirically. 

The mesh approach is important in the calculation using FEM. As described in 

4.2, the triangular elements are used. The calculation accuracy depends on the size of 

elements. Specifically, the smaller element is, the higher accuracy can be obtained. 

However, this may take longer time for calculation, which is time-consuming 

especially in the case of complicated structure. In order to avoid too sharp vertex 

after meshing, the ratio of maximum length of edge in each element over the 

minimum edge should be close to 1 and no more than 3. In particularly, refining 

mesh is required in the region where there are sharp, small, or even ugly holes. 

Normally, the element size is less than λ/6. 

 

4.4 Mode Analysis 

Figure 4.3 shows the simulated mode profile of PM-1550-01 fiber using FEM-

based COMSOL. The fiber is birefringent, therefore, two polarized modes (x, y) are 

observed, where x-polarized mode corresponds to fast axis and y-polarized mode is 

corresponding to the slow axis. x-polarized mode has an effective index of 1.433241, 
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y-polarized mode has an effective index of 1.43366 at the wavelength of 1550nm. 

This index difference indicates a birefringence value of 4.19×10-4, implying that the 

beat length (𝐿! = 𝜆 𝐵) is ~3.7 mm, where B is the birefringence of the fiber. The 

calculation result is in accordance with the specification of this commercially 

available fiber, which is ~4 mm[14]. 

 

Figure 4.3 Simulated mode distributions of PM-1550-01 fiber, where (a) is x-

polarized mode and (b) is y-polarized mode 

By setting the wavelength with different values, the effective index of the 

modes with respect to the wavelength can be simulated. This provides the 

dependency of neff as a function of the wavelength. As shown in Table 4.1, typical 

effective indices calculated at various wavelengths are given. Please note that the 

software of COMSOL can give the numerical values for the effective index with the 

default accuracy of 6 decimals and 14 decimals can be also achieved by using high 

accuracy setting. 

Table 4.1 Calculated neff at the wavelength arranging from 1500 nm to 1600 nm 

Wavelength (nm) neff at x 

polarization 

neff at y 

polarization 

1500 1.433881 1.434263 

1510 1.433754 1.434144 

(a) (b)
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1520 1.433627 1.434024 

1530 1.433499 1.433903 

1540 1.433370 1.433782 

1550 1.433241 1.433660 

1560 1.433110 1.433537 

1570 1.432980 1.433414 

1580 1.432848 1.433291 

1590 1.432716 1.433166 

1600 1.432584 1.433042 

 

By sweeping the wavelength in the simulation, the dependency in terms of 

effective index with respect to wavelength for a given mode can be obtained, which 

is important for the determination of the birefringence as well as the dispersion. It 

should be noted that the calculated effective index is the type of phase effective 

index and the difference of effective indices of x- and y-polarized modes is called 

phase birefringence. The relationship of phase and group effective index can be 

expressed by 

ng = np −λ
dnp
dλ

.    (4.13) 

As it can be seen, due to the existence of two large air holes adjacent to the 

solid core, the modes are guided in an elliptical shape, as shown in the inset of the 

Figure 4.4. The electric field norms at x and y direction for the fast-axis mode 

(neff=1.433241) at the wavelength of 1550 nm are plotted in Figure 4.4. From the 

plots, the mode field diameter (MFD) is approximated to be 4.6×9.6 µm, with a ratio 

of major axis to minor axis of ~2. 
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Figure 4.4 Plots of the electric field norms at x (solid line) and y (dash line) direction 

with respect to the center position 

 

4.5 Birefringence and Dispersion Analysis 

Once the effective index at different wavelength is calculated, the birefringence 

and dispersion are determined by the following expressions 

B =| nx − ny |        (a)

D = −
λ
c
d 2neff
dλ 2      (b)

.    (4.14) 

Figure 4.5 shows the calculated modal birefringence according to the formula 

4.14 (a). It can be observed that birefringence is also wavelength-dependent, and 

increases with the increasing of wavelength. The beat length of PM-1550-01 fiber is 

less than 4 mm, which is in agreement with the specifications provided by the NKT 

Photonics[14]. 
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Figure 4.5 Calculated modal birefringence of PM-1550-01 and the corresponding 

beat length as a function of wavelength 

As for the dispersion, the chromatic effect should be taken into account, which 

means that the refractive index used is wavelength-dependent, shown in Equation 

4.12. Figure 4.6 shows the calculated dispersion of Corning SMF28, which is in 

good agreement with the theoretical results. 
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Figure 4.6 The calculated dispersion of SMF28 using the approach described above, 

which is well-agreed with the theoretical values calculated by 𝐷(𝜆) = !!
!
(𝜆 − !!!

!!
). 

In particular, the calculated dispersion of SMF28 at 1550 nm is 16.9 ps/nm/km, 

while the dispersion given in the optical specification of the fiber is ~17 ps/nm/km. 

Since the refractive index is obtained based on the structure, the waveguide 

dispersion should be included. Therefore, the actual calculated dispersion is the sum 

of the material and waveguide dispersion. 

 

4.6 Confinement loss 

During the calculation using COMSOL, a Perfectly Matched Layer was 

applied on the outer boundary of the fiber so that the residual electromagnetic waves 

can be absorbed, and the confinement loss in PCFs can be calculated by using the 

equation 2.8. Normally, the confinement loss is very small (<10-3 dB/m) if the 

number of rings of air holes is more than five or the air-filling ratio is very large.  In 

terms of the PM-PCF, the confinement loss was calculated for the wavelength of 

1550 nm, and it is 2.69×10-4 dB/m and 1.85×10-4 dB/m for the two polarized modes. 

It should be noted that the confinement loss was also calculated for the fabricated 

fibers in this thesis, and it was smaller than 10-3 dB/m. The confinement loss is much 

smaller than the other types of loss mechanisms, therefore, it can be ignored in 

numerical calculation. 

 

4.7 Chapter Summary 

To conclude, the basic idea of finite element method used to simulate 

electromagnetic field is presented. The finite approximation of variational 
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formulation is derived by using a simple first-order triangular element, and an 

eigenvalue equation to solve the field value is obtained. Then, the widely-used 

software of COMSOL based on FEM as well as the guidelines of simulating PCFs 

have been introduced. Commercially available PM-PCF, as an example, is used to 

conduct the calculation of effective index, birefringence and dispersion. The results 

are in agreement with those provided by fiber specification, verifying the correctness 

of the methodology used. 
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Chapter 5  

Twin-Core Photonic Crystal Fiber (TC-PCF) and the 

Pressure Sensor Based on Intermodal Coupling of 

Supermodes 

 

5.1 Introduction 

As introduced in the Chapter 2, the PCF is one kind of microstructured optical 

fiber that has an array of hexagonal air holes in the cladding running along the fiber 

length[1]–[3]. Sine the first endless single mode PCF was demonstrated[4], [5], the 

technique of PCF has been found in tremendous applications owing to the specially 

tailored structures. Reviewing back in the literatures, it has been leaded to the 

improvement of dispersion[6], birefringence[7], nonlinearity[8] of the fibers, as well 

as the supercontinuum generation[9]. Sensors based on PCFs also show promising 

results for measuring the physical and biomedical concentration, for example, the 

temperature, pressure, strain, refractive index, humidity and even chemical 

concentration. Particularly, pressure sensor that uses optical fibers becomes quite 

significant and practical in various realms. Therefore, it can be predicated that 

different designs of PCFs are needed and optimized to fulfill the requirements of 

specific pressure applications. 

One special design of PCF is the twin-core PCF (TC-PCF), which has two 

solid cores separated by a center-positioned air hole. This kind of fiber has attracted 

much attention of researchers since its first demonstration[10]–[13]. It was reported 
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that when the two cores are separated at a certain distance (e.g. 15 µm), the coupling 

between the two cores becomes weaker. Theoretical and experimental investigations 

show that this kind of coupling is also observed in twin-core photonic bandgap fiber 

(TC-PBGF), where the odd supermode has higher propagation constant than even 

supermode[14], while the case is reverse for those happened in index-guiding PCF. 

This feature is of importance for the refractive index sensors based on the coupling in 

TC-PBGF. It is also investigated that, as for a twin-core microstructured polymer 

optical fiber, the sensitivity of the coupling is strongly dependent on slight structural 

perturbations, such as the non-uniformity and asymmetry of the air holes[15]. 

Mode coupler, one of the most important applications of TC-PCF, with a short 

beat length of a few millimeters, a compact fiber-based multiplexer/demultiplexer 

can be achieved[16]. Nonlinearity is also observed in TC-PCF and used for stable 

spatial optical solitons[17]. Because of the existence of two parallel cores, the Mach-

Zehnder interferometer (MZI) is achievable when the distance of two cores is large 

and the coupling becomes weak and slightly affects the light guidance in the two 

cores. This is widely used in sensing realms. For example, in 2009, Kim et al 

demonstrated an in-line MZI using TC-PCF for conducting strain, temperature and 

bending loss measurement, making TC-PCF a good candidate in sensing[18]. 

Furthermore, twin core fiber can be specially tailored by introducing two various 

cores, such as with difference size/dopants, where the two cores show discriminative 

response to the change of outer surroundings[19]. 

In this chapter, we will talk about the fabrication of a custom designed silica 

TC-PCF and the pressure response of the fabricated fiber. Our proposed TC-PCF has 

two cores that are so close (~2 µm) that mode in each core is strongly coupled with 

the other one, taking the polarizations into account at the same time. This is the first 
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time to measure hydrostatic pressure utilizing silica TC-PCF based on mode 

couplings of x- and y-polarization. A pressure sensitivity of −21 pm/MPa was 

obtained in the experiment, which is in good agreement with the theoretical value of 

−19 pm/MPa. The negative sign means the wavelength shifts to shorter wavelength 

position with increasing pressure. The sensitivity is higher than those obtained by the 

pressure sensors based on, for example, conventional FBGs (−3.04 pm/MPa)[20], 

FBG in grapefruit microstructured fiber (−12.86 pm/MPa)[21], or the PCF-based 

Fabry-Perot interferometer (−5.8 pm/MPa)[22]. It is worthy indicating that in 2008, 

Fu et al reported a pressure sensor of high sensitivity of (3.42 nm/MPa) by using 

polarization-maintaining PCF (PM-PCF) based Sagnac interference in the range of 

1550 nm[23]. Nevertheless, longer fiber and additional 3-dB coupler should be used 

in this configuration. Note that FBG was written on high birefringence 

microstructured fiber to measure the pressure by Chen et al, in 2011, demonstrating a 

pressure response of 0.25 pm/psi (36 pm/MPa)[24]. The sensitivity for high 

birefringence PCF is principle-dependent (e.g. Sagnac interference, FBG). Recently, 

Chen et al reported the feasibility of pressure sensing based on TC-PCF in 

simulation and obtained the sensitivity of −3.47 pm/MPa[25]. Nevertheless, they 

only considered the supermodes at one polarization and ignored the group effective 

index of refraction, which is of great importance when studying the propagation. In 

comparison, the in-line fiber pressure sensor proposed here is simple to construct, 

repeatable and easy to handle. 

 

5.2 Fabrication of TC-PCF 
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Figure 5.1 Photos of the cross-section of the fabricated TC-PCF, where (a) is 

microscopic photo of cane, (b) is the SEM photo of full cross-section of the fiber, 

and (c) is the SEM photo of the air holes region 

Figure 5.1 shows the SEM photos of the cross-section of the twin-core PCF. 

The proposed TC-PCF was fabricated using stack-and-draw technique, the guidelines 

of which are described in Chapter 3. Since five layers of air-holes are chosen to form 

the hexagonal structure, two drawing stages were used in order to avoid large 

collapse ratio. Particularly, capillaries with diameter of 1.6 mm were firstly drawn 

from a ‘F300’ silica tube (OD: 44 mm, ID: 17.6 mm) that has an air-filling fraction 

of 0.16. Next, the drawn capillaries were cleaved into pieces of ~30 mm length, and 

then sealed at one end. The stack with sealed capillaries was conducted in a F300 

tube (OD: 25 mm, ID: 19 mm). More than 91 (3n(n+1)+1, n=5) capillaries were used 

to fully fill in the tube. Arrangement of the capillaries was conducted to form the 

hexagonal structure. Once there are five layers of capillaries (91 pieces) hexagonally 

stacked in the center, the remaining capillaries are replaced with silica rods with 

same diameter. Especially, two capillaries in the center were replaced by inserting 

(b)

(a)

(c)
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two rods, which will act as two cores eventually. Figure 5.2 shows the captured 

photo of cross-section of the stacked preform in the tube. 

 

Figure 5.2 Captured photo of the stacked preform of TC-PCF in jacket tube 

The stacked preform was drawn into the canes with outer diameter of 1.2 mm, 

shown in Figure 1(a), at the temperature of ~1930 ˚C. One cane with good structure 

was chosen and inserted into a jacket tube, which is prepared in the way described in 

Chapter 2, with an outer and inner diameter of ~7 mm and ~2 mm. The fiber was 

drawn at the temperature of ~1900 ˚C. During drawing, vacuum (~50 kPa) is needed 

to collapse the gaps between cane and jacket tube. The feeding and drawing speed is 

4 mm/min and 10 m/min, respectively, with a drawing tension of ~0.8 N. 

The SEM photos of the cross-section of the whole fiber and air hole region are 

shown in Figure 1 (b) and (c). The outer diameter is ~125 µm and the diameter for 

both cores is ~2.5 µm. Air hole size is ~1.1 µm in diameter and hole-to-hole pitch is 

~1.85 µm, thus the air-filling ratio is 0.59. This ratio in fiber is a little larger than that 

of the original tube due to the expansion of the structured cane during fiber drawing. 

The measured fiber loss of TC-PCF is ~4.4 dB/m at 1550 nm. It is acceptable for 

sensing application with a short fiber length. 
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It is pointed out that the uniformity of the size of capillaries chosen for 

stacking is of great importance. Even small discrepancy in diameter between the 

capillaries causes bad deformation (unintentional collapse and expansion) in the 

structure because of various pressure difference in each capillary. The deformation 

will be exaggerated when the drawing temperature is too high. Figure 5.3 illustrates 

the bad examples of drawn TC-PCF if the capillaries chosen for stacking have large 

fluctuation in diameter, ranging from 1.55~1.65 mm, indicating the diameter 

fluctuation ratio of >6%. Observed from the cane shown in Figure 5.3(a), the air 

holes are not uniform any more. This un-uniformity becomes more serious after the 

cane was drawn into fiber. Normally, in order to obtain good structure shown in 

Figure 5.1, the fluctuation ratio in diameter for capillaries should be less than 2~3%. 

For instance, the outer diameter of capillaries selected for stacking can be located in 

the range of 1.58~1.62 mm if the calculated value is 1.6 mm. 

 

Figure 5.3 Bad examples of TC-PCF drawn using capillaries with relatively large 

fluctuation in diameter for stacking, ranging from 1.55 ~ 1.65 mm 

5.3 Mode Coupling of the Dual Polarizations in TC-PCF 

5.3.1 Phase and Group Effective Refractive Index 

(a) (b)



Chapter 5 Twin-Core Photonic Crystal Fiber and the Pressure Sensor Based on Intermodal 
Coupling of Supermodes 

	

	

	

103 

As shown in Figure 5.1, the fabricated TC-PCF with triangular lattice of 

circular holes has two missing holes in the center, which finally act as the two cores 

along the fiber. These two cores become independent except mode coupling. The 

beat length of coupling increases with increasing of the distance between two 

cores[16], which means that the mode coupling is stronger when the cores are closer. 

The guided modes in the fiber were calculated by using the software COMSOL 

based on full-vector finite element method (FEM), as introduced in Chapter 4. In 

terms of the fabricated TC-PCF, the geometrical parameters used in the simulation 

were the same as those of the fiber, which are with hole diameter (d) of 1.1 µm and 

hole-to-hole pitch (Λ) of 1.85 µm. The refractive index of silica and air were set as 

1.444 and 1, respectively. 

According to the investigation in the simulation, there are two supermodes 

(even and odd mode) for each polarization. We denoted these modes as x-polarized 

even mode, x-polarized odd mode, y-polarized even mode and y-polarized odd mode, 

as shown in the insets of Figure 5.4(a). At the wavelength of 1550 nm, the phase 

modal effective indices of each mode are: np,x-even=1.4003668, np,x-odd =1.3993208, 

np,y-even =1.4002832, np,y-odd =1.3993959, individually. It should be indicated that the 

effective index of even mode is larger than that of odd mode, which is opposite in 

TC-PBGF[14]. Therefore, the phase modal birefringence is Bp,x =| np,x-even - np,x-odd | = 

1.046×10−3 for x-polarization and Bp,y = | np,y-even - np,y-odd | = 8.873×10−4 for y-

polarization. Figure 5.4 (a) illustrates the curves of phase effective index for each 

supermode with respect to wavelength. It can be observed that the phase effective 

index decreases with increasing of wavelength. 
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Figure 5.4 Calculated phase (a) and group (b) effective index as function of 

wavelength. The insets in (a) are electric profiles for the even and odd modes at both 

polarizations 

Once the phase effective indices are determined, the group effective indices, 

which are dependent on phase effective indices and wavelength, can be calculated as 

well according to the dependency expressed by  

ng = np −λ
dnp
dλ

.    (5.1) 

In the simulation, since the calculated phase effective indices are discrete at 

different wavelength positions, it is difficult to predict the derivative in Equation 5.1. 

Therefore, the relationship between np and λ shown in Figure 5.4 (a) is numerically 

fitted with a six-degree polynomial to obtain the differentiation accurately and 

calculate ng. This method of approximation has been used in the references of [26], 

[27]as well for the same purpose. 

Figure 5.4 (b) shows the calculated group effective indices as a function of 

wavelength for the four supermodes. Unlike the phase effective indices, the group 

effective index of odd mode is larger than that of even mode. Moreover, it increases 

with the wavelength. At the wavelength of 1550 nm, the group modal birefringence 

is then obtained by Bx,g = |ng,x-even – ng,x-odd | = 3.745 × 10−3 for x-polarization, and By,g 
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= |ng,y-even – ng,y-odd| = 3.386 × 10−3 for y-polarization. This also implies that, in the 

cases of propagation along the fiber, group effective index instead of phase effective 

index should be taken into account in TC-PCF. 

 

5.3.2 The Splicing Between TC-PCF and Single Mode Fiber 

Due to the existence of air holes along the fiber, special techniques should be 

developed to splice the TC-PCF with single mode fiber in order to get high 

performance of transmission. Xiao et al, in 2007, proposed a novel method of using 

repeating arc discharges applied over the splicing joint to reduce the splice loss 

between PCF and SMF[28]. The air holes of PCF are collapsed to a certain degree so 

that mode profile in PCF is enlarged and optimized to match that in SMF, finally a 

minimum experimental loss of 0.9 dB can be achieved by using this method. 

Furthermore, a relatively large overlap distance as well as the buffer fiber with 

higher NA were introduced by Tse et al to reduce the splice loss[29]. Around 15 arc 

discharges and an overlap of ~50 µm are used to obtain a low splicing loss of ~1 dB. 

After spliced, the joint can be even bent with a radius as small as ~0.5 cm. 

To splice the TC-PCF onto SMF, the large overlap and repeating arc 

discharges are also applied. A Furukawa FITEL-177 fusion splicer was used. The 

main parameters of arc power, arc duration time are set to 2 steps and 200 ms. 

During splicing, a broadband source (BBS) centered at 1550 nm and an optical 

spectrum analyzer (OSA) were utilized to monitor the transmission spectrum at the 

same time, ensuring that the best alignment can be found after x-y adjustment. The 

position of TC-PCF was manually adjusted along the x- and y-axis. Initially, the TC-

PCF and SMF are roughly aligned center-to-center, and weak interference was 

observed in the spectrum, indicating that weak coupling occurs within TC-PCF. 
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Then, an offset in the alignment was introduced to obtain higher fringe contrast, in 

other words, to detect the coupling. Further adjustments in x-y position of the fibers 

were conducted until the highest fringe contrast was achieved. At this point, the core 

of SMF was assumed to be aligned well with one of the cores of TC-PCF, and the 

two fibers were spliced together by multiple arc discharges. Normally, 10 to 15 arc 

times were conducted to obtain relatively low splice loss. The combined splicing loss 

is <3 dB per splicing joint. 

