
  

IN-LINE OPTICAL FIBER INTERFEROMETRIC REFRACTIVE INDEX SENSORS 

 

 

 

by 

 

ZHAOBING TIAN 

 

 

 

 

A thesis submitted to the Department of Physics, Engineering Physics, and Astronomy 

In conformity with the requirements for 

the degree of Master of Science (Engineering) 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(August, 2008) 

 

Copyright ©Zhaobing Tian, 2008



 i 

Abstract 

 

With many unique advantages compared to traditional sensors, optical fiber sensors have 

been studied and applied to many different areas. Interferometric sensors are one of the most 

useful sensor types due to their high sensitivities and relatively relaxed requirement on the 

stability of the optical source’s power level. In-line optical interferometric sensors received 

further attention as a result of compactness and robustness to the reference channel instability. 

Long period gratings (LPG) are one of the most useful components in the in-line optical fiber 

sensors. However, the fabrication cost is normally high due to the expensive masks and stringent 

photolithographic procedures. Two new sensor components, namely abrupt tapers and connector-

offset attenuators, are proposed as couplers in the optical fiber to couple light from core to 

cladding (or reverse) to replace LPGs. Using OPTIBPM software, the coupling coefficients 

between core and cladding modes are calculated. For an abrupt taper, coupling mostly happens 

between LP01 and LP0m modes; the first ten LP0m modes account for 98% of the incident mode 

energy. For a connector-offset attenuator, coupling mainly happens between LP01 and LP1m 

modes; the first ten LP0m and first ten LP1m modes account for 92% of the incident mode energy. 

The relative direction of two connector-offset attenuators is found to be very important to the 

interference performance. Phase dependent interference (attenuation range from 1 dB to 35 dB) is 

observed in the simulation for the interferometers using abrupt tapers and connector-offset 

attenuators. 

Three interferometers are realized in the experiment using the abrupt tapers (Mach-Zehnder 

and Michelson) or the connector-offset attenuators (Michelson). Due to the interference between 

core and cladding modes, transmission is strongly dependent on wavelength ranging from 3 dB to 

26 dB in the best implementation. Although it is difficult to make two perfect parallel connector-
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offset attenuators required by the Mach-Zehnder interferometers by using the fusion splicer, some 

evidence of constructive interference is observed in the experiment. 

The interferometers are tested as refractive index (RI) sensors using the maximum 

attenuation wavelength shift relative to the RI change. Given that the minimum resolution of 

optical spectrum analyzer is 10 pm, ~10
-4

 difference of the RI can be detected by the 

interferometric sensors using the abrupt tapers or the connector-offset attenuators. 
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Chapter 1 Introduction 

 

In this chapter, advantages of optical fiber sensors over traditional sensors are listed. 

Examples of optical fiber sensing applications and comparison with traditional sensing techniques 

are provided. Background related to four different types of optical fiber interferometers are given. 

A general discussion of optical interferometer sensor design for high resolution refractive index 

(RI) sensing applications is provided. 

 

1.1 Advantage of Optical Fiber Sensors 

Since the early 1970s, optical fiber sensors have been studied intensively based on physical 

phenomena such as wavelength dependent absorption, photoluminescence and phase detection. 

Compared with traditional sensors using electrical or magnetic principles, optical fiber sensors 

have a number of advantages, including 

 low signal loss (attenuation) 

 immunity to electromagnetic noise and chemical material erosion 

 small size and lightweight 

 possibility of multiplexing 

 feasibility of distributed and remote sensing 

 electrical passivity 
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1.2 Applications of Optical Fiber Sensors 

 

Fig. 1.1 Distribution of OFS-18 papers according to application area. 

 

With the unique advantages listed above, optical fiber sensors have been studied and applied 

to many different areas, including bio-chemistry, nuclear industry, surgery, architecture, power 

plants, and so on. Fig. 1.1 shows the distribution of papers presented at the 18th Optical Fiber 

Sensors Conference (OFS-18) according to application area. The conference was held in October 

23-27, 2006 in Cancún, México, and is a major conference in the field of optical fiber sensors. 