 

5.3.3 Supermodes Coupling 

As shown in Figure 5.1, two solid cores are designed in the center. The 

distance between the two cores in TC-PCF that we fabricated is ~2 µm, which 

strengths the coupling in the fiber. Owing to the short separation, supermode rather 

than conventional fundamental mode exists in the area of twin core, as illustrated in 

Figure 5.4. The coupling length of TC-PCF for x-polarization can be expressed by 

Lc (λ) =
λ

2 np,x−even − np,x−odd
=

λ
2Δnx,phase

,           (5.2) 

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

supermode at x-polarization, while Δnx,phase stands for their difference. The coupling 

coefficient eventually changes with the surrounding pressure due to the relationship 

between coupling length and effective index. In terms of x-polarization, the output 

optical power that is transferred from one core to the other in TC-PCF with a length 

of L can be formulated by 

Ix λ( ) = sin2 π
2Lc λ( )

!

"
##

$

%
&&= sin

2 π
λ
Δnx,phaseL

!

"
#

$

%
& .   (5.3) 
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It is worth indicating that x- and y-polarizations exist in TC-PCF at the same 

time along the fiber length, which implies that the total intensity of light should 

involve the light at both polarizations. Because x- and y-polarization are orthogonal, 

the cross term of the electric field is eliminated, therefore the total intensity at the 

output is 

I = Ex
2 +Ey

2 = Ix + Iy .        (5.4) 

By substituting Equation 5.3 into 5.4, the total output intensity can be written 

by 

I(λ) =1− cos π
λ
Δnx,phase +Δny,phase( )L

#

$%
&

'(
⋅cos π

λ
Δnx,phase −Δny,phase( )L

#

$%
&

'(
.  (5.5) 

It can be predicted that the spectrum at the output is modulated with an 

envelope. If considering a small range of wavelength, the second term of cos is 

estimated to be 1. By taking the Equation 5.1 into account, the fringe spacing can be 

approximated as 

Δλ =
2λ 2

Δnx,group +Δny,group( )L
.           (5.6) 

where Δnx,group represents the difference of group effective indices of x-

polarized odd and even modes, while Δnx,group stands for the index difference of those 

modes at y-polarization. It can be explained very well that the couplings of x- and y-

polarization are modulated each other when detecting the spectrum. Figure 5.4 shows 

the simulated output spectrum after TC-PCF, where the length of the fiber is 110 cm. 

Obvious modulation can be observed and the fringe spacing is ~0.631 nm. 
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Figure 5.5 Simulated output spectrum of TC-PCF  

 

Figure 5.6 Measured output spectrum of TC-PCF using the setup shown in (a), 

where the length of TC-PCF is 110 cm 

To verify the intermodal coupling of supermodes guided in TC-PCF, the 

fabricated fiber was spliced with SMF on the both ends using the approach described 
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in Section 5.3.2. Figure 5.6 shows the experimental transmission spectrum obtained 

by using 110 cm long TC-PCF. The inset is the setup that was configured. Obviously 

observed from the results, the whole spectrum is modulated because of the coupling 

of even and odd modes at both polarizations. The measured fringe spacing is ~0.676 

nm, which is quite close to the simulation result (~0.631 nm) in Figure 5.5, and also 

the calculated value (~0.613 nm) using Equation 5.6. It can be seen that the 

experimental result shows good agreement with the theoretical analysis. 

 

5.4 Hydrostatic Pressure Characteristics 

When the TC-PCF is subject to hydrostatic pressure environment, the 

anisotropic stress leads to the geometrical deformation of the fiber, which then 

results in the change of refractive index of silica due to the photoelastic effect. The 

dependency can be represented by 

nx = n0 −C1σ x −C2 (σ y +σ z )
ny = n0 −C1σ y −C2 (σ x +σ z )

,    (5.7) 

where n0 is the refractive index of fused silica without applying pressure, and 

nx, ny denotes the refractive index of fused silica at x- and y-polarization after 

pressure applied. σx, σy, σz are the stress components, and the stress-optic coefficients 

C1, C2 are experimentally calibrated as 6.5×10-13 m2/N, 4.2×10-12 m2/N, 

respectively[30]. Consequently, the phase as well as the group effective index 

changes with the pressure, and finally the loaded pressure changes the coupling state 

in the fiber. Since the pressure-induced index change is linear because of 

photoelastic effect, the output spectrum of TC-PCF shows linear shift with the 

pressure applied as it can be expected. 
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Figure 5.7 shows the schematic setup of the measurement using fabricated TC-

PCF. A piece of TC-PCF with a length of 20 cm was spliced with SMFs on both 

ends using the approach described in Section 5.3.2. Then, the fiber with part of TC-

PCF was put into a hydrostatic pressure chamber, the pressure of which can be 

calibrated via a pressure gauge (CONST 211) linked to the inlet pipe of the chamber. 

The pressure gauge has a resolution of 1 kPa. A broadband SLED source and an 

optical spectrum analyzer (YOKOGAWA AQ6370) were utilized to monitor the 

transmission spectrum. 

 

Figure 5.7 Schematic figure of the setup for the pressure measurement using TC-

PCF, where the inset on the left illustrates the transmission spectrum of 20-cm-long 

TC-PCF with a fringe spacing of 3.688 nm. 

In the experimental measurement, the pressure was increased at a step of 5 

MPa by pumping lubricating oil into the chamber. Clearly observed in Figure 5.8, the 

transmission spectrum shifts to the shorter wavelength with the pressure increased 

from 0 MPa up to 45 MPa.. Because the length of TC-PCF used is short (e.g. 20 cm), 

the modulation period is large enough and does not affect the pressure measurement. 

It can be observed that the intensity of the dips changed slightly with the increased 

pressure. This is due to the entire spectrum is modulated, as shown in the Fig. 5.6. 
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Furthermore, the intensity of the broadband source doesn’t have the constant power 

in the band of concerned wavelengths, which implies that the intensity varies at 

different wavelength positions. Therefore, when one dip moves to another position of 

wavelength with the increased pressure, the modulated intensity of this dip changes 

accordingly. Since only the information of wavelength was taken into consideration, 

the minor intensity change can be ignored. 

 

Figure 5.8 Transmission spectrum shift of the sensor with the hydrostatic pressure 

changing from 0 MPa to 45 MPa 

Figure 5.9 shows the wavelength shift at one minimum as a function of the 

hydrostatic pressure. Measured results were linearly fitted and a sensitivity of -21 

pm/MPa was obtained, with high linearly fit of R2=0.996. The same measurement 

was repeated, and the results of second measurement (red square) were in good 

agreement with the results of first measurement (black circle). This indicates that the 

sensor has high repeatability, which is extremely important in practical application. It 

has to be pointed out that due to the resolution limit of 0.02 nm of OSA, the smallest 

pressure of 1 MPa can be discriminated and calibrated for the given OSA. However, 
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the pressure sensitivity is acceptable for measurement of high pressure (>100 MPa), 

giving an accuracy of ~1%, which is comparable to some commercial pressure 

sensor (e.g. ~2% accuracy from FISO Technologies Inc.). Furthermore, the 

resolution can be also improved by using an interrogator with higher resolution of 

wavelength. 

 

Figure 5.9 Wavelength shift at one minimum as a function of the applied hydrostatic 

pressure, and the top-right inset is the moving trace of spectrum around this dip 

In comparison, the pressure response of TC-PCF was also simulated using full-

vector finite element method. The same structure of TC-PCF was used, which has 

the hole diameter of d=1.1 µm and hole-to-hole pitch of Λ=1.85 µm, making the 

simulation close to the experiment as much as possible. In particular, the phase 

refractive index of at different wavelength was calculated accurately via COMSOL 

firstly. Then the same calculation was carried out and updated phase effective index 

was obtained after the pressure applied from 0 MPa to 45 MPa. The group effective 

index was computed according to the Equation 5.1, which helps to get the simulated 

spectra at various pressures eventually. The simulated and experimental results of 
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wavelength shift with respect to the applied pressure are illustrated in Figure 5.10 

and presented using black line and blue dashed line, respectively. It can be seen that 

the simulation sensitivity of pressure is -19 pm/MPa, which is quite close to the 

measured value of -21 pm/MPa. Note that the experimental result is a little larger 

than that in simulation because the structure in real fiber could not be ideal. It is 

inevitable that the hole diameter and pitch cannot be always the same during 

fabrication even though the difference is quite small, which relies a lot on the precise 

control of drawing temperature and pressure. 

 

Figure 5.10 Simulated and experimental wavelength shift as a function of applied 

pressure, where the inset shows the spectrum shift at one dip in the simulation 

In addition, as shown in Figure 5.10, the fringe spacing obtained in the 

simulation using coupling theory is ~3.44 nm, which is fairly close to the 

experimental result of ~3.688 nm, further verifying the coupling occurring in the TC-

PCF.  

It is worth indicating that the sign of the sensitivity is negative for both 

simulation and experiment. The sensitivity can be derived, which depends on the 
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group effective index of the supermodes at both polarizations and the group index 

change with pressure. The relationship can be expressed as 

S = λ
(Δnx,g +Δny,g )

⋅
dΔnx,p
dP

+
dΔny,p
dP

⎛

⎝
⎜

⎞

⎠
⎟ ,      (5.8) 

where Δnx,g, and Δny,g represent the group difference of the effective index of 

even and odd modes at x- and y-polarization, respectively, while the Δnx,g, and Δnx,g, 

are their phase difference of effective index. The difference is an absolute value and 

positive. Therefore, the sign of the sensitivity is depending on the index change with 

pressure. In simulation, the difference of the indices changes inversely with the 

increase of pressure, indicating the sign of dΔnx,p/dP, dΔny,p/dP is negative. Thus, 

when the pressure is increased, the spectrum shifts to the short wavelength position, 

as the simulation and experiment shows.  

The temperature response of the sensor based on TC-PCF was also measured 

in experiment. Figure 5.11 shows the results. The same BBS and OSA were utilized 

to launch the light and detect the signal. The pressure chamber shown in Figure 5.7 

was replaced and the sensor head was put into a water container, which was heated 

from 20 ˚C up to 70 ˚C, with an increment of 5 ˚C. The measured results were fitted 

linearly with R2=0.997. Therefore, the temperature dependency of 12.4 pm/˚C was 

obtained, giving a little cross-sensitivity. However, the thermal response can be 

easily compensated by, for instance, fiber Bragg grating method, meaning that the 

cross-sensitivity will only affect the practical use in small extent. The positive slope 

of temperature response is because the index difference changes proportionally with 

the temperature, which is similar to the behavior of normal FBG. 
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Figure 5.11 Temperature response of the TC-PCF based sensor, the spectra shift at 

different temperature and the setup are shown in the insets. 

 

5.5 Chapter Summary 

In this chapter, the fabrication of a silica TC-PCF using stack-and-draw 

method as well as its application as a pressure sensor are presented. This kind of 

fiber was designed and drawn with small distance between the twin cores, which 

then strengths the intermodal coupling in the TC-PCF. The phase effective index of 

even mode is found larger than that of odd mode for both x- and y-polarization, 

which shows different trend from the TC-PBGF. And opposite relationship is found 

for the group effective index, where the odd mode has higher effective index than 

even mode. The large difference between the phase and group effective index in TC-

PCF indicates that the latter one should be taken into account in terms of 

transmission. The experimental results using TC-PCF with lengths of 110 cm and 20 

cm further verify the mode couplings considering x- and y-polarization 

simultaneously. As predicated, the transmission spectrum is modulated. In the last 
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section, hydrostatic pressure was characterized numerically and experimentally from 

0 MPa to 45 MPa, giving a sensitivity of -19 pm/MPa and -21 pm/MPa, individually. 

It is noted that the length of the TC-PCF used for pressure measurement was 20 cm, 

which is much shorter than the reported PM-PCF-based pressure sensor, implying 

that it is a good candidate for compact pressure sensor.  
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Chapter 6  

Ultrahigh Birefringence Index-Guiding Photonic 

Crystal Fiber and its Application for Pressure and 

Temperature Discrimination 

 

6.1 Introduction 

In this chapter, the birefringence PCF will be introduced. As PCFs are 

developed with large step after the first endless single mode PCF was fabricated [1], 

many kinds of PCFs are proposed and utilized in various areas, including the twin-

core PCF discussed in the previous chapter. Based on the guidance principles, two 

kinds of PCFs (i.e., index-guiding PCF and photonic bandgap PCF) are mainly 

fabricated and investigated for the novel applications in optical communication and 

sensing in terms of fiber lasers and amplifiers, birefringent and nonlinear devices, 

interferometers and so forth [2]. One of the desired applications is to obtain a single 

polarization device with polarization dispersion minimized, which demands the 

polarization-maintaining fibers (PMFs) with high birefringence. Even though there 

are all-solid PMFs, such as PANDA fiber  [3]and Bow-tie fiber [4], polarization-

maintaining PCFs still have the unique advantages due to the flexibility of structure 

and feasibility of fabrication. PCFs can have high birefringence (Hi-Bi) by 

introducing asymmetric design  [5,6]or an elliptical core [7], which makes the 

technology of PCF more superior in producing PMFs. One simple way is to 
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introduce two large air holes close to the core of conventional single mode PCF so 

that Hi-Bi can be achieved [8,9].  

It is pointed out that most of PMFs have birefringence on the order of 10-4 to 

10-3, which is already regarded as high birefringence. For a commonly used PM-

1550-01 fiber, which probably is the only one commercially available PM-PCF from 

NKT Photonics company, the birefringence of this fiber is ~3.9×10-4 [10]. This type 

of PM-PCF has been utilized in a lot of applications, such as high pressure 

measurement [8], refractive index sensing [11], strain [12] and temperature-

independent measurement [13], etc. Recently, Frazão et al reported a fiber optic 

interferometric torsion sensor using a PM–PCF which has two large air holes 

fabricated in XLIM laboratory, demonstrating a group birefringence of ~8.1 × 10-

3 [9]. Felipe et al also reported a higher birefringent PCF with squeezed lattice using 

rotated elliptical air holes, demonstrating a group birefringence of ~5.5×10-3 [14]. 

The birefringence with almost the same order (7×10-3) was reported by Arturo et al 

via elliptical holes  [15]. To the best of our knowledge, this is to date the highest 

experimental birefringence for index-guiding PCF, however, still in the order of 10-3, 

for example in the literatures of  [5] [9] [14–16]. It should be noted that the highest 

group birefringence reported with photonic bandgap fiber is 0.025 at the wavelength 

of 1550nm, also via elliptical air hole core [17] [18]. Nevertheless, the fiber does not 

allow for the inscription of FBG in the core. Moreover, the structure is difficult to 

fabricate compared to the two large holes PCF.  

In this chapter, an ultrahigh birefringence index-guiding PCF with two large 

holes, which has a Ge-doped and elliptical core, and a measured phase modal 

birefringence of ~1.3×10-2 are presented. To our best knowledge, this is the highest 

value for the fabricated index-guiding PCFs, and more than one order of magnitude 
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higher than any solid fibers previously demonstrated. The ultrahigh phase modal 

birefringence is experimentally verified by inscribing FBG in the Ge-doped core, 

demonstrating two distinct Bragg peaks separated by more than 12 nm. In terms of 

group modal birefringence, a Sagnac interferometer with a short length was set up to 

measure the experimental value. Due to the unique feature of high birefringence with 

two large-separated peaks, the fiber gives a good discrimination in multi-parameter 

measurement, such as pressure and temperature, which will be discussed in the end. 

 

6.2 Fiber Fabrication 

The Hi-Bi PCF was fabricated in the lab using stack-and-draw method on the 

fiber drawing tower (Nextrom OFC20), which is also introduced in details in Chapter 

3. The fabrication process, to some extent, is similar to the twin-core PCF. Figure 6.1 

plots the schematic process of the fabrication of Hi-Bi PCF. Specifically, capillaries 

with diameter of 1.6 mm were firstly drawn from a “F300” silica tube having outer 

and inner diameter of 44 mm/17.6 mm. Meanwhile, pure silica rods of different 

diameter were drawn and used to hold the stacked structure during stacking. 
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Figure 6.1 Schematic process of fabricating Hi-Bi PCF 

More than 91 capillaries with the same outer diameter were chosen to conduct 

the arrangement in the stacking tube. Once the hexagonal structure was formed by 

the 91 capillaries in the center, the redundant capillaries were replaced by the silica 

rods. Afterwards, a germanium-doped rod of 1 mm in outer diameter was utilized to 

replace the center-located capillary and will eventually become the Ge-doped core of 

Hi-Bi PCF. The dopant area of the rod is ~40-50 %. Two large capillaries with a 

diameter of 1.6 mm and inner/outer diameter ratio of 0.76 were inserted adjacent to 

the core, leading to the asymmetrical stress on the core and then inducing 

birefringence. The stacked preform was drawn into canes of 1.6 mm in diameter.  

One cane with good structure was chosen and inserted into a jacket tube of 7 mm in 

diameter that was stretched from a silica tube with outer and inner diameter of 12 

and 4 mm in advance. In order to apply the vacuum to collapse the gap between the 

cane and the tube, the top end of the cane is totally sealed. The entire preform was 

then drawn into fiber at the temperature of ~1880 ˚C. Lower temperature as well as 

Stack

Drawn into
capillaries

Drawn into
rod

Silica tube Silica preform

Drawn into 
canes

Drawn into 
fibre

Cane

Fiber



Chapter 6 Ultrahigh Birefringence Index-Guiding Photonic Crystal Fiber and its Application 
for Pressure and Temperature Discrimination 

	

	

	

124 

the vacuum control was used to enlarge the air holes intentionally, especially the two 

big holes close to the center rod so that an elliptical core can be formed to obtain Hi-

Bi. Note that the Ge-doped rod has lower melting point compared with the pure silica, 

thus, it is easier for Ge-doped rod to become soft than the surrounding silica for the 

same drawing temperature. After being compressed by the two large air holes, the 

softer Ge-rod becomes elliptical core eventually. The shape of the elliptical core can 

be controlled by applying different vacuum and drawing temperature. Higher 

vacuum pressure and temperature will induce more serious deformation to the core. 

 

Figure 6.2 SEM photos of the cross-section of (a) the entire fiber and (b) hole region 

for the fabricated Hi-Bi PCF 

Figure 6.2 demonstrates the SEM photos of the cross-section of the fabricated 

Hi-Bi PCF. Clearly seen from the cross-section, an elliptical core was formed in the 

center due to the expansion of two large holes near by as well as the lower viscosity 

of Ge-doped core compared with pure silica at the same drawing temperature. The 

fiber has an outer diameter of ~125 µm and small hole diameter of 2.34 µm with a 

hole-to-hole pitch of 3.04 µm. Two large holes adjacent to the core are enlarged to 

(a) (b)
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the size of 4.3µm×3.81µm. As a result, the core becomes elliptical and has a major 

and minor axis of ~3 µm and ~1 µm, respectively. The measured propagation loss of 

the fiber is ~0.2 dB/m. By using the technique similar in [19,20], also described in 

Section  5.3.2, the splicing loss between the SMF and Hi-Bi PCF is ~2.1 dB per point, 

which is in accordance with the value in [21]. Note that there are two air holes 

missing at the outer ring because two capillaries might be broken during stacking. 

Since they are in the outermost ring, the impact of this defect is very small and can 

be ignored. 

 

6.3 Ultrahigh Birefringence 

6.3.1 Simulated Birefringence 

As it can be seen from the SEM photo of the fabricated Hi-Bi PCF, two large 

air holes are introduced close to the solid core and the core is extremely elliptical. 

Therefore, high birefringence can be achieved due to anisotropic stress applied to the 

core externally and internally. Simulation was conducted using COMSOL software 

according to the fabricated fiber. The refractive index for the core is set to be 1.47 

and 1.444 for the silica part. Figure 6.3 shows the simulated results of the two 

polarized mode, where x and y denotes the fast axis and slow axis, individually. In 

the simulation, two polarized modes are found, corresponding to LP01-x and LP01-y. 

At the wavelength of 1550 nm, the effective indices for the fast and slow axis are 

1.370937 and 1.384772, respectively, which relates to a phase modal birefringence 

(Bp=Δn) of 1.4×10-2. 
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Figure 6.3 (a) The SEM photo of the air hole structure, (b) and (c) are the simulated 

modes at x- and y- polarization. 