Hence the statistics of OFS-18 provide information on recent research activity in the area of 

optical fiber sensors. In particular, RI measurement has been the dominant sensing mechanism in 

Temperature
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35%

Architecture 
Strain
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Pressure
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the Oil+Gas and Bio+Chem+Medical sectors. Several examples of fiber sensing applications and 

their comparison with the traditional sensing techniques are listed below. 

1.2.1 Biosensor 

Combined with advances in nanotechnology, optical fiber biosensors, due to their immunity 

to the electromagnetic interference and small footprint, have been reported to detect in-vivo 

processes within cells and provide the possibility of manipulating life at atomic and molecular 

levels [1]. Therefore, a biosensor can dramatically improve our knowledge of intra-cellular 

dynamics and potentially revolutionize cell biology. Detections of individual chemical species 

throughout a cell were reported in [2], [3]. Fluorescence based biosensors can have a high signal 

to background noise ratio because the fluorescence happens within the binding of the antibody 

and antigen. Optical fibers with immobilized antibodies on the surface were utilized as a sensor 

for measuring optical parameter changes within the binding event, where conventional 

spectroscopic methods are not possible. Moreover, optical fiber fluorescence biosensors can take 

advantage of the evanescent field which is ~ 0.1 μm around the fiber surface. The evanescent 

field excites fluorescence from the labeled antigens only when binding events happen with the 

evanescent field. Hence the background signals from the volume solution have little or no effect 

on the total measured fluorescence, compared with the dominated background signal in the 

chemical tube measurements because of the existence of unbound antigen. 

1.2.2 Remote Detection of Radiological Materials 

Recent demand for nuclear materials has grown due to applications in medicine (i.e. 

radiation therapy), revived interest in nuclear power, and even war (i.e. dirty bomb). 

Consequently, the interest for accurate detection and monitoring of radioactive material has also 

grown significantly [4]. Gamma-ray spectrometers are relatively well-established radiation 
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sensors; however, they are normally complicated and expensive. Optically stimulated 

luminescence for radiation detection can be a technique that is easy to install, operate and 

maintain, while keeping costs low [5]. The sensor utilizes light to stimulate luminescence from a 

radiation-sensitive crystal, which has a response proportional to the absorbed radiation dosage. 

The radiation field energy excites free charge carriers (electrons and holes) in the crystal while 

illumination with specific light wavelengths releases the carriers and emits photons. The optical 

emission is proportional to the concentration of excited carriers, namely the absorbed dose of 

radiation. The fiber transmits the stimulated emission to a sensor installed in a probe, which 

carries the signal back to the reader. Due to the low attenuation of an optical fiber, the reader and 

probe can be installed at different places to work as a remote sensing system. Multiple probes 

installed at different places can be connected to a single multiplexing reader via optical fibers to 

create an integrated sensor network. 

1.2.3 Medical Application 

Arterial blood pressure is one of the most important parameters in medical diagnostics [6]. It 

is most accurately measured invasively through an arterial line. Accurate, robust and disposable 

sensors are normally requirements for the medical sensors. Additionally, sensor miniaturization 

is highly preferred to simplify mounting schemes and satisfy the limited space requirements of 

invasive measurement. A fluid filled catheter with an external transducer is the most popular 

invasive pressure sensor system [7].  The intravascular catheter transfers the pressure waves via 

a liquid-filled system to an external pressure transducer which can convert the waves into an 

electrical signal. It is a simple system, but has a lot of problems:  the bulk size makes it 

impractical to apply in small blood vessels; fluid inertia, air bubbles in the tubing, and the 

elasticity of the tube can limit the response time. To overcome the limitations of traditional 

pressure sensors, a Fabry-Perot optical interferometric sensor was realized by a single mode 
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fiber (SMF) and a short piece of hollow fiber with diaphragm attached to the tip. The invasive 

pressure modulates the diaphragm, changing the output signal of the Fabry-Perot interferometer. 