Figure 6.4 plots the curves of the phase (Bp) and group birefringence (Bg) with 

respect to the wavelength, which are calculated from the effective indices of two 

polarized modes. The relationship of the birefringence and effective index can be 

expressed by 

,         (6.1) 

where nx, ny are the effective index of x- and y- polarized mode. It can be seen 

that the phase birefringence reaches up to 10-2 for the wavelengths beyond ~1300 

nm, and the fiber also has ultrahigh group birefringence, larger than 10-2 after the 

wavelengths over 1200 nm. The Bg calculated at 1550 nm is 1.5×10-2. Both phase 

and group birefringence shows an increase with the wavelength. The predicated 

birefringence is much larger than that in the commercial PM-PCF, which is only 

4×10-4 [22], and that most of birefringent PCFs reported [5] [9] [14–16]. 
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Figure 6.4 Calculated (a) phase and (b) group birefringence as a function of 

wavelength 

 

6.3.2 Experimentally Measured Birefringence 

The ultrahigh phase and group birefringence were verified by writing FBG on 

the fiber and by establishing a Sagnac interferometer using the fabricated Hi-Bi PCF, 

respectively. The fabrication of FBG on this kind of fiber is described in the section 

6.4. From the results of FBG spectrum, we can see two individual peaks, which are 

separated in a large distance due to the ultrahigh birefringence. The two polarized 

modes exhibit like two independent modes, with a large difference of effective index. 
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As clearly observed from the spectrum of FBG written on the Hi-Bi PM-PCF, shown 

in Figure 6.5, when the polarized mode satisfies the phase-matched condition 

(!!
!
𝑛!,!"" = − !!

!
𝑛!,!"" +

!!
!

), where n1,eff and n2,eff are the effective index of forward 

and backward modes (n1,eff=-n2,eff), reflective peak is observed for individual 

polarized mode. The separation of two peaks is ~12 nm, which indicates the index 

difference between the two polarized modes is 1.1×10-2. The measured phase modal 

birefringence is then reasonably agreed well with the simulated result (1.4×10-2). 

 

Figure 6.5 Reflection spectra of two FBGs written on Hi-Bi PCF with a grating pitch 

of 536.105 nm and 555.15 nm, grating length of 12 mm. 

In terms of the group modal birefringence, a Sagnac interferometer can be 

configured by splicing the Hi-Bi PCF between the two arms of a 3-dB coupler so as 

to measure the interference pattern caused by the group birefringence. Figure 6.6 

shows the transmission interference spectrum obtained with a length of only 5.5 cm 

of the fiber. Since the fiber has ultrahigh birefringence, a short length is sufficient to 

get a reasonable fringe spacing. As a result, a spacing of 3.48 nm between two 

adjacent minima was obtained, thus indicating that the measured group modal 
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birefringence is 1.255×10-2. Again, the measured birefringence is in good agreement 

with the calculated value (1.5×10-2).  

 

Figure 6.6 Transmission spectrum of a Sagnac interferometer configure using Hi-Bi 

PCF with a length of 5.5 cm 

In terms of high birefringence in the fabricated PM-PCF, the birefringence was 

compared with other types of high birefringence fibers and the comparison result is 

listed in Table 6.1. The birefringence is highly depending on the structure of the fiber, 

especially the cladding symmetry and core shape. Normally, the elliptical core and 

asymmetrical structure of air holes are introduced to the fiber so that the high 

birefringence can be achieved. As it can be observed in the table, most other types of 

index-guiding PCFs/MOFs have the birefringence of 10-4~10-3, which is smaller than 

that of our Hi-Bi PCF. It has to be pointed out that the elliptical hollow-core PBGF 

has ~2 times higher birefringence, however, it is a hollow-core fiber and it is difficult 

to fabricate the PBGF. Thus, in terms of the index-guiding PCFs, our fabricated Hi-

Bi PCF has the highest birefringence reported up to date for the fabricated index-

guiding PCFs. 

Fringe spacing at ~1550nm: ~3.48nm
Group birefringence: Δng=λ2/(Δλ·L)=1.255×10-2
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Table 6.1 Comparison of the birefringence between our fabricated Hi-Bi PCF and 

other types of high birefringence fiber 

PM fiber type Structure type Birefringence 

Our Hi-Bi PCF Elliptical core and two large holes 1.3×10-2 

Commercial PM-PCF [22] Two large air holes 4.87×10-4 

First fabricated HB PCF [5] Twofold rotational symmetry 3.85×10-3 

Side hole fiber [23] Two side holes with elliptical Ge-core 1.39×10-4 

Butterfly MOF [24] Twofold butterfly structure with holes 1.8×10-3 

HB MOF [25] Irregular air holes with elliptical core 1.1×10-2 

Squeezed lattice PCF [14] Squeezed air holes with two big holes 5.5×10-3 

HB index-guiding PCF [7] Elliptical core by replacing two holes 9.3×10-4 

Supper-lattice MOF [26] Rhombic cell of 9 holes 8.5×10-4 

HB nonlinear MOF [15] Small elliptical core  7×10-3 

Hollow core PBGF [17] Elliptical hollow core 2.5×10-2 

 

6.4 FBG Inscription on Hi-Bi PCF 

As mentioned, FBG was successfully inscribed on the fabricated Hi-Bi PCF 

due to the fact of having Ge-doped core. The phase-mask technique was utilized. 

Figure 6.7 illustrates the schematic setup of writing FBG on the fabricated Hi-Bi 

PCF in the lab. A ArF UV laser with wavelength of 193 nm and beam width of 2 mm 

was used. The pulse energy and pulse rate of the laser were 110 mJ and 15 Hz, 

respectively. A cylindrical lens was used before the phase mask to focus UV beam 

on the fiber to enhance the energy density. The laser beam was scanned along the 

fiber for two times with a speed of 0.01 mm/s by moving translation stage accurately. 
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Total scanning length is 10 mm, therefore, the length of grating is 12 mm if taking 

the beam width into account. Note that it is not easy to write the grating on the 

fabricated PM-PCF. It took ~30 mins to obtain only 4 dB contrast. This is possibly 

because there are five rings of air-holes with high air fraction, which causes serious 

diffraction of the laser beam. Additionally, the core is very small. Because of these 

factors, it is more difficult to write the FBG using 248 nm excimer laser. In 

experiments, no grating was observed even though longer exposure time using 248 

nm laser was taken. An interrogator with resolution of 5 pm was used to launch the 

incident light into the fiber and record the spectrum reflected back from the grating. 

Two phase-masks were used separately in two measurements with pitches of 1072.21 

nm and 1110.3 nm, respectively. 

 

  Figure 6.7 Schematic setup for FBG inscription on Hi-Bi PCF  

Figure 6.5 plots the reflection spectrum of two FBGs on the Hi-Bi PCF with a 

grating length of 12 mm. The grating pitches of FBGs are half of those on phase 

masks, i.e. 536.105nm and 555.15 nm. From the spectrum, two reflective peaks 

corresponding to LP01-x and LP01-y modes, have a large separation of 10.796 nm and 

12.072 nm for the two FBGs. The mode at fast axis (LP01-x) should be located on the 

left due to its smaller effective index. Thus, the measured phase modal birefringence 

193 nm
UV laser

 Mirror on 
translation stage

Cylindrical lens

Interrogator Hi-Bi PCF

Phase mask
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is ~1.1×10-2, according to 𝐵! =
|!!!!!|
!"

, where λx and λy denotes the Bragg 

wavelengths for x- and y-polarized modes, Λ is the grating pitch on fiber. In 

comparison, the grating was also inscribed on commercial PM-PCF using 193 nm 

UV laser by Guan et al [10], obtaining a separation of only 0.52 nm for the two 

polarized modes. 

 

6.5 Pressure and Temperature Sensor with FBG on Hi-Bi 

PCF 

6.5.1 Pressure Sensing 

The large separation of two polarized modes allows for accurate measurement 

of the wavelength shift of the two peaks in FBG reflection spectrum caused due to 

the ambient perturbation such as pressure, temperature. Thus, FBG written in the Hi-

Bi PCF could be used to measure the environmental pressure and temperature 

changes simultaneously. Since the fiber has an elliptical core and asymmetrical air-

hole structure, the responses to the ambient pressure for the slow and fast axis are 

different, where slow axis exhibits higher sensitivity [10]. As shown in Equation 5.7, 

the effective index at x- and y-polarization changes differently with the internal stress. 

Because the Hi-Bi PCF shows large asymmetry in the structure, i.e. elliptical core 

plus two large air holes, the pressure-induced index change at two polarizations 

exhibits significant difference. However, the difference of temperature response 

between the two peaks is very small because both axes have similar thermal 

expansion. It is noted that the pressure measurement using birefringence PCF can 

also be conducted based on principles of Sagnac loop interferometer [8] and modal 

interferometer [21]. 



Chapter 6 Ultrahigh Birefringence Index-Guiding Photonic Crystal Fiber and its Application 
for Pressure and Temperature Discrimination 

	

	

	

133 

 

Figure 6.8 Wavelength shifts for the LP01-x and LP01-y mode peaks as a function of 

the hydrostatic pressure from 0 MPa to 40 MPa 

In the measurement of hydrostatic pressure, the FBG was placed in a chamber 

that can suffer high oil pressure. The pressure was increased at a step of 5 MPa by 

pressurizing lubricating oil into the chamber. The actual pressure can be calibrated 

by a pressure gauge outside. Figure 6.8 shows the wavelength shifts for both peaks as 

a function of hydrostatic pressure ranging from 0 MPa to 40 MPa. As expected, the 

pressure response for slow axis is greater than that for fast axis. Seen from the results, 

the measured sensitivity at fast axis is -1.96 pm/MPa, and -5.13 pm/MPa at slow axis, 

both with a good linear-fits, R2=0.99. 

 

6.5.2 Temperature Sensing 
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Figure 6.9 Wavelength shifts of the LP01-x and LP01-y mode peaks as a function of 

temperature increased from 20 ˚C up to 300 ˚C. The insets show the spectrum shift 

for the two peaks, respectively. 

The measurement of temperature was conducted using the same FBG in an 

oven, which was heated from 20°C to 300°C. The temperature was gradually 

increased up by a step of 20 ˚C. Figure 6.9 illustrates the result of wavelength shift 

with respect to the ambient temperature. As a result, a sensitivity of 11pm/°C and 

11.2pm/°C was obtained for fast and slow axis, respectively. Both axes exhibit 

similar sensitivities compared to the conventional FBG on SMF (~10 pm/˚C) [27]. 

Furthermore, the temperature response for both polarizations is similar with a 

difference less than 2%. In contrast with the big difference of pressure response 

(62%), this kind of FBG with two far-separated peaks due to ultrahigh birefringence 

has a good discrimination to pressure and temperature. 

 

6.5.3 Discussion 
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Theoretically, when the fiber is subject to the environment with pressure and 

temperature changing, the wavelength shift for each peak (Δλx, Δλy) can be 

expressed by 

,            (6.2) 

where the Sx,p, Sx,T, Sy,p and Sy,T represents the sensitivity of pressure and 

temperature for x- and y-polarized FBG peak, respectively. ΔT and ΔP are the 

ambient change in temperature and pressure. Thus, after simple algebraic conversion, 

the change of pressure and temperature can be derived as 

,          (6.3) 

where the coefficient D is equal to Sx,p⋅ Sy,T - Sx,T⋅ Sy,p. By substituting the 

experimental sensitivities of pressure and temperature, the above equation becomes 

.            (6.4) 

Therefore, pressure and temperature applied on the fiber with FBG can be 

determined simultaneously using Equation 6.4 when the total wavelength shifts of 

each peak are measured. Due to the ultrahigh birefringence, the Hi-Bi PCF possesses 

the capability of good discrimination of pressure and temperature at the same time. 

 

6.6 Chapter Summary 

To conclude this chapter, an ultrahigh birefringence PCF with an elliptical core 

was fabricated and analyzed experimentally and numerically. Both phase and group 

birefringence in experiment and simulation are beyond 10-2 after the wavelength over 
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~1200 nm. FBG was successfully written on the fabricated Hi-Bi PCF, 

demonstrating a high phase birefringence of 1.1×10-2, which is reasonably agreed 

with the calculated value of 1.4×10-2. The FBG written on the fiber has a large peak 

separation over 12 nm. In the meantime, Sagnac loop interferometer verifies that the 

group birefringence reaches 1.3×10-2, which is again in good agreement with the 

simulated figure of 1.5×10-2. To our knowledge, this is the highest birefringence 

reported for fabricated index-guiding PM-PCFs. In the end, pressure and temperature 

responses are demonstrated using the FBG written on Hi-Bi PCF, showing its 

capability of measuring these two parameters simultaneously. 
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Chapter 7  

Six-Hole Suspended-Core Fiber 

 

7.1 Introduction 

Previously, photonic crystal fibers (PCFs), having several rings of periodic air 

holes running along the entire fiber length, have been presented. Normally, according 

to the different guiding principles, PCFs are divided into two categories, namely 

index-guiding PCF and photonic bandgap PCF[1]. The twin-core PCF and ultrahigh 

birefringence PCF are regarded as index-guiding PCFs, which are discussed in 

Chapters 5 and 6 individually. In this chapter, another kind of index-guiding PCF 

fabricated during my research, called microstructured optical fiber (MOF), will be 

introduced, which is suspended-core fiber (SCF). 

As it is well known that after the first endless single mode PCF was 

successfully fabricated[2], PCF-based applications have blossomed in recent years, 

including the use of fiber dispersion management[3], [4], supercontinuum 

generation[5], strain measurement[6], and pressure sensing[7]. Owing to the 

existence of the air holes, PCF also shows good potential in optofluidics applications, 

where the air channels act as perfect pipes for the chemical or biomedical solutions 

to pass through[8].  

Tailored birefringence is one of the features that PCFs have, which can be 

obtained through several approaches including using large air holes adjacent to the 

core[9], elliptical core[10], and asymmetrical geometry[11]. It is worth indicating 

that the commercially available polarization-maintaining PCF (PM-1550-1), with 

two large air holes close to the core, has a group birefringence of ~7×10-4. It has been 
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employed in different kinds of sensing applications such as hydrostatic pressure 

sensing[12], strain measurement[13], salinity detection[14], and even with FBG 

written for multi-parameter measurements[15]. In the previous chapter, the ultrahigh 

phase and group birefringence of PM-PCF were also presented by using two large air 

holes with a highly elliptical core, the birefringence of which can reach ~1.1×10-2. It 

is almost two orders of magnitude higher than that in conventional PM-PCF. 

Suspended-core fiber (SCF), which has several large air holes around the core, 

offers promising opportunities for sensing applications, especially the biomedical 

analysis[16]. The suspended-core of sub-wavelength dimension has more evanescent 

field contact with material or solution in the large air holes. The design of SCF is 

also a good approach to study micro/nano wires[17]. Waveguides with micro/nano 

scale in SCF have higher strength and the whole fiber offers good protection for the 

core from any environmental contamination. In general, SCFs have three[18], 

four[19], or six[5] big holes to support the tiny core. Among them, the Ge-doped 

core six-hole SCF has been applied in FBG-based sensing, for instance, in pressure 

measurement[20]. Nevertheless, pure silica SCF shows less temperature dependency 

compared with the Ge-doped ones due to the thermal expansion of the dopants, as 

experimentally verified by Michie et al[21]. The fluctuation of modal birefringence 

with respect to temperature is between ±1.5% within the temperature range from -25 

˚C to 800 ˚C. Hence, pure silica SCF, especially with large air holes and high 

birefringence, is particularly suitable for the sensing applications where the 

temperature dependency is undesirable. 

In this chapter, the fabrication of SCFs in the study as well as the sensing 

characteristics using the fabricated fiber in terms of pressure, strain, torsion and 

temperature will be presented. The birefringence is introduced to a six-hole 
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suspended-core fiber by forming an elliptical core, exhibiting a large birefringence of 

~5×10-4. The Sagnac interferometer is configured and characterized to measure the 

pressure, strain, torsion and temperature. Moreover, using similar fabrication 

approach, another kind of SCF with a Ge-doped core in the center is presented at the 

end of this chapter and strong FBG is written in the fabricated SCF.  

 

7.2 Fabrication of HB-SCF 

Various fabrications methods can be applied to fabricate the PCFs, including 

stack-and-draw[22], drilling, and extrusion[23] techniques. High birefringence SCF 

(HB-SCF) and Ge-doped SCF discussed in this chapter are fabricated using stack-

and-draw method. During the fiber draw process, it is of great importance to control 

the pressure as well as the surface tension via by adjusting the drawing temperature 

precisely so as to maintain a certain pressure difference across the internal and 

external surface, which determines the final deformations of the holes. The 

relationship can be expressed by 

,             (7.1) 

where ∆P denotes the pressure difference, σ is the surface tension and R 

represents the radius of the internal surface. Luzi et al[24] numerically and 

experimentally investigated the pressure effect in the six-hole SCF in terms of inner 

holes enlargement and the elongation along the radial direction. Relatively high 

temperature will induce serious deformation due to high pressure difference. It is 

noted that, apart from the stack-and-draw method, SCF microstructures can also be 

achieved using commercial PCF by intentionally inflating the selected air holes using 

ΔP = σ
R
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precise-controlled pressure with electrical arc discharge[25] or the flame-brush 

technique[26]. 

As for the HB-SCF, Figure 7.1(a) shows the stacking structure before drawing. 

In the beginning, capillaries were drawn from a silica tube with outer and inner 

diameter (OD/ID) of 30 mm/ 27 mm, meaning that the air-fraction is 0.81. In order to 

introduce the pressure difference between the capillaries, four capillaries with 

OD/ID=1.3 mm/1.17 mm and two capillaries with OD/ID=1.2 mm/ 1.08 mm were 

chosen to conduct the stack. The small discrepancy in diameter here as well as the 

big gap in the center, shown in Figure 7.1(a), eventually resulted in an elliptical core 

after the six capillaries collapsed together. Before being stacked, one end of the six 

capillaries was sealed so that a close channel was formed. The stacking process was 

performed in a jacket tube with the diameter of OD/ID=12 mm/ 4 mm. The small 

gaps between the jacket tube and capillaries were filled with silica rods of different 

diameters. The stacked preform was directly drawn into fiber at a temperature of 

~1940 ˚C with a draw tension of ~0.6 N. At the top of the jacket tube, a pipe was 

connected to apply the vacuum inside the jacket tube to lower the external pressure 

of the capillaries and help the collapse. The vacuum pressure was kept at ~42 kPa. 

During drawing, the feeding and draw speed were 0.54 mm/min and 5.4 m/min, 

respectively. 

 (b)

Jacket tube

Rods

Capillaries
Vacuum
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Figure 7.1 (a) Schematic structure of the stacked preform and (b) the SEM photo of 

the cross-section of the fabricated HB-SCF 

The SEM photo of the cross-section of the fabricated HB-SCF is shown in 

Figure 7.1(b). As the figure shows, the air holes are enlarged and elongated due to 

the pressure difference. In the meantime, an elliptical core is formed when the 

capillaries wall melt together to balance the pressure. Clearly seen from the SEM 

photo, the outer diameter of the final fiber is ~125 µm and each hole has a fan-

shaped dimension of ~22 µm by ~27 µm. The thickness of the strut is ~730 nm, 

which is pretty thin. The center-localized elliptical core has a major and minor axis 

of ~8 µm and ~4 µm. By using the similar splicing technique described in Chapter 5, 

the splicing loss between the HB-SCF and standard SMF is ~2 dB per point. 

 

7.3 Fiber Characterizations of HB-SCF 

7.3.1 Fiber Loss 

As for the fiber loss of the fabricated HB-SCF, the measurement was 

conducted using cut-back method. Figure 7.2(a) shows the measured loss profile 

using a broadband LED source. From the result, it can be seen that the fiber has the 

smallest loss at the wavelength of ~1550 nm, and the loss increases towards the 

shorter wavelength. This is mainly due to the OH absorption in this range, which 

reach a peak at the wavelength of ~1400 nm[27], and the impurities in the low-grade 

glass. Additionally, the fiber loss at 1550 nm was also measured using a laser and the 

result is shown in the inset, giving a fiber loss of 0.156 dB/m. It has to be indicated 

that the conduct of the dehydration process in preform preparation, as discussed in 

Chapter 3, reduces OH absorption a lot. This was not carried out due to the limitation 
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of the laboratory condition. However, the actual fiber loss can be acceptable for 

sensing application. 

 

Figure 7.2 (a) The fiber loss as a function of wavelength, where the inset shows the 

fiber loss measured at the wavelength of 1550 nm using cut-back method and (b) the 

power change with different number of turns after the HB-SCF is coiled into rods 

with diameters of 25 mm, 20 mm, 15 mm, 10 mm, and 5 mm. Inset shows 

photograph of the coiled HB-SCF fiber with 5-mm diameter.  

Because the fiber has a small suspended-core core surrounded by six air holes, 

it should be strongly resistant to the bending. To measure the bending-induced loss, 

the HB-SCF was coiled up to seven turns onto rods with different outer diameters. 

Figure 7.2(b) shows the loss of output power by a power meter (FPM-8210H, ILX 

Lightwave Corporation) after coiling. From the result, it is seen that the bending-

induced loss is very small even though the fiber is bent down to 5 mm in diameter. In 

this case, the power drop is below ~0.1 dB after seven coiling turns. As for larger 

bending diameter (i.e. 20 mm, 25 mm), the power drop is even less than 0.02 dB, 

which is quite small and can be negligible. Therefore, such small bending loss 

permits the realizations of fiber sensors in very small package, showing good 

advantage in specific applications where space is a concern. 
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7.3.2 Mode Analysis 

In order to study the mode profile and the phase modal birefringence of the 

HB-SCF, the simulation was performed using COMSOL based on finite element 

method. The air hole structure of the fiber was depicted accurately according to the 

SEM photo of the fiber cross-section, and then drawn in COMSOL. Taking the 

material dispersion into consideration, the refractive index of fused pure silica was 

determined by Sellmeier equation, which is expressed as 

,    (7.2) 

where the coefficients Bi, Ci are available in[28]. Bi equals 0.6961663, 0.4079426, 

0.8974794 and Ci are 4.67914826×10-3 µm2, 1.35120631×10-2 µm2, 97.9340025 µm2, 

consecutively. 

 

Figure 7.3 (a) Calculated power distribution of the HB-SCF, and (b) and (c) show 

the profiles of electrical field of x- and y-polarized mode, respectively 

Owing to the elliptical core formed in the center, the fiber exhibits high 

birefringence[29]. According to the simulation, two orthogonally polarized 

fundamental modes are found in the core, corresponding to the LP01-x and LP01-y, 

respectively. Figure 7.3 shows the calculated modes profile, where (a) is the 3-D plot 

of the power distribution of the mode LP01, (b) and (c) illustrate the electrical field of 

n2 (λ) =1+ Biλ
2

λ 2 −Cii=1

3

∑
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the x- and y-polarized modes. It can be seen that the modes are well confined in the 

core with small amount of leakage in the air holes. However, if the air holes contain 

liquids, for example water, the evanescent field will penetrate further into the air 

holes, which makes it possible to design the refractometer and chemical sensor. At 

the wavelength of 1550 nm, the effective indices for the fast and slow axis are 

calculated to be 1.43546 and 1.43572, respectively. 

 

7.3.3 Phase and Group Birefringence 

The phase modal birefringence can be obtained via the calculated effective 

indices for the two polarized modes, which is 2.59×10-4 at the wavelength of 1550 

nm. Therefore, by scanning the wavelength in the calculation, the discrete effective 

indices at different wavelength can be found, which are used for the predication of 

phase (B) and group birefringence (G). The relationship is determined by 

,       (7.3) 

.       (7.4) 

Similar to the method used for the twin-core PCF, to determine the dispersion 

term dB/dλ, the discrete B(λ) was numerically fitted with a six-degree 

polynomial[30]. Finally, the numerical G(λ) can be calculated accurately. The curves 

displayed in Figure 7.4 show the relationship of phase and group birefringence as a 

function of wavelength. The inset shows the fiber structure used in the simulation, 

which is also accurately matched with the actual fiber cross-section. It can be seen 

that both B(λ) and G(λ) gradually increase with the wavelength, where G(λ) has a 

negative sign caused by anomalous phase modal birefringence, indicating that the 

B = Nx,eff − Ny,eff

G = B(λ)−λ dB(λ)
dλ
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fast and slow axis are reversed for group modal birefringence[21]. In particular, the 

calculated group birefringence is -4.75×10-4 at the wavelength of 1550 nm. 

 

Figure 7.4 Phase (black dashed line) and group (red solid line) modal birefringence 

as a function of wavelength. The inset shows the air hole structure used in the 

simulation. 

 

7.4 Sagnac Interferometer Constructed with HB-SCF 

A Sagnac interferometer was constructed to measure the modal birefringence 

of the fabricated HB-SCF. In the experiment, HB-SCF with a length of 45 cm was 

spliced between two output ports at one side of a 3-dB coupler, splitting the light 

from a broadband source (BBS) into two counter-propagating beams. Here, the 

splicing loss between the SMF and HB-SCF is ~2 dB per splicing point. In the fiber 

loop, the two beams with equal intensity will interfere either constructively or 

destructively at the 3-dB coupler, depending on the wavelength. Therefore, 

interference spectrum can be observed using an optical spectrum analyzer (OSA). 
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The phase difference (ϕ) between the fast and slow axis after the HB-SCF is 

expressed by 

,          (7.5) 

where λ, B, L, stands for the free wavelength, phase birefringence and the fiber 

length of Bi-SCF, respectively. When ignoring the loss in coupler and fiber, the 

transmission spectrum is a periodic function of wavelength, which can be 

represented as 

.        (7.6) 

The phase shift of two orthogonal modes between two adjacent minima is 2π, 

and it can be described by the following formula[11] 

,        (7.7) 

where Δλ expresses the fringe spacing in the transmission spectrum. By 

computing the derivative (dϕ/dλ) in Equation 7.7 and substituting with Equation 7.4, 

the group birefringence can be derived as 

,             (7.8) 

where λ1 and λ2 are the wavelengths of two adjacent dips. Figure 7.5 plots the 

interference spectrum measured using Sagnac loop and the inset shows the 

configuration. It can be seen that the contrast of the interference is over 20 dB and 

the wavelength positions of two close dips with a separation of 11.08 nm are 1547.52 

nm and 1558.6 nm. By substituting the fiber length of L=0.45 m into Equation 7.8, 

the measured group birefringence is 4.84×10-4, which agrees well with the calculated 

value (4.75×10-4) in the region of 1550 nm. 

ϕ =
2π
λ
B(λ) ⋅L

T ≅ 1− cos(ϕ )
2

2π = dϕ
dλ

Δλ

G =
λ 2

Δλ ⋅L
≈
λ1 ⋅λ2
Δλ ⋅L
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Figure 7.5 Measured transmission spectrum of a Sagnac interferometer using 45-cm 

long HB-SCF. Inset shows the setup of the interferometer. 

 

7.5 Sensing Characterizations with HB-SCF 

The sensing applications based on Sagnac interferometer using high 

birefringence PCF have been investigated and reported in the past years. In terms of 

high pressure sensing, the sensitivity of hydrostatic pressure using commercial PM-

PCF is 3.42 nm/MPa, which is reported by Fu et al in[7]. It is a good candidate to 

use pure silica PM-PCF in extremely hostile environment, especially for the 

measurement of downhole pressure at high temperature due to its robustness and 

high resistance of temperature[12]. By using a light source with a short wavelength 

(e.g. 850 nm), the pressure sensitivity of PM-PCF can be improved up to three times 

(i.e. 10 nm/MPa) compared with the result of 1550 nm, which is also experimentally 

verified by Cho et al[31]. It is worth indicating that using shorter wavelength permits 

the use of low-cost spectrometer, which thus reduces the cost of the whole 

measurement system. The first demonstration of distributed pressure sensing based 

Po
w

er
 (d

Bm
)

−70

−65

−60

−55

−50

−45

−40

−35

Wavelength (nm)
1540 1545 1550 1555 1560 1565 1570 1575

11.08nm

BBS

OSA

Coupler ×

×
HB-SCF

Fiber length: 45cm

Sagnac loop setup



Chapter 7 Six-Hole Suspended-Core Fiber 

	

	

	

151 

on birefringence PCF was reported by T. Chen et al[32], making it promising for 

long distance measurement. Moreover, different designs of PM-PCF used for 

pressure measurement are proposed with encouraging results, including bow-tie 

structure[33], side-hole structure[34], “butterfly” scheme[11], and superlattice 

design[35], [36]. 

Not only the pressure, but also tension and torsion measurements were 

investigated. Dong et al reported a strain sensor using commercial PM-PCF based 

Sagnac loop, with a sensitivity of 0.32 pm/µε in a large range of 0 µε to 32 mε. 

Instead of Sagnac loop, the strain sensitivity of the same fiber was improved up to 

1.3 pm/µε by Han et al[13] by using two linear polarizers. Additionally, the strain 

measurement was conducted on low (5.8×10-5) [37]and high (2.5×10-4) 

[38]birefringence PCFs, obtaining a sensitivity of 0.457 pm/µε and 2.01 pm/µε, 

respectively. According to our investigation, the sensitivity is also related to the 

group modal birefringence and the photoelastic effect of the fiber, which will be 

discussed in the following subsection. As for the measurement of torsion, 

birefringence PCFs show different responses depending on the twisting rates, to 

some extent, which is in accordance with the linear birefringence. In terms of Hi-Bi 

PCF (1.1×10-3), Kim et al[39] explored the torsion effect with a small twisting rate 

and obtained a closely linear response of wavelength shift versus torsion of 59 pm/˚ 

by twisting 18.5-cm long HB-PCF plus a short length of SMF. Afterwards, P. Zu et 

al [40]conducted the torsion measurement using low birefringence PCF and obtained 

a sinc response of 1 nm/˚ by twisting 2 cm long LB-PCF. All of these applications 

are based on wavelength-encoded, however, the output power and amplitude of 

Fourier spectrum are also applied to determine the torsion in measurement, which are 

demonstrated by Fu et al[41] and Frazão et al[42], showing a periodic response of 
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with torsion. Due to the use of pure silica, the temperature sensitivity is quite low for 

these applications, which is less than 1 pm/˚C, including our HB-SCF, indicating its 

capacity of measurements without the need of temperature compensation. 

 

7.5.1 Hydrostatic Pressure Response 

Figure 7.6 shows the setup of pressure measurement using HB-SCF, where a 

30-cm long fiber was spliced with two output ports of a single mode 3-dB coupler. 

The fiber containing HB-SCF part was placed inside a high-pressure chamber. An 

external pressure gauge was connected to the chamber to calibrate the actual pressure 

applied to the HB-SCF. The two counter-propagating beams split by the 3-dB 

coupler interfere again at the coupler and induce periodic interference, as shown in 

Figure 7.5. When pressure applied to the fiber, the phase shift at the dips always 

equals 2kπ (k is an integer). Therefore, if ignoring the length variation caused by the 

pressure and taking the Equation 7.4 into consideration, the relationship between the 

wavelength shift and the applied pressure can be derived as 

,    (7.9) 

where P is the pressure applied to the HB-SCF, G(λ) is the group birefringence 

with pressure. The derivative in the equation represents the birefringence change 

with pressure increment because of the photoelastic effect, which can be predicated 

via the refractive index change via the following equations[43] 

,         (7.10) 

,         (7.11) 

,         (7.12) 

dλ
dP

=
λ

G(λ)
⋅
dB(λ,P)
dP

nx = n(λ)silica −C1 ⋅σ x −C2 ⋅ (σ y +σ z )

ny = n(λ)silica −C1 ⋅σ y −C2 ⋅ (σ x +σ z )

nz = n(λ)silica −C1 ⋅σ z −C2 ⋅ (σ x +σ y )
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where σi (i=x, y, z) is the stress components, and the stress-optic coefficients of 

silica C1, C2 are 6.5×10-13m2/N, 4.2×10-12m2/N, respectively[44]. It, thus, can be seen 

that the pressure-induced index change causes the corresponding wavelength shift. 

 

Figure 7.6 The configuration of Sagnac interferometer constructed for pressure 

sensing where a short length of HB-SCF was spliced between the output ports of a 3-

dB coupler 

In the experiment, the pressure was increased up to 20 MPa, with a step of 2 

MPa. Figure 7.7 shows the experimental result of the pressure measurement using 

Sagnac loop. As a consequence, the wavelength shift as a function of applied 

pressure is obtained with a linear fit of R2=0.9998. Inset illustrates the spectrum shift 

at one minimum, which is over 56 nm for the pressure increased up to 20 MPa. The 

sensitivity of 2.82 nm/MPa was achieved, which is comparable to the result of 

commercial PM-PCF in[7], and much higher than that obtained using FBG method 

(3.04 pm/MPa)[45] or other kinds of interferometers such as solid-core PCF-based 

FPI (5.8 pm/MPa)[46], and the twin-core PCF we reported (21 pm/MPa)[47] and 

discussed in Chapter 5. In the experiment, the resolution of the OSA is 0.02 nm, 
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therefore the accuracy of the pressure discrimination is ~7 kPa, which is good 

enough for the high pressure measurements over 100 MPa.  

 

Figure 7.7 The measured wavelength shift with respect to the applied pressure 

ranging from 0 MPa to 20 MPa. The top left inset shows the spectra of the detected 

dip at pressures of 0, 2, 14, and 20 MPa. 

 

7.5.2 Strain Measurement 

Similarly, due to the photoelastic effect of the fiber, the strain measurement 

can be realized by using Sagnac interferometer constructed with HB-SCF. Unlike the 

pressure measurement, the length of the fiber should be taken into account because a 

part of HB-SCF was used to measure the axial strain.  
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Figure 7.8 Setup for strain measurement using Sagnac interferometer configured 

using the fabricated HB-SCF 

Figure 7.8 shows the schematic setup of the strain measurement. A piece of the 

HB-SCF with a length of L0 was used to configure the Sagnac loop, and two points 

on the HB-SCF, spaced by a distance of L, were fixed on a translation stage with 

glue. In order to eliminate the influence of being swamped by acrylate coating, the 

coating was removed for the sensing part. The translation stage was controlled 

precisely using a computer with a step of 1 µm. Thus, in this case, the phase shift in 

Equation 7.5 can be rewritten as 

,              (7.13) 

where L(ε)=(1+ε)L is the fiber length after pulling, B1(λ,ε), B2(λ) denote the 

birefringence of HB-SCF individually for the fiber section with/without applying 

strain, and α=L/L0. Since the dips occur at the wavelengths where the phase shift 

equals 2kπ, (k is an integer), by calculating the derivative on both sides of Equation 

7.13 with respect to the strain, one can obtain  

. (7.14) 

As a result, by substituting Equation 7.4 into 7.14 and assuming L(ε)=L, the 

strain sensitivity in the Equation 7.14 becomes 

.        (7.15) 

The derivative of B1(λ,ε) represents the birefringence change with respect to 

the applied strain and is determined by Equations 7.10-12. As Equation 7.15 shows, 

it can be predicated that the strain sensitivity can be improved either by adjusting the 

ϕ =
2π
λ

B1(λ,ε) ⋅L(ε)+ (1−α)B2 (λ) ⋅L0[ ]

L(ε)
λ

⋅ B1(λ,ε)−
∂B1(λ,ε)
∂λ

$

%&
'

()
⋅
dλ
dε

+ (1−α) L0
λ
⋅ B2 (λ)−

∂B2 (λ)
∂λ

$

%&
'

()
⋅
dλ
dε

−B1(λ,ε) ⋅L −
∂B1(λ,ε)

∂ε
⋅L(ε) = 0

dλ
dε

=
λ ⋅ ∂B1(λ,ε) /∂ε +B1(λ,ε)[ ]
G1(λ,ε)+ (1 /α −1) ⋅G2 (λ)
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birefringence of the two sections of PCF with opposite sign or by using longer length 

of the fiber for sensing section (larger α). 

 

Figure 7.9 (a) Measured wavelength shifts as a function of applied strain, giving 

sensitivity of 0.43 pm/µε, and (b) the spectrum shift at one dip around ~1553 nm 

Figure 7.9 plots the results of the strain measurement using a fiber with a 

length of L=16.7 cm. In the experiment, four dips located around 1546nm, 1553nm, 

1561nm, 1568nm in the transmission spectrum were traced when pulling the fiber at 

a step of ~600µε. Observed from the Figure 7.9 (a), all the dips shift to the longer 

wavelength linearly (R2~0.999), indicating similar sensitivity of 0.43 pm/µε. It is 

noted that because there are large air holes and very thin struts in the fiber, the 

applied strain is not fully coupled to the core[48], in other words the strain is 

swamped. This induces lower sensitivity (~40%) compared with all-solid fibers. 

Figure 7.9 (b) shows the spectrum shift of one dip of ~1553 nm.  
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Figure 7.10 Relationship of weight and wavelength shift versus the applied strain on 

the fiber, for the cases of using 12.6 cm and 16.7 cm long HB-SCF 

In comparison, a shorter HB-SCF of 12.6 cm was used to repeat the 

measurement. The results of the two measurements are shown in Figure 7.10. There 

is a weight sensor integrated on the translation stage, which can be used to measure 

the weight applied to the fiber. Wong et al[49] experimentally reported that one gram 

of weight can induce 11.07 µε for the solid single mode fiber. The relationship 

between the weight and strain can be expressed by 

ε =
σ
E
=

F
S ⋅E

=
mg
S ⋅E

,           (7.16) 

where σ and E is the stress and Young’s Modulus, respectively; S is the cross-

section area of silica and g is the gravitational acceleration. By subtracting the hole 

area of the HB-SCF, the calculated cross-section area of silica is approximated to be 

10,000 µm2. Substituting the Young’s modulus of silica E=72.5 GPa into the 

equation, one can obtain that one gram of weight induces 13.52 µε for HB-SCF, 

which is larger than that of all-solid single mode fiber because of the existence of air 

holes. From the top curves in Figure 7.10, where the measured relationship of weight 
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and strain for the two different sensing lengths of HB-SCF is plotted, a coefficient of 

12.8 µε/g and 12.59 µε/g are obtained for the cases of 12.6 cm and 16.7 cm, 

respectively. Both results are very close to the calculated value (13.52 µε/g). As for 

the strain sensitivity, shown in the bottom curves, the case with longer sensing length 

(i.e. larger α) has higher sensitivity (0.43 pm/µε), about 1.5 times better than that 

obtained using shorter sensing length (0.28 pm/µε), which verifies the theoretical 

analysis by Equation 7.15. 

 

7.5.3 Torsion Response 

Using the fabricated HB-SCF, the torsion measurement can be conducted as 

well based on the dependence of birefringence on the twisting effect. The setup is 

similar to Figure 7.8, however, one of the stages was replaced with a coaxially 

rotating stage so as to apply torsion effect on the HB-SCF. Instead of using OSA and 

BBS, an interrogator integrated with a polarized laser in order to detect the power 

change was used. According to [50], when twisting the HB-SCF, the retardance 

induced for the orthogonal modes can be expressed by the following formula 

R(ξ ) = 2arcsin ρ

1+ ρ2
sin(γ ⋅L)

"

#
$
$

%

&
'
'
,     (7.17) 

where 

ρ =
Δβ

2(ξ −α)
,γ = 1

2
Δβ 2 + 4(ξ −α)2 ,ξ = θ

L
.      

L is the length of twisted fiber, θ is the twisted angle and Δβ is the intrinsic 

linear birefringence of HB-SCF. In Equation 7.17, the optical rotation (α=gξ) is 

induced by the photoelastic effect, where g is experimentally calibrated to be 0.08 for 

the singe mode fiber. Nevertheless, this value may change due to the different fiber 
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structure. When the twist rate (ξ) is smaller than the linear birefringence, the 

retardance is linearly proportional to the torsion; whereas the circular rather than the 

linear birefringence dominates for the case of large twist rate, exhibiting a sinc 

function relationship of the retardance and torsion[50]. The optical power related to 

retardance, therefore, alters periodically at a given wavelength because of the total 

impact of linear and circular birefringence[41]. 

 

Figure 7.11 (a) The spatial frequency domain of the optical spectra at the twisting 

position of 60˚ and 150˚, and (b) the evolution of 1st order peak of FFT spectrum 

from 60˚ to 150 ˚, where the inset shows the amplitude change of the 1st order peak 

as a function of applied torsion from 0˚ up to 400˚. 

Figure 7.11 shows the experimental results for the torsion measurement. (a) is 

the FFT spectrum of the result at the instances when one end of the fiber was rotated 

by 60˚ and 150˚, where the insets show the optical spectra. It can be observed that 

the extinction ratio of the optical spectrum changes with the twist angle and it can be 

determined from the FFT results as well. The first order in the FFT spectrum was 

chosen to measure the torsion from 0˚ to 400˚. It is noted that the first minimum 

occurs at the position of ~60˚is because of the residual circular birefringence in the 

HB-SCF. Figure 7.11 (b) illustrates the evolution of the first order peak of FFT 
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spectrum when the fiber was rotated from 60˚ to 150˚. Clearly seen from the inset 

plotting the peak amplitude as a function of twist angle from 0˚ to 400˚, the peak 

amplitude changes periodically with the applied torsion, which is also similar to the 

result reported in[42]. Considering the ranges of 90˚~140˚, 160˚~200˚, the curve is 

quite linear with R2 of 0.99. Thus, the sensitivity for the linear region can be 

estimated to be 630/˚ or 0.0157/˚ if normalized, which is comparable to the 

approach of power detection (0.014/˚)[41]. 

 

7.5.4 Temperature Insensitivity 

 

Figure 7.12 Temperature characteristics of HB-SCF, showing a sensitivity of ~1 pm/

˚C, where inset shows the small spectrum shift at temperature from 50 to 350 ˚C. 

In terms of the temperature response of the HB-SCF, since the material is pure 

silica, the sensors based on this fiber are expected to have low temperature sensitivity. 

In contrast, the FBG-based sensors on Ge-doped single mode fiber have a 

temperature sensitivity of ~10 pm/˚C[51]. The fiber was put in a furnace, which was 

heated from 50 ˚C to 350 ˚C, to investigate the temperature dependency of the HB-

SCF. Figure 7.12 shows the wavelength shifts when the temperature changed. As it 
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can be seen, the measured temperature sensitivity is then estimated as ~1 pm/˚C, 

around ten times smaller than that of FBGs inscribed in SMF28. During the whole 

measurement, the wavelength at one dip fluctuates very little, as shown in the inset 

of Figure 7.12.  

 

7.5.5 Discussion and Conclusion 

The comparison between the sensitivities of pressure, strain, torsion and 

temperature in previous reported works is summarized in Table 7.1, including the 

results of the HB-SCF. Basically, the HB-SCF shows better performance than 

normal PM-PCF in terms of strain, torsion and temperature-dependency. However, 

due to the different principle used, the sensors based on rocking filter that was 

fabricated in MOF (butterfly structure) using CO2 laser have extremely higher 

pressure sensitivity of 72.6 nm/MPa[52], than those obtained by PM-PCF or even 

Sagnac interferometer of HB-SCF. Another approach of using frequency conversion 

in similar MOF was demonstrated, obtaining a pressure sensitivity of 0.333 

THz/MPa[53], i.e. ~2.4 nm/MPa if considering wavelength shift, which shows 

comparable result with HB-SCF. In this work, the temperature-pressure cross 

coefficient, (dλ/dp)/( dλ/dT), is found to be 2.82×103 ˚C/MPa, meaning that the 

temperature dependency is so small. Meanwhile, this coefficient is comparable to the 

reported result by A. Anuszkiewicz et al in 2012[52], which is 3.5×103 ˚C/MPa. As 

for the strain measurement, similar sensitivities are reported in suspended twin-core 

fiber as well as the three-/four-hole SCFs, with the figure of 1~2 pm/µε. Furthermore, 

the FBG on PM-PCF was proposed to measure the pressure as well. However, it 

exhibited much lower sensitivity of -1.84 pm/MPa regardless of the different sensing 

principle used. It is worth indicating that the strain response of FBGs is around 2 
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times higher than that obtained with HB-SCF. This is due to the existence of air 

holes along the fiber. 

Table 7.1 Sensitivity comparisons of pressure, strain, torsion and temperature 

Principle/Fiber Pressure Strain Torsion Temperature 

This work 2.82 nm/MPa 0.43	pm/µε	 0.0157/° ~1 pm/°C 

Sagnac loop with 

PM-PCF 

3.42 nm/MPa[7] 0.23 pm/µε[6] 0.014/°[41] -2.2 pm/°C[7] 

Rocking filter in 

MOF[52] 

-72.6 ~ -177 

nm/MPa 

___ ___ -28 to -79 

pm/°C 

Rocking filter in 

PM-PCF[54] 

3.3 nm/MPa 1.12 pm/µε ___ 1.38 pm/°C 

Frequency 

conversion in 

MOF[53] 

0.333 THz/MPa ___ ___ ___ 

FBG in PM-

PCF[15] 

-1.84 pm/MPa 0.942 pm/µε ___ 10.51 pm/°C 

Suspended twin-

core fiber[55] 

___ -0.9 

pm/µε 

0.0028 /° -19.9 pm/°C 

Suspended-core 

fiber with three 

holes[56] 

___ -0.8 pm/µε 59 pm/° 21.3 pm/°C 

Suspended-core 

fiber with four 

holes[57] 

___ 1.94 pm/µε ___ 0.23 pm/°C 
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7.6 Ge-doped Suspended-core Fiber 

7.6.1 Fabrication of Ge-SCF 

Using similar fabrication technique of HB-SCF, Ge-doped suspended-core 

fiber (Ge-SCF) can be fabricated by inserting a Ge-rod in the center to be the core 

during stacking. There is a microfiber that is suspended by the six air holes instead of 

pure Ge-dope core. However, by introducing a small Ge-dope core, the entire 

microfiber in the center can be regarded as the suspended core because the tiny Ge-

doped part cannot guide the fundamental mode any more in the core area. Figure 

7.13 shows the schematic stacking structure of the Ge-SCF. 

 

Figure 7.13 Schematic figure of the stacking structure of Ge-SCF 

Firstly, six capillaries with outer diameter (OD) of ~1.3 mm and inner diameter 

(ID) of ~1 mm (AF=0.76) were drawn from a tube (OD: 25 mm, ID: 19 mm). And 

then the rods with same size were drawn from ‘Silibend’ Ge-core preform (OD: 22.5 

mm, ID: 4 mm, Ge-doped area). The stack was conducted in a jacketing tube (OD: 

12 mm, ID: 4 mm). Unlike the HB-SCF, all the six capillaries have the same 

dimension to avoid pressure difference during drawing. The capillaries are sealed at 

one end using a H2/O2 flame torch. The stacked preform was drawn into fiber of 125 

OD=12mm

ID=4mm

OD=1.33mm
AF=0.76

22.5/4 mm Ge-doped core preform

1.33/0.23 mm Ge-doped core rod

After drawing into finer with the diameter of 125µm, the cladding 
diameter of inside-fiber is ~14µm, the core diameter is ~2.4µm.
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µm directly on the fiber drawing tower at the temperature of ~1960 ˚C. The feeding 

and drawing speed are 0.76 mm/min and 7 m/min, respectively. Drawing tension to 

maintain the structure is monitored to be ~0.5 N. In order to collapse all the gaps 

between the jacket tube and capillaries, uniform vacuum of 30 kPa was applied to the 

top of the jacket tube. The SEM photo of the cross-section of the final fabricated 

fiber is shown in Figure 7.14. The strut is ~1 µm in width, and the diameter of the 

inside microfiber is ~14 µm. Since the Ge-doped rod with a diameter of 1.3 mm was 

drawn from a preform with cladding diameter of 22.5 mm, and core diameter of 4 

mm, the diameter of Ge-doped area was then estimated to be ~2 µm (1.3× !
!!.!

× !.!"#
!"

) 

after drawing the stacked tube (12mm/4mm) into 125 µm. The entire drawing 

process follows the Mass Conservation Law, as shown in Equation 3.2.  

 

Figure 7.14 SEM photo of the cross-section of Ge-SCF 

7.6.2 Mode Profiles with Different Diameter Core 

17.5µm
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Figure 7.15 (a) Calculated mode distributions at horizontal direction of Ge-doped 

SCF with Ge-doped diameters of 2, 3, 4, 5, 6, 8 µm respectively, (b) are the mode 

profiles of these cases where the white circle represents the Ge-doped area 

Because the Ge-doped area is around 2 µm in diameter, the fundamental mode 

cannot be fully confined in the Ge-dope core and the entire suspended fiber acts as 

the core of Ge-SCF. This fact introduces evanescent field, which can penetrate into 

air holes, making the fiber a good candidate for the detection of biomaterial (e.g. 

refractive index) filled in the holes. Figure 7.15 demonstrates the calculated mode 

distribution of Ge-SCF with Ge-doped part of 2, 3, 4, 5, 6, 8 µm in diameter. It is 

observed that the electrical energy tends to be confined in the center area when 

increasing the Ge-doped area. From 8 µm down to 3 µm, the field becomes looser 

with smaller intensity, compared to the Ge-doped area. When the diameter is reduced 

to below 3 µm, the mode distribution at x direction starts to expand and therefore 

strengthens the evanescent field. From the mode profiles in Figure 7.15 (b), the main 

part of the electric field is filled in the suspended microfiber rather than confined in 

the Ge-doped area. 
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Table 7.2 Calculated effective index of fundamental mode guided in Ge-SCF with 

different Ge-doped area  

Ge area 2 µm 3 µm 4 µm 5 µm 6 µm 8 µm 

neff 1.441773 1.442478 1.443347 1.444217 1.444984 1.446115 

 

The effective indices for the cases of different Ge-doped areas are listed in 

Table 7.2. In the simulation, the index for the Ge-doped is 1.4498 and that for the 

pure silica is 1.444 at the wavelength of 1550 nm. It can also be seen that when the 

Ge-doped area is reduced to <4 µm, the effective index of fundamental mode is less 

than that of silica (1.444), which also means that the fundamental mode is guided in 

the whole suspended silica part. Because of this, there are few modes guided in the 

suspended core, which is confirmed by the multi-peaks in the reflection spectrum of 

FBG written on Ge-SCF. 

 

7.6.3 FBG on Ge-SCF 

 

Figure 7.16 Reflection spectrum of FBG written on Ge-SCF 

Fiber type: Ge-SCF
The pitch of phase mask: 1068 nm
The length of grating: 10 mm
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Bragg grating was written on the fabricated Ge-SCF. Before inscription, the 

fiber was put into the hydrogen chamber for around 2 days. 193-nm ArF excimer 

laser with the power of  ~100 mJ, frequency of 15 Hz, pulse count of ~36,000 was 

used to write the Bragg grating. The scanning process was operated 10 times with the 

velocity of 0.1 mm/s. The length of the grating is 10 mm. The reflection spectrum of 

one weak FBG is plotted in Figure 7.16. By hydrogen-loading the fiber for longer 

time and with heat, stronger grating can be inscribed on the Ge-SCF even if the Ge-

dope area is so small. Figure 7.17 shows the reflection spectra of strong FBG on Ge-

SCF and saturated FBG on SMF with reflectivity of 100% for comparison. In 

contrast, the reflectivity of grating written on Ge-SCF is ~80%. Furthermore, several 

peaks are observed from the spectrum of FBG on Ge-SCF, implying that the fiber is 

few mode fiber. The reflective peak caused by the mutual coupling of LP01 and LP02 

mode is also seen between LP01 and LP02 peaks, which is in accordance with our 

results FBG on few mode microfiber reported in [58]. This, in a different way, 

verifies that the entire suspended-microfiber acts as the core of Ge-SCF. 

 

Figure 7.17 Reflection spectra of strong FBGs on Ge-SCF and SMF 
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7.6.4 Temperature and Strain Characteristics Based on FBG of Ge-

SCF 

The Ge-SCF with Bragg grating was manually spliced to single mode fiber 

with similar technique described previously using commercial splicer. To 

characterize the temperature response of the FBG on Ge-SCF, a broadband light 

source and OSA with resolution of 0.02 nm were utilized to launch and detect the 

light. A circulator was used in order to measure the reflection spectrum. The FBG 

was put in a container filled with water and temperature control was implemented by 

heating the water from room temperature (25 ˚C) to over 90 ˚C, indicated by a 

thermometer. The temperature response for this kind of FBG is shown in Figure 7.18. 

It can be seen that the sensitivity is ~10.7 pm/˚C, which is quite close to that of the 

Bragg grating on the conventional single mode fiber (~10pm/˚C). The temperature 

response has a good linearity with R2 of 0.99946. It is reasonable that the sensitivity 

of FBG in Ge-SCF is the same as that in single mode fiber due to the similar 

concentration of Ge dopant in the initial core-preform. 

 

Figure 7.18 Temperature response of the FBG on Ge-SCF 
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In terms of strain measurement of the fiber, the FBG was stuck on the 

translation stage on both ends with glue (LOCTITE® 431). The stage of a resolution 

of 10 µm was controlled precisely by a computer. Figure 7.19 shows the result of 

strain measurement. It can be seen that the sensitivity measured is ~0.96 pm/µε with 

a good linearity of R2 of 0.99978. This is smaller than the typical value of FBG on a 

conventional single mode fiber, which is ~1.2 pm/µε. It can be explained by the six 

holes in the fiber that impede the strain transferred to the core. 

 

Figure 7.19 Measured strain response of the FBG on Ge-SCF 

 

7.7 Chapter Summary 

To conclude, in this chapter, the fabrication and characteristics of six hole 

suspended-core fibers are presented, including the high birefringence SCF and Ge-

doped SCF. As for HB-SCF that has an elliptical core, induced by using capillaries 

of different sizes and adjusting the pressure difference during drawing process, the 

fiber loss, guided modes, birefringence, are characterized. At the wavelength of 1550 

nm, the calculated birefringence is 2.59×10-4 and 4.74×10-4 for the phase and group 

birefringence, respectively. Its high birefringence is confirmed experimentally by 
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setting up Sagnac interferometer, obtaining a group birefringence of 4.84×10-4, 

which is in good agreement with the simulation. The constructed Sagnac 

interferometer was proposed to work as sensors of pressure, strain and torsion. In the 

experiments, the pressure sensitivity was measured to be 2.82 nm/MPa, comparable 

to that of commercial PM-PCF. However, the fabrication of HB-SCF is easy and 

avoids the complicated stack of many capillaries. As for strain measurement, higher 

sensitivity is achieved by using longer sensing length of the fiber, and sensitivities of 

0.43 pm/µε and 0.28 pm/µε are found for the sensing length of 16.7 cm and 12.6 cm, 

respectively. The fiber also shows the capability of torsion measurement with a 

normalized sensitivity of 0.0157/˚ by detecting the extinction ratio of the interference 

pattern of optical spectrum using FFT algorithm. Since the HB-SCF was fabricated 

using pure silica, the temperature dependency of the fiber should be quite low and 

experimentally calibrated to be ~1 pm/˚C. 

At last, using similar fabrication technique, the Ge-SCF is also introduced in 

terms of the design and Bragg grating. Because there is a Ge-doped area in the center, 

we are able to write strong gratings on the fiber. The temperature and strain response 

of the FBG on Ge-SCF is measured to be 10.7 pm/˚C and 0.96 pm/µε, respectively. 

Not only the HB-SCF, but also the Ge-SCF, provides good and promising 

capabilities in sensing applications. Because of the evanescent field in the air hole, 

they are also good candidates for chemical and biomedical detection with 

configurations where liquids flow in the big air holes along the fiber. 
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Chapter 8  

Refractive Index Sensing Using C-Shaped Fiber 

 

8.1 Introduction 

In this chapter, two kinds of interferometers with a special C-shaped fiber for 

refractive index sensing will be presented. The interferometers are based on Sagnac 

loop and Fabry–Pérot cavity. The homemade C-shaped fiber functions as an open 

window for the interferometers, where the liquids can get through in and out from 

the sensing part. Besides the structural heath monitoring (SHM) for the parameters of 

pressure [1], strain [2], torsion [3], inclination [4], acceleration [5], etc., the optical 

fibers, especially PCFs, are also good candidates for the biosensing due to its small 

size, low-cost for fabrication and the capability of in-line propagation of signal. 

Among the biosensors, those based on the measurement of refractive index (RI) 

change of the material have attracted tremendous attention because the RI is so 

important to determine the properties of one material [6].  

In terms of optical fiber based biosensors, for example, long period gratings 

(LPGs), etched fiber Bragg gratings (FBGs), FBGs on microfiber, suspended-core 

fiber, tilted fiber Bragg gratings (TFBGs) have been investigated as RI sensors for 

biosensing applications in the past few years [7–11]. However, the LPG- or FBG-

based RI sensors only show lower sensitivity of several hundreds nanometers per 

refractive index unit (RIU). Novel configurations with special optical fibers (such as 

PCFs) are needed to improve the performance of RI measurement. 

RI sensors based on interferometry offer high sensitivity, large measurement 

range and linear response. Sagnac loop and Fabry–Pérot cavity are promising in 
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sensing and there have been many ways investigated to configure the interferometry. 

As for RI sensors with optical fibers, good approaches are preferable if the liquids 

can get in and out from the sensing cavity so that the materials have opportunity to 

interact with the light. It is pointed out that the C-type fiber was firstly proposed and 

fabricated by the group in Yonsei University in South Korea [12]. In their work, the 

C-type fiber was spliced between the SMF and a Ge-doped ring defect PCF in order 

to conduct the gas detection, where C-type fiber offered the opportunity for gas to 

get inside and enabled the interaction between gas and the guided light in PCF. 

Similarly, the C-type fiber can be also proposed and used as an opening window for 

liquids so that the refractive index of liquids can be determined. In this chapter, we 

propose and demonstrate an approach to construct these two interferometers using C-

shaped fiber, which provides an opening window on the side of fiber for the liquids. 

In experiment, a sensitivity of 6621 nm/RIU is obtained in the RI range of 1.330 to 

1.333 by using Sagnac interferometer with PM-PCF, and the response of Fabry–

Pérot interferometer is 1368 nm/RIU.  

 

8.2 In-line Microfluidic Refractometer Based on Sagnac 

Interferometer with PM-PCF 

8.2.1 Introduction of Filling Liquids into PCFs 

As discussed in the previous chapters, the photonic crystal fibers (PCFs) are 

good candidates to be developed as sensors due to the air holes along the fiber and 

the flexibility of structure design. In the past few years, using PCFs as microfluidic 

sensors also attracts much attention since they show high sensitivity and ability to 

detect small amount of volume of the analytes [6,13]. The air holes of PCFs allow 
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for the liquids or gas to pass though, and the properties of the fiber, for instance, the 

birefringence, dispersion, transmission loss, are dependent on the RI of the liquids in 

the microchannels of PCFs. 

PM-PCF, one kind of widely-used PCFs, has high birefringence of ~4×10-4. 

The high birefringence helps to configure a Sagnac interferomter, which has been 

introduced in the chapter 6&7 as well. In order to fill the liquids into the air holes of 

PCFs, there are two main approaches. One is to splice the PM-PCF with single mode 

fiber after filling the liquids while the other one is that the light is free-space coupled 

into PM-PCF, leaving small cavity between SMF and PCFs for liquids to get 

through [14–18]. However, the former method is difficult to reuse the sensor and the 

latter one makes the alignment of coupling complicated and bulk optics is needed. To 

develop a robust opening for the liquids to get in and contact the light guided in the 

core, the method of drilling hole on the side of PCFs was demonstrated by Cordeiro 

et al by using a femtosecond laser micromachining technique [19]. Nevertheless, the 

micromachining process needs precise positioning devices and high quality of the 

laser beam, which makes the fabrication complicated with high cost. 

The usage of C-shaped fiber in our work makes it easy to handle with liquids 

into the air holes of PCFs. In the configuration, both ends of PM-PCF are low-loss 

connected to single mode fibers with two pieces of ultrathin C-shaped fiber in 

between. Thus, the existence of C-shaped fiber provides an open window for the 

liquids to get in and pass through the air holes of PM-PCF. The entire fabrication of 

the device is low-cost since only commercial fusion splicer is utilized. 

 

8.2.2 Materials and Fabrication 



Chapter 8 Refractive Index Sensing Using C-Shaped Fiber 

	

	

	

182 

To fabricate the Sagnac interferometer with an open slot, special C-shaped 

fiber was designed and manufactured in the lab. Firstly, a pure silica (F300) tube 

with an outer diameter (OD) and inner diameter (ID) of 12 and 4 mm was side 

polished to create a lateral slot along the axial direction of the tube. By doing this, a 

C-shaped preform was obtained. After that, the machined tube was drawn into fiber 

size on the fiber draw tower at a relatively lower temperature. The drawing 

temperature is ~1890 ˚C to maintain the cross-section structure of ‘C’ shape even 

after drawn. The drawing tension is ~0.9 N. Acrylate coating was used to protect the 

fabricated C-shaped fiber. Figure 8.1 shows the SEM photo of the cross-section of C-

shaped fiber after drawn. From the SEM photo, it is known that the outer diameter of 

the C-shaped fiber is ~145 µm and inner diameter is ~48 µm, which happens to 

cover the entire air-hole region of PM-PCF. (Here, I would like to acknowledge Dr. 

Ming Leung Vincent Tse for helping to fabricate the C-shaped fiber and Dr. Chuang 

Wu’s collaboration in the experiments.) 

 

Figure 8.1 SEM photo of the homemade C-shaped fiber 

In order to splice the C-shaped fiber between PM-PCF and SMF, a microscope, 

fiber cleaver and fusion splicer were used. As shown in figure 8.2 (a), after spliced 

with a single mode fiber, the C-shaped fiber was cleaved into ~20 µm short length 
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under the microscope, so that a structure of SMF+C was formed. Then, a PM-PCF 

was manually spliced with another SMF to obtain a PM-PCF+SMF. A tunable laser 

and a power meter was utilized to splice the two above structures together, which 

means the C-shaped fiber was connected to the PM-PCF (SMF+C+PM-PCF+SMF), 

as shown in Figure 8.2(b). The online measurement of transmission power helps to 

reduce the total splicing loss and ensure a good strength without collapsing the air 

holes of PM-PCF. Here, the splicing parameters are similar to the splicing of PCFs 

and SMF, which have been introduced in the previous chapter. Next, the joint 

between PM-PCF and SMF was broken and a new nice cleave was applied on this 

end of PM-PCF. Then, another structure of C+SMF, shown in Figure 8.2 (c) was 

prepared as the previous structure of SMF+C. Finally, the two assemblies of 

SMF+C+PM-PCF and C+SMF were manually spliced together, also with the online 

measurement of the transmission power. Thus, a novel device with an arrangement 

of SMF+C+PM-PCF+C+SMF was obtained, with a total connection loss of ~8 dB. 

 

Figure 8.2 Photos of the connection of C-shaped fiber and PM-PCF, where (a) is 

SMF+C, (b) is SMF+C+PM-PCF, (c) is C+SMF, (d) is PM-PCF+SMF, and (e) SEM 

photo of the PM-PCF with a thin C-shaped fiber spliced on the end. 

125µm

(a) (b)

(c) (d)

(e)

PM-PCFSMF

SMFPM-PCF
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It is worth indicating that this technique is general and can be applied to other 

kinds of PCFs, where an open window for liquids or gas to pass through is desired. 

To demonstrate its repeatability, we also tried our fabricated suspended-core fiber 

(SCF) discussed in chapter 7. Figure 8.3 shows the SEM photo of the SCF spliced 

with a thin piece of C-shaped fiber. 

 

Figure 8.3 The SEM photos of the example of the structure of SCF+C 

Since PM-PCF has high birefringence, with the fabricated structure, a novel 

Sagnac interferometer was constructed. As shown in Figure 8.4, a broadband source 

and an optical spectrum analyzer (OSA) were used to launch and detect the light. A 

3-dB coupler was utilized to split the light into two arms, which were spliced with 

the fabricated structure of SMF+C+PM-PCF+C+SMF. The two counterpropagating 

light waves after transmitting the PM-PCF recombine together at the 3-dB coupler. 

Thus, an interference pattern is observed on the spectrum, which is related to the 

phase difference of the two orthogonal modes guided in the PM-PCF. A polarization 

controller (PC) was introduced to adjust the polarization state and then optimize the 

interference intensity contrast. Figure 8.4(b) schematically illustrates the proposed 

structure that was inserted in the Sagnac loop. 
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Figure 8.4 Schematic figures of (a) the experimental setup of Sagnac loop and (b) 

the fabricated structure of SMF+C+PM-PCF+C+SMF 

8.2.3 Principle of Operation 

According to  [20], the transmission spectrum of a Sagnac loop constructed by 

a PM-PCF can be approximated by  

,    (8.1) 

where λ is the wavelength in free space, na denotes the refractive index of the 

liquid to be analyzed and filled in the air holes of PM-PCF, and L, B is the fiber 

length and phase birefringence of PM-PCF, respectively. The relationship between 

phase birefringence (B) and group birefringence (G) can be obtained in Equation 

(7.4). Generally, the transmission dips occur when the phase difference equals the 

2kπ (k is an integer), namely, 

.          (8.2) 

By carrying out the derivative of the both sides of Equation (8.2) with respect 

to na, one can deduce the RI sensitivity of the microfluidic sensor based on Sagnac 

interferometer, which can be expressed by 

,             (8.3) 
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where G(λ,na) is the group birefringence of PM-PCF after liquid filled in. 

Based on Equation (8.2), the two adjacent dips have a phase difference of 2π, 

therefore, the absolute value of the group birefringence can be obtained as 

,     (8.4) 

where λ1, λ2 is the wavelength of the two adjacent dips, Δλ is their difference. 

The phase and group birefringence can be calculated by computing the effective 

index of the fiber as a function of wavelength for the cases without/with liquid. The 

approach is similar to compute the effective index of SCF in chapter 7, whereas the 

difference is that the index of air hole is set to be 1.333 with water filled. Figure 8.5 

plots the curves of phase and group birefringence of PM-PCF with and without water 

(na=1.333) filled in the air holes. At the wavelength of 1550 nm, it can be observed 

that the group birefringence (G) before and after water filled is found to be -8.0×10-4 

and -3.1×10-4, respectively. 

 

Figure 8.5 Calculated modal birefringence (B and G) of PM-PCF as a function of 

wavelength before (na=1) and after water (na=1.333) filled in the air holes  

G =
λ1λ2
ΔλL
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By calculating the modal birefringence for different refractive index in the air 

holes, we can obtain the value of the derivative !"(!,!!)
!!!

 in the Equation (8.3). Thus, 

the theoretical sensitivity of RI can be calculated as 5116 nm/RIU and 5385 nm/RIU 

for the wavelength of 1550 nm and 1620 nm, respectively. Since the sign of the 

derivative and group birefringence are both negative, the spectrum shifts to longer 

wavelength position with the increase of refractive index of liquid. 

 

8.2.4 Experimental Results and Discussion 

The proposed Sagnac interferometer was utilized to conduct the experiments. 

One of the splicing joint with C-shaped fiber was immersed into the de-ionized water. 

Because of the capillary force, the water will automatically get into the air holes of 

PM-PCF through the open window of C-shaped fiber. The duration of water filling is 

about 6 minutes until the spectrum gets stable. As shown in Figure 8.5, the PM-PCF 

with water filled (high na) has lower group birefringence, the wavelength spacing 

(Δλ) of the spectrum becomes broader according to the Equation 8.4. This is verified 

by the experimental result plotted in Figure 8.6, which shows the interference 

spectrum of the Sagnac loop before and after water completely filled into the air 

holes. As a result, the spacing of the spectrum before and after water filled is 24.82 

nm and 74.10 nm, respectively, corresponding to an absolute group birefringence of 

8.41×10-4 and 2.97×10-4, which is also in good accordance with the calculated values 

for these two cases. 
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Figure 8.6 Measured transmission spectra of the Sagnac interferometer before (red 

dashed line) and after (black solid line) water filled in the air holes, corresponding to 

a wavelength spacing of 24.82 nm and 74.10 nm, respectively 

Because the PM-PCF is made of pure silica, which has quite low dependency 

of temperature [21], one can tune the refractive index of water filled in the air holes 

of PM-PCF by changing its temperature [22]. Therefore, it is possible to characterize 

the capability of RI measurement of the constructed Sagnac interferometer by 

changing the temperature of water. In experiment, the PM-PCF with C-shaped fiber 

was put into water bath. The water was heated up with temperature precisely 

calibrated by a thermometer of accuracy of 0.1 ˚C. This method allows us to detect a 

small range of RI and demonstrate the measurement using the fabricated sensor. 

Theoretically, it is possible to measure the RI by replacing different liquids, however, 

which may require more tools such as pump to help the liquids flow through the air 

holes. Figure 8.7 shows the experimental results of the RI measurement, where (a) is 

the spectrum shift in the cases of different RI and (b) is the wavelength response of 

different RI. 
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Figure 8.7 Experimental results of (a) spectrum shifts for different refractive indices 

of the analyte and (b) wavelength shift as a function of different RI 

As it can be seen, the interference spectrum shits to the longer wavelength 

when the RI increases, which is consistent with the previous theoretical analysis. The 

sensitivities obtained in the experiments are 6291 nm/RIU and 6621 nm/RIU at the 

wavelength of 1550 nm and 1620 nm, individually, which are also in good 

agreement with the calculated values. The R2 of linear fit of the experimental data is 

over 0.999. Since the resolution of the OSA used is only 0.02 nm, thus, the RI 

detection limit of the fabricated Sagnac interferometer is calculated to be 5.2×10-6, 

according to the method in [23]. 

 

8.3 In-line Microfluidic Refractometer Based on Open 

Cavity Fabry–Pérot interferometer 

8.3.1 Introduction to Fabry–Pérot interferometer for Sensing 

In the above section 8.2, the Sagnac interferometer constructed with PM-PCF 

and a special C-shaped fiber was presented. As it was described, the C-shaped fiber 

has a side-polished slot along the length and makes it possible for liquids or gases to 
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get in the air holes of PCFs from the lateral direction. Strictly speaking, the C-shaped 

fiber is not called an optical fiber because there is no core in the center. On the 

contrary, the center part is a hollow hole, as shown in Figure 8.1. Therefore, it is 

possible to apply the hollow hole in the center as a good cavity of Fabry–Pérot 

interferometer (FPI), where the cavity offers the opportunity of contact between the 

liquids and optical light due to the side slot of C-shaped fiber. In this section, this 

kind of Fabry–Pérot interferometer is introduced. 

Fabry–Pérot interferometer constructed with optical fiber attracts tremendous 

attention of research in the past two decades [24], mainly due to its characteristics of 

compact size, high sensitivity, ease of fabrication, and low-cost. Until now, the 

researchers have worked out many kinds of Fabry–Pérot interferometers in terms of 

fiber optic sensors. For example, people tried the methods of splicing different types 

of fibers or tubes  [25–30], etching the fibers [31,32], laser-machining the single 

mode fiber [33–41], FBG pairs [42] and chemical self-assembly [43] and so forth to 

form the cavity. The Fabry–Pérot cavity can be divided into two categories: one is 

totally sealed cavity and the other one is open cavity. It has to be indicated that most 

of the sealed cavity FPI can only be used for the measurements of psychical 

parameters, such as pressure [25,26,33], strain [27,31,44], and 

temperature [26,31,35]. As for the open cavity FPI, it is possible to introduce the 

analytes (liquids or gases) into the cavity, thus, allowing for the direct contact 

between analytes and light.  

The open cavity FPIs can be implemented using laser-machining technique. 

The idea of using femtosecond laser to melt part of the single mode fiber and PCFs 

was first demonstrated by Rao et al in 2007 [34]. The fiber was side-polished more 

than half, so that the core was polished, forming a slot of ‘凹’ shape on the fiber. The 
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short open slot enables the contact between liquids and light since the light is 

propagating in the liquids in the slot. However, because of the slot on the fiber, the 

FPI formed in this way is fragile and easy to be broken. To increase the robust of the 

FP cavity, in other way of using the technique of laser, it was also demonstrated to 

drill a micro hole on surface of the fiber [35,37]. By doing this, the micro hole is 

passing through the cladding and core of the fiber, forming an air cavity in the center 

of the core. The structure fabricated in this method has stronger strength and also 

allows for the analytes to pass the cavity. The technique of drilling hole is also a 

good way to open the air holes of PCF, as our work in the section 8.2 of C-shaped 

fiber. This was demonstrated in a two-hole fiber [29] and normal PCF [36]. The air 

hole of PCFs is opened by drilling the silica part of the fiber on the surface, so that it 

provides a window for liquids or gas to get in. To form a micro hole at the position 

of core, C. Liao et al [39] demonstrated another way based on simple fusion splicing. 

Specifically, the end facet of the cleaved SMF was firstly machined a micro-hole in 

the center of the core and then this fiber was spliced to another normal SMF in the 

common splicing way. The cavity is formed because of the expansion of the micro-

hole at the position of core during arc discharge. Recently, Simon Pevec and Denis 

Donlagic proposed to use a special P2O5-doped core fiber to form an open cavity [32]. 

The special dopant of P2O5 in the core has a faster etching velocity compared with 

SiO2 and can be selectively etched using HF to obtain a cavity. All these open FP 

cavities are promising to be developed as a RI sensor. However, the usage of 

femtosecond laser is a high-cost way and needs high requirements of laser beam and 

precise alignment stages. 

As it has been discussed in the previous section, the C-shaped fiber also 

provides the opportunity of opening slot on the side surface of the fiber for the 
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Sagnac interferometer with PM-PCF. It is possible and easy to apply the C-shaped 

fiber as a FP cavity just by simply splicing it to a single mode fiber and sealed on the 

other end instead of PM-PCF. In this way, only the fusion splicer and microscope are 

used after the C-shaped fiber is already fabricated massively, making the fabrication 

cost- and time-effective. 

 

8.3.2 Experimental Setup and Principle of Operation 

Figure 8.8 shows the fabrication of the FPI. The SEM photo of the C-shaped is 

shown in (a), and (b) is the photo after splicing the C-shaped fiber on the SMF, (c) is 

the photo after cleaved C-shaped fiber with a short length. The final fabricated FPI is 

shown in Figure (d) and the open cavity can be obviously seen in the side view of the 

microscopic photo shown in Figure (e). The C-shaped fiber was cleaved in less than 

40 µm length. 

 

Figure 8.8 (a) SEM photo of the C-shaped fiber, (b) the photo of the splicing joint of 

SMF+C, (c) the photo of SMF spliced with a short C-shape fiber, (d) side view of the 

fabricated FPI using C-shaped fiber, (e) is the side view under a microscope 

In the experiment, the fabricated FPI was used to measure the refractive index 

of liquids, as shown in the setup in Figure 8.9 (a). Broadband source (BBS) and an 

optical spectrum analyzer (OSA) were utilized. One of the arms of 3-dB coupler was 

antireflection sealed, and the other end was spliced with the C-shaped fiber as 

(e)

60µm
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described above. The fabricated FPI was immersed in the ethanol-water mixture, the 

refractive index of which can be tuned by changing the concentration of ethanol.  

 

Figure 8.9 Schematic illustration of (a) the setup of measurement of RI using (b) the 

fabricated FPI 

The FP cavity is formed by two end facets of SMFs that are right cleaved 

before spliced, shown in Figure 8.9 (b). According to the Fresnel reflection, the 

reflectivity of the interface of SMF end facet is ~3.3% without water filled in the 

cavity and ~0.2% with water. Therefore the multiple reflections at the two interfaces 

(mirror 1 and 2) can be ignored and the interference of FPI is regarded as a two 

beams interference, the spectrum which can be expressed as 

,    (8.5) 

where I1 and I2 is the intensity of the two reflected beams from mirror 1 and 

mirror 2, respectively; na is the refractive index of the analyte to be measured, ϕ0 

denotes the initial phase difference of the two beams, and L is the length of the FP 

cavity. The wavelength spacing (Δλ) of two adjacent dips in the spectrum is also 

known as the free spectral range (FSR), and it can be deduced as 

.     (8.6) 

When the FP cavity contains one analyte with RI of na, with the increase of na, 

the interference spectrum of FPI corresponds with a shift. However, the phase item 
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in Equation 8.5 always equals (2k+1)π (k is an integer) for all the dips, which is 

expressed by 

.     (8.7) 

Assuming that the length (L) of the FP cavity is a constant, the sensitivity of 

measuring RI of the analyte can be obtained by calculating the derivative of both 

sides of the Equation 8.7 with respect to the index na, and formulated by 

.     (8.8) 

It can be seen that for a specific liquid, the RI measurement has a linear 

response, which is different from those based on evanescent field [45,46]. Moreover, 

by using longer wavelength of broadband source, the sensitivity is also improved. In 

our experiment, a broadband source up to 1620 nm was utilized. 

 

8.3.3 Results and Discussion 

As observed from Equation 8.6, the wavelength spacing of FPI is dependent on 

the cavity length. In the experiments, several FPIs constructed using C-shaped fiber 

were fabricated. Furthermore, the accurate length of the FP cavity can be 

experimentally calculated and verified according to the same equation. Figure 8.10 

shows the spectra of four FPIs we fabricated with different lengths of C-shaped fiber, 

where the RI of the cavity equals 1 because of air. According to Equation 8.6, the 

cavity lengths for these four FPIs are calculated to be 9.4 µm, 13.8 µm, 20.3 µm and 

33.5 µm, respectively. From the results in the figures, the extinction ratio of the 

interference is 14~18 dB, which is enough for the sensing measurement. 

4πLna
λ(na )

+ϕo = (2k +1)π

S =
dλ(na )
dna

=
λ(na )
na
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Figure 8.10 Measured reflection spectra of four FPI constructed using C-shaped 

fiber with the cavity lengths of (a) 9.4 µm, (b) 13.8 µm, (c) 20.3 µm, and (d) 33.5 µm 

Two fabricated FPIs of lengths of 13.8 µm and 20.3 µm were used to conduct 

RI measurement by immersing the FP cavity in the ethanol-water mixture. The RI of 

the liquid was controlled by adding small amount of ethanol (purity better than 

99.5%, ACS grade) into de-ionized water. The accurate RI of the mixture was 

measured and calibrated by an Abbe refractometer (Reichert AR200) working at the 

wavelength of 589.3 nm, which has an accuracy of 10−4 RIU. The measured results 

of the response of different RI are plotted in Figure 8.11. It can be seen that at the 

wavelength of ~1550 nm, the RI sensitivity is ~1250 nm/RIU for both FPIs, and it is 

1367 nm/RIU for the wavelength ~1600 nm. As predicted, the sensitivity is higher 

when operating at longer wavelength. 



Chapter 8 Refractive Index Sensing Using C-Shaped Fiber 

	

	

	

196 

 

Figure 8.11 Measured RI responses of two FPIs with cavity lengths of (a) L=13.8 

µm and (b) L=20.3 µm, each curve corresponds to one dip in the spectra shown in 

Figure 8.10 

The temperature dependency of the fabricated FPI was carried out by putting 

the FP cavity in an oven, which was heated up to 600 ˚C. The temperature was 

maintained at 600 ˚C for half an hour and then decreased at a step of 100 ˚C. 

Simultaneously, the interference spectrum was recorded. Figure 8.12 plots the 

wavelength shift as a function of the temperature applied in the FPI. A low 

temperature dependency of 0.42 nm/˚C was obtained, and thus the temperature cross-

sensitivity of ~3×10-7, which is calculated according to (dλ/dT)/(dλ/dna). The change 

of 100 ˚C in temperature only causes a fluctuation of 3×10-5 RIU. Therefore, in 

practical applications, the temperature compensation is not desirable if the 

temperature variation is not very huge. 
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Figure 8.12 Temperature response of the fabricated FPI made of C-shaped fiber 

Table 8.1 compares the performance of these two FPIs in the measurement of 

RI. Basically, the measurement range and detection limit are two important 

parameters for one interferometric sensor. The measurement range is defined as the 

FSR divided by the sensitivity, and the detection limit is related to the sensitivity, 

resolution of OSA, signal to noise ratio (SNR), the full width at half maximum 

(FWHM) of one dip, which is also discussed in  [23]. In our experiment, the 

resolution of OSA is 0.02 nm, and the signal to noise ratio of the measured spectrum 

is ~60 dB. As it can be observed, the FPI with shorter length has a large 

measurement range, however, it has high detection limit because of the broader 

wavelength spacing. 

Table 8.1 Performance comparison of the two FPIs with length of 13.8 µm and 20.3 

µm at the operation wavelength of ~1540 nm, ~1550 nm, and ~1600 nm 

Cavity length (µm) L=13.8 µm L=20.3 µm 

Wavelength (nm) ~1540 ~1550 ~1600 

RI Sensitivity (nm/RIU) 1279 1300 1368 
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FWHM (nm) 20.2 14 13.5 

Measurement range (RIU) 5.1×10-2 3.3×10-2 3.2×10-2 

Detection limit (RIU) 1.1×10-4 7.5×10-5 6.9×10-5 

 

In comparison, the sensitivity and detection limit of measuring refractive index 

using other types of structures or principles is listed in the Table 8.2. It can be seen 

that the performance of the proposed RI sensors (SI, FPI) in terms of sensitivity and 

detection limit is comparable to other types of interferometers (MZI, FPI), and the 

sensitivity is much higher than the grating-based approaches (FBG, LPG). The 

grating-based sensors have lower detection limit due to the narrow reflective peak, 

which is used for wavelength detection. By selectively filling the liquids into some of 

the air holes of PCFs, much higher sensitivity of 30100 nm/RIU, and lower detection 

limit of 4.6×10-7 can be obtained. However, this process of filling liquids requires 

complicated equipment or techniques, which makes the fabrication very difficult.  

Table 8.2 Comparison of typical fiber-optic RI sensors with different 

structures/principles 

Fiber-optic RI sensors Sensitivity (~1550nm) Detection limit 

Our SI with C-type fiber 6291 nm/RIU 5.2×10-6 RIU 

Our FPI with C-type fiber 1300 nm/RIU 7.5×10-5 RIU 

FBG in PCF [16] 45 nm/RIU 6.7×10-5 RIU 

LPG in microfiber [47] 1900 nm/RIU 5.3×10-6 RIU 

Selectively filled hole in PCF [48] 30100 nm/RIU 4.6×10-7 RIU 

Side-polished SMF by laser (MZI) [49] 9295 nm/RIU 3×10-4 RIU 

Side-polished SMF by laser (FPI) [38] 1163 nm/RIU 8.6×10-6 RIU 
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8.4 Chapter Summary 

To conclude this chapter, two conventional interferometers using a specially 

designed C-shaped fiber were introduced. One is based on the Sagnac loop 

configured with PM-PCF, where two short pieces of C-shaped fiber were spliced 

between PM-PCF and SMF. The C-shaped fiber functions as a window for the 

liquids to get into the air holes of PM-PCF. This approach is promising in the 

applications of microfluidics in PCFs, providing a good solution of filling the liquids. 

A RI sensitivity of 6621 nm/RIU is obtained in the experiments using the fabricated 

Sagnac loop. By using the same C-shaped fiber, another kind of interferometer based 

on Fabry–Pérot was presented. The hollow hole of the C-shaped fiber forms the 

cavity of FPI and two reflective mirrors are introduced via two end facets of SMFs 

that are spliced on both ends of the short C-shaped fiber. It was demonstrated that 

this kind of FPI has a sensitivity of 1300 nm/RIU at the operation wavelength of 

~1550 nm and ~1370 nm/RIU at the wavelength of ~1620 nm. The performance of 

FPIs with different cavity length was compared. The FPI with shorter length shows 

better measurement range, however, has higher detection limit. Even though the 

length of the cavity does not affect the RI sensitivity, which depends on the operation 

wavelength and RI of analyte, indeed, it determines the sensing performance of the 

FPI. Therefore, there is a tradeoff between the measurement range and the detection 

limit. Proper cavity length is required in specific application. 

The usage of C-shaped fiber makes the microfluidics in optical fiber, especially 

the PCFs, easy and low-cost to be implemented. It offers the advantages of compact 

size, high sensitivity, linear response, and also low temperature dependency in the 

measurement of refractive index. In terms of the microfluidics, the RI measurement 

based on these two interferometers is static. In the next chapter, another novel 



Chapter 8 Refractive Index Sensing Using C-Shaped Fiber 

	

	

	

200 

structure is introduced to measure the microfluidic flow of liquids in the 

microchannels dynamically. 
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Chapeter 9  

Integrated Microfluidic Flowmeter Based on FBG 

Written in Co2+-Doped Optical Fiber 

 

9.1 Introduction 

As presented in the previous chapter, the optofluidics plays an important role in 

the measurements of biomaterials in terms of refractive index, which determines the 

concentration of the analytes. The microfluidics is a powerful tool in the cell 

detection and analysis. It can be fabricated by micro/nanofabrication technologies, 

such as photo-/soft-lithography [1,2]. C-type fiber gives a good approach to allow for 

the liquids to get though in and out from the micochannels of optical fiber. The flow 

rate of the microfluids is a critical parameter in the microfluidic applications, and 

therefore the precise controlling of the flow rate is quite essential. There are two 

forms of microfluidic flowmeters that were investigated in the past, i.e. based on 

calorimetric and time-of-flight [3]. The latter one contains one heater and at least one 

detector to detect the thermal pulse that is generated by the heater and propagated in 

the liquids, which was demonstrated by Berthet et al [4]. The measurement range of 

the flow rate can be up to 1400 µL/min. However, it has to be indicated that the 

thermal heater and detector make the sensor region complex and not easy to use. By 

integrating the optical fiber into the usage of microfluidics, Lien et al proposed to 

use a microfiber cantilever within the fluid path of the microchannels to measure the 

flow rate, which is determined by the amount of the light coupled from the 

microfiber into the normal fiber [5]. They achieved a minimum detectable flow rate 
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of ~0.12 µL/s. Nevertheless, the fiber cantilever in the microfluidic channels, to 

some extent, becomes a block to the fluids in the path. Because of the capability of 

optical fibers integrated on the chip, flow and refractive index of liquid can be 

measured through an open Fabry-Perot cavity constructed by two optical fibers with 

FBG on chip, where the liquid passes the resonator perpendicularly [6]. It obtains 

high resolution on discrimination of refractive index using FBG reflectors. This 

shows good potentiality of the integration of optical fibers and microfluidics on a 

chip. Additionally, due to the small size, flexibility and rigidity of optical fiber, high 

temperature and pressure can be implemented through the microstructures in optical 

fiber [1]. Compared with polydimethylsiloxane (PDMS), which is commonly used in 

the study of microfluidics, microchannels made of silica have many advantages, 

including impervious to water and insoluble in most solvents. 

Hollow-core photonic crystal fiber (HC-PCF), where light and chemical 

reactants are guided in an air hole core, was studied by Unterkofler et al recently [7]. 

The hollow core provides the opportunity to enhance the interaction between the 

light wave and the chemicals. Furthermore, microfluidic devices based on special 

fibers with two or four holes in the cladding and capillary were proposed, which 

required much patience and time during the arrangement and splicing with the fibers 

and capillaries [8,9]. In these devices, it is necessary to create openings on the side 

by side-polish or CO2 laser method in order to access the channels. Again, the flow 

rate of the liquids in the microchannel is unknown. 

In terms of flow rate, fiber-optic flowmeters based on “hot-wire” have been 

investigated recently with high sensitivity and good capability of remote 

sensing [10–13]. Hot wire is a mature technique in the measurement of wind flow, 

where the wire is made of resistance wire to be heated by enough current. The heat 
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can be taken away by the wind and so that the temperature on the wire is decreased 

depending on the speed of wind. By detecting the change of the current on the wire, 

the flow speed of the wind can be determined. Similarly, the same principle works 

when the wire is replaced by an optical fiber. Using a self-heating optical fiber with 

an FBG on it, Gao et al [10] successfully made a novel anemometer for the 

measurement of wind velocity, obtaining a minimum detectable flow speed of 

~0.012 m/s. With the high-attenuation fibers (HAFs), the flowmeter can be used in 

the environment with high temperature up to 800 ˚C [12]. Using LPG and FBG, 

where the laser light is coupled into the cladding and absorbed by silver coating, a 

flow resolution of 0.08 m/s can be achieved [13]. Here, the silver coating acts as an 

absorber and heats the fiber. It can be seen that using the optical fiber as “hot wire” 

to measure the flow rate is promising and compact owing to the small size of optical 

fiber, especially in the applications of microfluidics. 

In this chapter, instead of focusing on the refractive index measurement, the 

flow rate of the micro fluids is taken into account. A novel design and fabrication of 

a microfluidic flowmeter based on a microfifber Bragg grating (µFBG) written on a 

Co2+-doped fiber. The proposed schematic figure of the device is illustrated in Figure 

9.1. The flowmeter has two microchannels and a µFBG on Co2+-doped fiber, which 

serves as the sensing element to measure the flow velocity. Outside, there are one 

fiber pigtail and two capillary pigtails to guide the light and liquids to the device, 

respectively. Ultimately, the proposed flowmeter can be cleaved at the waist region 

and connected to the microchannels of biochip so that the flow speed in the pipes of 

chip can be measured, as shown in Figure 9.1. In principle, the Co2+-doped fiber 

absorbs the laser light at the wavelength of 1480 nm and generates heat, which heats 

up the area of FBG. The Bragg wavelength of the heated FBG will shift due to the 
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thermally induced refractive index change and the grating pitch. While there is liquid 

flowing through the adjacent microchannels, the heated FBG will be cooled down 

and, therefore, the central wavelength of FBG shows dependency of the flow rate in 

the microfluidics. 

 

Figure 9.1 Schematic figure of the fiber-optic flowmeter and the proposed 

integration with one biochip 

 

9.2 Fabrication of the Microfluidic Flowmeter 

9.2.1 Device Fabrication  

The fabrication of the proposed flowmeter is illustrated in the Figure 9.2. 

Firstly, as it can be seen from the schematic figure, a silica tube with inner and outer 

diameter of 19/25 mm was drawn into capillaries with two different sizes using our 

fiber draw tower at the temperature of ~1930 ˚C. The inner and outer diameter of the 

two kinds of capillaries are ~400/550 µm and ~90/125 µm, respectively. The SEM 

photo of the smaller capillary is shown in Figure 9.3 (a). For this kind of capillary, 

we can also call it “fiber tube” because it is accidently with 125 µm outer diameter. It 

is protected by acrylate coating after drawn. One capillary with ID/OD of 400/500 
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µm was further tapered down to ~420 µm in outer diameter using a CO2 laser glass-

processing machine (Fujikura LZM-100). For the dimension of the tapered tube, the 

length at the waist region is 10 mm, and the lengths at up/down tapering region are 

both 5 mm. After this, a short piece of Co2+-doped fiber with a length of 10 mm was 

spliced on the end of single mode fiber (SMF28). The special Co2+-doped fiber has a 

core of 8.3 µm and absorbing coefficient of ~9.5 dB/cm at the laser wavelength of 

1480 nm. The fiber is commercially available as called “high attenuation fiber 

(HAF)”. The attenuation loss depends on the concentration of the doped Cobalt and 

the absorption efficiency. The HAF can be easily to be spliced to SMF. The 

absorbing coefficient is sufficient in converting light energy into heat. Therefore, by 

launching the 1480 nm laser light from the single mode fiber pigtail, the FBG on 

Co2+-doped fiber can be heated very well. This fiber and two 125-µm fiber tubes 

(with acrylate coating removed) were stacked in the tapered capillary, where the 

short Co2+-doped fiber was carefully positioned at the waist region of the taper.  

 

Figure 9.2 Schematic fabrication process of the proposed flowmeter using capillaries 

and Co2+-doped fiber 
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Eventually, the stacked assembly was tapered again using the same CO2-glass-

processing machine. The tapering technique of CO2 is used, which makes the heating 

more uniform on both fibers and capillaries. The waist length was 20 mm and 

lengths for the up/down transition region were 5 mm. Intentionally, the SMF28 and 

fiber tubes are extended outside with a certain length, which thus allows for the 

launching light and injecting liquids into the microfluidic device, respectively. 

 

Figure 9.3 SEM photos of the cross-section of (a) fiber tube with inner and outer 

diameter of 90/125 µm, and the microfluidic devices with outer diameters of 200 µm 

drawn at (b) high, (c) medium and (d) optimized power of CO2 laser 

Figure 9.3 (b)-(d) shows the scanning electron microscopic (SEM) photos of 

the cross-section of the fabricated tapers. Figure 9.3 (b) is the example of taper 

fabricated with relatively higher CO2 laser power, while (d) is the result with 

optimized laser power. With high drawing temperature, the capillaries would 

collapse and deform seriously, which differs from the cases of drawing fiber 

combiner or multi-element fiber that contains all solid fiber [14]. As shown in Figure 

9.3 (d), the final device has two microchannels with a hole of ~50 µm in inner 

diameter and the Co2+-doped fiber is then tapered down to ~70 µm and ~4.6 µm in 

diameters of the cladding and core. Such dimension is designed to fit with the normal 

sizes of microchannles on a microfluidic chips. 
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Figure 9.4 The measured diameter along (a) the holding tapered capillary and (b) the 

final assembled taper 

Figure 9.4 shows the measured outer diameter of the first tapered capillary and 

final tapered assembly from two orthogonal views. Clearly seen from the curves, the 

actual outer diameter of the tapers matched very well with the designed dimension 

(shown in red curve), with a small discrepancy of <5%. The up/down tapered region 

shows minor fluctuation, however, in an acceptable level. 

 

9.2.2 FBG Inscription on Co2+-Doped Optical Fiber 

To write the FBG on the Co2+-doped fiber, the fabricated device was put into 

the hydrogen loaded tube for over three days to enhance its photosensitivity. The 

pressure of the hydrogen was ~1500 psi. To write FBG, a KrF excimer laser with a 

wavelength of 248 nm was utilized. The energy and frequency of the laser pulses 

were 100 mJ and 30 Hz, respectively. The pitch of the phase mask was 1064.2nm 

and the length of the FBG was 10mm. To reduce the block and diffraction of laser by 
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the microchannels, it is necessary to rotate the device before writing FBG so as to 

ensure the Co2+-doped fiber is close to the phase mask, especially when the 

microchannels have large waist diameter. Figure 9.5 shows the setup of FBG 

inscription. 

 

Figure 9.5 Schematic figure of the setup of inscribing FBG on the Co2+-doped fiber 

FBG should be written precisely on the Co2+-doped fiber, which is located in 

the center of the waist, as highlighted in red in the figure. Because the power of light 

reflected back from the FBG is also attenuated by the Co2+-doped fiber due to the 

high absorbing coefficient, it has to be noted that the distance between the grating 

and the splicing point between Co2+-doped fiber and SMF28 is a critical issue. The 

spectrum of FBG was measured by an interrogator (Micro Optic, Inc. SM-125) with 

a resolution of 5 pm. Figure 9.6 plots the reflection spectrum of the FBG in the Co2+-

doped fiber. 
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Figure 9.6 Reflection spectrum of the FBG on the microfluidic flowmeter 

 

9.3 Temperature Characterization 

Temperature response of the device is of importance for the flow measurement 

since the temperature of the heated FBG is dependent on the flow rate. Without flow 

in the microchannels, the temperature response was measured and calibrated. The 

device with grating was heated from 25 ˚C to 220 ˚C by using a furnace instead of 

the laser, at a step of 20 ˚C. Figure 9.7(a) shows the wavelength shift as a function of 

the temperature of FBG, and the inset is the spectrum shift at different temperature. 

The measured coefficient of the wavelength shift as a function of temperature is 11.6 

pm/˚C, which is also similar to the response of FBG on normal single mode fiber 

even if the fiber here is doped with Cobalt and being tapered. 
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Figure 9.7 (a) The Bragg wavelength shift as a function of temperature for the 

microfluidic device and the inset shows the corresponding spectrum shift. (b) The 

relationship of Bragg wavelength, temperature and pump laser power, where the 

inset is P-I curve for the pump laser. 

On the other hand, due to the high abosrbing coefficient of Co2+-doped fiber, it 

is possible to heat up the FBG using 1480 nm laser as discussed previously. By 

launching the laser light from the SMF28 pigtail at different power levels, the results 

are shown in Figure 9.7 (b). The laser power is increased from 0 mW to 500 mW. 
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The laser has a threshold current of ~350mA and a linear relationship of power and 

current after that (as shown in the inset of Figure 9.7 (b)). The same as the case of 

heating FBG in a furnace, the Bragg wavelength also exhibts the similar shift when 

the laser power is increased. As a consequence, the microfluidc flowmeter can be 

easily heated by the 1480 nm laser and therefore used for measuring flow rate. 

 

9.4 Experimental Measurement and Results of the 

Microfluidic Flow Rate 

9.4.1 Principle of Operation 

 

Figure 9.8 Schematic illustration of the principle of operation 

Figure 9.8 illustrates the principle of operation of the flowmeter. The Co2+-

doped fiber was spliced with the single mode fiber and the pigtail of the sing mode 

fiber was then connected to the common port of a 1480/1550 WDM, also shown in 

Figure 9.5. The other two arms of the WDM were connected to an interrogator and 

1480 nm laser respectively. When there is liquid passing through the microchannel, 

the liquid can take away the heat on the FBG that is written on the Co2+-doped fiber. 
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According to the theory of hot wire anemometer, the relationship of heat loss and 

flow rate can be expressed by [15] 

,     (9.1) 

where ΔT is temperature change of Co2+-doped fiber with FBG, ν denotes the 

microfluidic flow rate and A, B are empirical constants of one specific fluid. The 

exponent n varies from 0.4~0.8, which depends on the flow rate. As for the 

wavelength shift versus the change of temperature, it is well-known to be formulated 

as [16] 

,         (9.2) 

where neff represents the effective index of fundamental mode in Co2+-doped 

fiber and α，Λ is the coefficient of thermal expansion and grating pitch, respectively. 

Therefore, we can obtained the relationship of the wavelength and flow rate, which is 

.   (9.3) 

It can be seen that the faster flow rate of fluid in the microchannel is, the cooler 

of the FBG can be and thus shorter wavelength shifts. However, the dependency is 

nonlinear. 

 

9.4.2 Flow Rate Measurement and Results 

In the measurement of microfluidic flow, one of the microchannels was 

pumped with water by pushing the piston of a syringe. The syringe of 8.6 mm in 

inner diameter was controlled precisely by a translation stage. The velocity of the 

translation stage was increased at a step of 5 µm/s, which implies that the increment 

of flow rate in the microchannel at one step is ~288 nL/s. During measurement, the 

Q = (A+B ⋅ vn ) ⋅ ΔT

ΔλB = 2neffΛ(α +
1
neff

dneff
dT

)ΔT

λB = λ0 + 2neffΛ(α +
1
neff

dneff
dT

) Q
A+B ⋅ vn



Chapter 9 Integrated Microfluidic Flowmeter Based on FBG Written in Co2+-Doped Optical 
Fiber 

	

	

	

219 

wavelength shift was recorded for each step when the velocity is going constant. 

Three cases of different laser power were investigated. The power of the 1480 nm 

laser was increased up to 439 mW, 626 mW and 878 mW, corresponding to the 

temperature of 72˚C, 90˚C and 113˚C at the position of the FBG of Co2+-doped 

fiber. 

 

Figure 9.9 (a) Wavelength shift as functions of the flow rate in one microchannel at 

the laser power of 878 mW, 626 mW, and 439 mW, respectively. The solid lines are 

the fitted results using the Equation 9.3. (b) Relationship of the sensitivity and the 

flow rate with different levels of laser power 

878mW
626mW
439mW

Pe
ak

 w
av

el
en

gt
h 

(n
m

)

1535.0

1535.2

1535.4

1535.6

1535.8

Flow rate (uL/s)
0 0.5 1.0

Fit with Equation 9.3 for P=878mW
Fit with Equation 9.3 for P=626mW
Fit with Equation 9.3 for P=439mW

(a)

Sensitivity when P=878mW vs flow rate
Sensitivity when P=626mW vs flow rate
Sensitivity when P=439mW vs flow rate

S
en

si
tiv

ity
 (n

m
/(µ

L/
s)

)

−3

−2

−1

0

Flow rate (µL/s)
0 0.5 1.0

υ > 0.3µL / s

S439mW = −0.16nm / (µL / s)
S626mW = −0.23nm / (µL / s)
S878mW = −0.31nm / (µL / s)

(b)



Chapter 9 Integrated Microfluidic Flowmeter Based on FBG Written in Co2+-Doped Optical 
Fiber 

	

	

	

220 

Figure 9.9 shows the experimental results of the flow rate measurement, where 

(a) is the wavelength shift as functions of the flow rate at different power levels of 

the pump laser, i.e. 878 mW, 626 mW, and 439 mW, and (b) plots the relationship of 

the sensitivity versus the flow rate for these three cases. In figure (a), the solid lines 

are fitted using the deduced Equation 9.3 with the exponent n of 0.6. It can be 

observed from the results, the experimental values are in good agreement with the 

theoretical analysis with the residuals sum of squares as small as 0.00057. To 

estimate the sensitivity of the device, the first derivative of the fitted data is studied 

and the results are plotted in Figure 9.9 (b). Due to the nonlinear response, predicted 

by the Equation 9.3, the first derivative is not constant. However, if considering the 

region where flow rate is larger than 0.3 µL/s, the fitted curves are close to a linear 

relationship. Thus, the sensitivities can be approximated to be 0.16 nm/(µL/s), 0.23 

nm/(µL/s), and 0.31 nm/(µL/s) at v=1 µL/s for the three measurements of different 

power levels of pump laser. Because the resolution of the interrogator used is 5 pm, 

therefore, the minimum detectable change of the microfluidic flow rate is ~0.16 nL/s 

in calculation, which is much smaller than that obtained using the microfiber 

cantilever (~0.12 µL/s) reported in [5]. 

In order to study the repeatability of the measurement, one more flow 

measurement at the laser power of 626 mW was conducted. Figure 9.10 shows the 

experimental results. Obviously seen from the results of spectrum shift shown in 

Figure 9.10 (a), a shift to shorter wavelengths is due to the fact that water takes away 

the heat on the FBG and cools it down when it passes though the microchannel. 

Furthermore, the repeated results are in good accordance with the first calibration 

measurement. In comparison with the fitted curve, the smallest discrepancy of the 

second measurement is within 5 pm, which happens to be the resolution of the 
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interrogator. For the rest of flow rates, the discrepancy is ~5-40 pm in error, which 

indicates that the accuracy of the flowmeter could be <100 nL/s. 

 

Figure 9.10 (a) Spectrum shift of FBG on Co2+-doped fiber in the microfluidic 

device in the case of the pump laser power P=626 mW, and (b) is the measured 

wavelength shifts of two same measurements versus the flow rate  

The performance of the flowmeter was compared with the other flowmeters 

based on different principles and structures. The result of the comparison is shown in 

Table 9.1. In terms of the minimum detectable flow rate for the sensors, the proposed 

flowmeter has much lower detection limit compared with the other fiber-based 
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flowmeters, such as fiber cantilever using power detection method, and FP 

interferometer formed by two FBGs with a hot fiber in between. It is even lower than 

some electrical flowmeters based on hot film. Because the electrical methods have 

high efficiency, the electrical hot wire shows better detectability. However, the fiber-

based flowmeters are easy to fabricate. Since the microchannels are separately to the 

sensor head, which indicates that there is no contact with the liquids during 

measurement. 

Table 9.1 Performance comparison of typical flowmeters 

Sensor type Detectability Fabrication Contact detection 

Our flowmeter (hot wire) ~16nL/s Easy No 

Fiber cantilever [5] ~120nL/s Easy Yes 

Hot-wire FBG-based FPI [17]  ~200nL/s Easy No 

Hot film (electrical) [18] ~166nL/s Complex Yes 

Hot wire (electrical) [19] ~8.3nL/s Complex Yes 

 

9.4.3 Discussion 

It has to be noted that the proposed microfluidic flowmeter in this work 

containing two microchannels allowing for liquids to get in for each individual 

measurement, albeit not simultaneously. Nevertheless, high sensitivity and 

dectectability make it a promising and potential device for microfulidcs, regardless 

of the connection with the external microfluidics devices, for example biochips, 

which might to be complex and requires great care and protection for the joint. 

Because the length of the FBG is very short, the temperature along the grating can be 
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assumed to be uniform even though the Co2+-doped fiber absorbed the pump laser 

along the fiber length. This can be determined and guaranteed by monitoring the 

central Bragg wavelength of the FBG. As one drawback, the environmental 

temperature may affect the entire measurement since the principle is based on the 

detection of the temperature change depending on the flow rate. However, as a fact, 

this is not an issue in biomedical analysis where the environmental temperature is 

strictly controlled. 

The performance of the flowmeter would be affected by the properties of the 

liquids in the microchannels, such as the viscosity, thermal conductivity, and surface 

tension of the liquids. Higher viscosity and surface tension make it difficult to fill the 

liquids into the microchannels, which slows down the rate of convection. Definitely, 

the process of convection with low efficiency reduces the sensitivity of the 

flowmeter. Note that the thermal conductivity of the liquids affects the process of 

heat transfer. This means that the liquids with higher thermal conductivity can take 

more heat away compared to the liquids with lower thermal conductivity but same 

flow rate. Normally, the water has high thermal conductivity and thus, can be a good 

heat carrier. The water solution does not affect the viscosity/surface tension too 

much, therefore, measuring this kind of water solution using the proposed flowmeter 

may has similar performance, as demonstrated above. However, the sensitivity 

depends on the properties of liquids, and needs to be calibrated for specific liquid in 

a particular application. 

It is a good way to integrate the microfluidic flowmeter in one chip and 

measure the flow rate of the fluids in microchannels, as illustrated in Figure 9.1. The 

proposed flowmeter is easy to fabricate, has high detectability and no contact with 

the liquid. Since the temperature of the device is controlled by the laser power, the 
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operation temperature can be then adjustable. With small size of the microchannels, 

it has the potential for small amount of analyte. Owing to the pure silica used, almost 

no dissolution by the solvents happens compared with the channels made of polymer 

or PDMS material.  

 

9.5 Chapter Summary 

In this chapter, we presented a novel design and the fabrication of a 

microfluidic flowmeter, which is based on the µFBG written in a tapered Co2+-doped 

fiber. The proposed flowmeter was fabricated by one CO2 glass-processing machine, 

and the capillaries used were drawn using our fiber draw tower. The approach of 

heating using CO2 laser, which is based on the absorbing CO2 laser light to heat, 

allows for uniform heat on the capillaries and fiber. FBG was successfully written on 

the short and tapered Co2+-doped fiber in the device. Experimental results show that 

the minimum detectable change of the flow rate of the sensor can be ~16 nL/s, which 

is very small discrimination for the liquid speed. The sensor head (µFBG) is located 

outside the microchannels, thus does not influence or contaminate the liquid flow 

inside. The microfluidic flowmeter can be utilized in the applications of 

microfluidics where the flow rate is one concern. 
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Chapter 10  

Conclusions and Future Work 

10.1 Research Conclusions 

This thesis reports the investigations of design and fabrication of novel optical 

fibers as well as their sensing applications. Several novel structures based on cross-

section of fiber are proposed and demonstrated. Both simulations and experiments 

are conducted to investigate the fabricated structures. The photonic crystal fibers 

(PCFs) fabricated in this project are applied as fiber-optic sensors, in terms of 

pressure, strain, temperature, torsion, RI measurements of microfluidics and 

flowmeter. The techniques of Sagnac loop based on PCF with high birefringence are 

utilized to configure the interferometric sensing systems. Therefore, the highly 

birefrigent PCFs are designed and manufactured. Also, different FBGs are 

successfully written on the fabricated fibers and used as sensing elements in the 

measurement with a good sensing performance. 

The details of how to fabricate the special optical fibers using our fiber draw 

tower in the lab are given and analyzed. Most key issues are pointed out, together 

with the important parameters needed in all procedures. The guidance of drawing 

capillaries, stacking, drawing canes and final fibers, is presented in details. We 

introduce the methods of PCFs’ fabrication, especially focusing on the technique of 

stack-and-draw, which is the main approach we used in the whole research. The 

whole process from preform preparation to fiber fabrication is introduced based on 

our experiments. The widely-used method of simulation, i.e. finite element method 

(FEM), is presented. To demonstrate the methodology of simulating PCFs, the 

example of PM-PCF is used to conduct a full simulation and its main properties used 
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in the thesis are simulated using COMSOL based on FEM, such as mode profile, 

modal guidance, birefringence, dispersion, phase and group effective index. 

Twin core-PCF, which has two symmetrical two cores separated by one air 

hole, is introduced. The detailed fabrication method of this fiber and its intermodal 

coupling between even and odd modes are analyzed. According to the theoretical 

analysis, the group effective indices of the four supermodes are calculated and used 

to predict the transmission after the modal coupling. Due to the co-existence of x- 

and y-polarized even and odd modes, the transmission spectrum shows a modulation 

of the two polarizations, which is also verified by the experimental results obtained 

using a 110-cm length TC-PCF. Good agreement is found between the simulation 

and experiment. The fringe spacing in wavelength of the simulated coupling is 

~0.631 nm, while the fringe spacing in experiment is ~0.676 nm. As for sensor, TC-

PCF with a length of 20 cm was configured as a sensor head for hydrostatic pressure 

measurement. Special technique of splicing TC-PCF onto SMF was studied and 

described. Similar way was also used for the other splice between the fabricated 

PCFs and SMF. A pressure sensitivity of TC-PCF sensor based on intermodal 

coupling was measured to be -21 pm/MPa, which is close to the simulation value of -

19 pm/MPa. The pressure measurement has a good repeatability. For the current 

OSA used, the accuracy of the measurement can be ~1%, which is comparable to 

some commercial sensors. 

Ultrahigh birefringence is introduced into the PCFs by designing and 

fabricating a special PM-PCF. The cross-section of the fiber is similar to the 

commercial PM-PCF, which has two large air holes adjacent to the center core. In 

order to obtain ultrahigh birefringence, the two big air holes are enlarged more and 

the core is stretched to be elliptical. Therefore, the fabricated PM-PCF has a 
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birefringence of ~1.5×10-2. The high value is confirmed by both simulation and 

experiments. And the phase and group birefringence in experiment was found to be 

~1.1×10-2 and ~1.3×10-2, respectively, by writing FBG on the fiber and by 

configuring a Sagnac interferometer using the fabricated PM-PCF. The birefringence 

was found to be the highest one for the fabricated index-guiding PCFs reported up to 

date. Due to ultrahigh birefringence, two reflective peaks with large separation (>12 

nm) were observed in the reflection spectrum of the FBG. Since the two polarization 

modes in the fiber exhibits different response to the pressure and temperature, 

simultaneous measurement of these two parameters was proposed. The individual 

pressure sensitivity for the two FBG peaks (i.e. two polarizations) is -1.96 pm/MPa 

and -5.13 pm/MPa. However, the temperature response for them is similar, which is 

11.2 pm/MPa and 11.0 pm/MPa, respectively.  

The high birefringence was also introduced to another special optical fiber, 

which is suspended-core fiber (SCF). There are six big air holes supporting the 

suspended-core in the center. By choosing two kinds of capillaries with different 

outer diameters and controlling the pressure difference in the six capillaries during 

fabrication, we obtained an elliptical core, which thus shows high birefringence of 

4.84×10-4. This fiber has a propagation loss of ~0.156 dB/m and it is insensitive to 

bending. The fiber can be bended down to 5 mm in diameter with low power loss of 

only ~0.1 dB. Several Sagnac interferometers were conducted in the experiments 

using the SCF and utilized as sensors for pressure, strain, torsion and temperature 

measurement. The sensitivities are 2.82 nm/MPa for pressure, 0.43 pm/µε for strain 

and 0.0157/˚ (normalized) for torsion, respectively. Because of pure silica used, low 

temperature dependency was found (~1 pm/ ˚C), which means the fiber is 

temperature insensitive. As for another SCF, Ge-SCF with a Ge-doped core was 
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fabricated as well. The fiber has a good structure and circular core instead of 

elliptical one. Strong FBG was successfully inscribed on the fiber even though the 

Ge-doped region is only ~2 µm in diameter. The FBG shows similar response of that 

written in conventional SMF, which was measured to be 10.7 pm/˚C. In terms of the 

strain measurement of the FBG, the sensitivity is ~0.96 pm/ µε, a little lower than 

normal FBG because of the existence of the six air holes along the fiber length. Since 

the fiber shows good evanescent field in the air holes, it is promising to use it in the 

applications of biomedical analysis of liquids, microfluidics, and so forth. 

Special microstructures for the microfluidics are proposed and fabricated. We 

introduced two kinds of interferometers based on a tailored C-shaped fiber. The RI 

measurements using the Sagnac interferometer and Fabry–Pérot interferometer 

constructed with C-shaped fiber were conducted. A sensitivity of 6621 nm/RIU, 

~1370 nm/RIU was obtained for these two interferometric sensors, respectively. The 

C-shaped fiber provides a good approach for the liquids or even gases to get into the 

air holes of PCFs, which is promising in microfluidics. In order to measure the 

microfluidic flow rate, a homemade flowmeter configured with tapered capillaries 

and Co2+-doped fiber with FBG is presented and demonstrated. Detailed process of 

the fabrication of the device was described with good results. The measured 

sensitivity of the flowmeter was ~0.3 nm/(µL/s) and the minimum detectable change 

of the flow rate was calculated to be 16 nL/s, which is quite low. The proposed 

flowmeter with good sensing performance is encouraging and a good candidate for 

the applications of microfluidics, where the flow rate of tiny volume of the analytes 

is a concern. 
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10.2 Future Work 

During the author’s Ph.D. study, the research work of this project can be further 

extended. Some suggested directions have been figured out based on the work arose 

in the whole research. These research directions are in the following list. 

 

1) Fabricate asymmetrical two-core fiber 

It is possible to use similar technique used in this thesis to fabricate another 

novel two-core fiber. The two cores, also separated by an air hole, can be 

introduced by replacing the center capillary and the other one around. Thus, the 

two cores are positioned asymmetrically with one in the center instead of 

positioned symmetrically. By doing this, fabrication of an asymmetrical two-

core PCF is possible. It can be promising to pioneer the torsion measurement 

with this asymmetrical structure, which will exhibit a good response of twisting 

based on the coupling between the two asymmetrical cores. With the 

asymmetrical cores, the off-center-localized core will be twisted spirally while 

the center-localized core is only twisted circularly. By using rods with same 

diameter rather than capillaries during the stacking process, the asymmetrical 

two-core solid fiber, not the PCF, can be fabricated as well. Two Ge-doped core 

rods can be used to replace the pure silica rods and act as the two cores 

eventually. Due to the Germanium dopant in the two cores, FBG is possible to 

be written in the fiber. Together with the coupling of the two cores, it is 

interesting to study this asymmetrical two-core fiber with FBG and conduct the 

simultaneous measurements of multiple parameters, which have different 

response from the FBG peak and coupling interference. 
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2) Apply the fabrication process of TC-PCF to fabricate novel two-core fiber for 

Brillouin sensing system. 

The similar fabrication process of TC-PCF in this thesis can be used to fabricate 

another microstructured two-core fiber with one center-positioned core 

surrounding with six air holes and the other one off-center-positioned Ge-doped 

core. The other part of the fiber is all-solid with pure silica. The distance 

between the two cores can be optimized to choose the case that weak or even no 

coupling between the cores occurs. Two cores show different responses to the 

two parameters along the fiber. Therefore, the different surroundings of the two 

cores make it possible to use the fiber to conduct measurement of temperature 

and strain at the same using Brillouin Optical Time Domain Analysis (BOTDA) 

system.  

 

3) Demonstrate single polarization device with HB-PCF 

The fabricated HB-PCF in this project has ultrahigh birefringence, which 

enables it to be a good candidate for single polarization device. For example, the 

two FBG peaks with huge separation make it easy to select only one polarized 

peak. Therefore, it can be developed as one reflector for single polarization DBR 

laser. The Bragg peak of the normal FBG of DBR laser can be designed to cover 

one polarized peak of FBG in HB-PCF. Due to the high birefringence, it is easy 

to design the FBG pairs. 

 

4) Active suspended-core fiber 

In this project, the suspended-core fiber (SCF) is presented. By using the stack-

and-draw method described in this thesis, it is easy to design and fabricate the 
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active suspended-core fiber. The special preform with active dopants (such as 

Yb, Er) can be drawn into active rods, which can be used to replace the Ge-

doped rod. With a good performance of Yb/Er-doped rod, the six-hole 

suspended-core fiber is promising to be developed as fiber laser. The laser cavity 

in the suspended microfiber is sensitive to the analytes in the six air holes or 

outside environment, making it good candidate for the related sensors. 

 

5) Fill metal into the large air holes of the SCF 

Since the fabricated HB-SCF and Ge-SCF have large air holes around the core, 

it is possible to conduct the investigation of filling metal into the air holes. The 

process can be very critical to control because of the different coefficients of 

thermal expansion (CTE) between the metal and silica. With FBG written on 

Ge-SCF, the fiber having metal filled inside can be used to study plasmon 

resonance. Due to the large difference of CTE, the FBG on the fiber can be 

tuned. Moreover, by selectively filling the metals into some of the six holes, 

birefringence can be introduced for the Ge-SCF. 

 

6) Liquids analysis using SCF and C-shaped fiber 

The SCF has large air holes surrounding the Ge or elliptical core, which 

provides the opportunity to configure the channels for microfluidics using C-

shaped fiber, similar to the interferometers in this thesis. The technique of FBG 

and property of birefringence of the fabricated SCF can be applied to develop 

the novel RI sensors. In general, the special C-shaped fiber can be applied to 

construct the sensing devices using other kinds of PCFs, which have air holes 

along the fiber length. 
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7) Integrate the flowmeter into biochip and measure the microfluidic online 

With the flowmeter proposed in this work, further development can be 

investigated by integrating it into the channels of biochips. More detailed 

analysis of fluids or analytes can be carried on. Since the Co2+-doped fiber is 

included in the flowmeter and can be heated up to high temperature using the 

pump laser, the proposed device is also a good choice to heat the sample in 

microchannels at small spot, where the FBG then acts as the temperature 

indicator. The flowmeter can be spliced with silica capillary as well as 

embedded in a chip, which is encouraging in the applications of biomaterials 

analysis. Figure 10.1 shows two proposed examples of the integrations. 

 

 Figure 10.1 Schematic illustrations of two examples of integration with (a) 

capillary and (b) biochip 

Reaction tunnel 
in a cappilary

Light
Liquids

Microfluidic device Microfluidic device

(a)

Microfluidic device
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Light input via SMF
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Appendix: 

Publications arose from the project 
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Journal papers: 

1) Zhengyong Liu, Ming-Leung Vincent Tse, A. Ping Zhang, and Hwa-Yaw 
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Co2+-doped optical fiber”, Optics Letters, 2014 

2) Zhengyong Liu, Chuang Wu, Ming Leung Vincent Tse, and Hwa-Yaw Tam, 

“Fabrication, Characterization, and Sensing Applications of a High-

Birefringence Suspended-Core Fiber,” Journal of Lightwave Technology, vol. 

32, no. 11, pp. 2113–2122, 2014. 

3) Zhengyong Liu, Chuang Wu, Ming Leung Vincent Tse, Chao Lu, and Hwa-

Yaw Tam, “Ultrahigh birefringence index-guiding photonic crystal fiber and 

its application for pressure and temperature discrimination,” Optics Letters, 

vol. 38, no. 9, p. 1385-1387, Aug. 2013. 

4) Zhengyong Liu, Ming Leung Vincent Tse, Chuang Wu, Daru Chen, Chao Lu, 

and Hwa-Yaw Tam, “Intermodal coupling of supermodes in a twin-core 

photonic crystal fiber and its application as a pressure sensor,” Optics 

Express, vol. 20, no. 19, pp. 21749–21757, 2012. 

5) Guancheng Gu, Zhengyong Liu, Fanting Kong, Hwayaw Tam, Ramesh K. 
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lasers operating below 1020nm,” Optics Express, vol. 23, no. 14, pp. 17693-
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5422-5429, 2014. 

8) Ming-Leung Vincent Tse, Zhengyong Liu, Lok-Hin Cho, Chao Lu, Ping-
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and Hwa-Yaw Tam, “Strong LP01 and LP11 mutual coupling conversion in a 

two-mode fiber Bragg grating,” IEEE Photonics Journal, vol. 4, no. 4, pp. 

1080–1086, 2012. 

13) Kit-Man Chung, Zhengyong Liu, Chao Lu, and Hwa-Yaw Tam, “Highly 
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