The optical fiber tip sensor has the advantage of biocompatibility of silica and electrical 

passivity. Additionally, it is inexpensive and not harmful to the environment after disposal.  

1.2.4 Crack Sensor  

Crack detection in a building is important for the safety of both the structure and people [8]. 

Cracks may be formed by long term strain due to heat imbalance or short term effects such as 

earthquakes or snowfall on the rooftop. When a crack opens by 0.2-0.4 mm, salt and rain water 

can easily penetrate and cause corrosion inside of the structure. A crack opening larger than 1-2 

mm is the warning sign of immediate shutdown of the architecture for inspection and 

maintenance. Currently, cracks are monitored by visual inspection. This process is time-

consuming, costly and unreliable. Some non-destructive techniques [9], [10] are proposed for 

assessing cracks, but none can give the quantitative measurement of crack opening and most of 

them cannot detect small cracks perpendicular to the surface. An optical fiber can be buried inside 

the structure to work as a crack sensor. The fiber is bent when a crack forms, and results in the 

loss of light energy from the core to the cladding. The transmitted light and the back scattered 

light both experience a sudden change. By measuring the Rayleigh backscattered signal as a 

function of time using an optical time domain reflectometer, one can locate the crack positions 

and calculate the crack opening width.   

1.2.5 Current Sensor 

Current detection is a basic and important technology for the control, protection and 

supervision in power plants [11]. Traditional current sensors utilize a transformer consisting of 

iron cores and winding. They are heavy and bulky, difficult to install to high voltage conductors, 
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and easily influenced by electromagnetic induction noise. Optical fibers can be utilized as current 

sensors to overcome these limitations. When a light beam propagates through a transparent 

medium, a magnetic field can rotate the polarization of the light, a phenomenon known as the 

“Faraday effect” [12]. The polarization rotation is proportional to the strength of the magnetic 

field which is also related to the current intensity. Based on the rotation of polarization, one can 

measure the current from a remote reader connected to the optical fiber. The optical fiber current 

sensor is immune to electromagnetic interference, cannot explode, is compact, and allows for 

noncontact measurements in contrast to the traditional sensor.  

1.2.6 Pipeline Leakage Sensor 

Electric sensors are not suitable to detect leakage in gas or oil pipelines due to the measured 

material’s inflammable nature [13]. The distributed fiber attached to the pipeline can be utilized 

as a sensor without being a fire hazard. Pipeline leaks often create acoustic signals which change 

the fiber strain and induce a RI change in the fiber. On the other hand, if a fiber based 

interferometer is affixed on the pipeline, any leak introduces an optical path change in the 

interferometer, causing a change in the fiber sensor reading. The phase signal induced by the 

acoustic wave can be detected by the broadband phase generated carrier technique, and the 

leakage position can also be calculated by the spectrum [14], [15]. 

1.3 Optical Fiber Based Interferometer  

Interferometry is the technique of superimposing two (or more) waves to detect phase 

differences between them. An interferometer utilizes two waves with the same wavelength. If 

they have the same phase, their electric fields will add to each other constructively; otherwise, if 

there is a 180° phase difference between them they add destructively. Typically, an incoming 

light wave is split into two (or more) parts, and then combined together to create an interference 
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pattern after traveling different optical paths. Optical paths different by an integral number of 

wavelengths (or odd multiple of half wavelengths, i.e. 180° out of phase) correspond to 

constructive (or destructive) interference. In terms of the optical spectrum, the minimum 

attenuation wavelength can be “shifted” to maximum attenuation wavelength if the optical path 

difference varies by 180°. Based on the maximum (or minimum) attenuation wavelength shift one 

can tell the phase difference induced by the environmental (i.e. RI or strain) change, hence the 

interferometer can be utilized as a sensor. Different configurations of interferometers have been 

realized with the optical fibers, i.e. Mach-Zehnder, Michelson, Sagnac, and Fabry-Perot. They are 

detailed in the following sections due to their direct relevance to this work. 

1.3.1 Mach-Zehnder Optical Fiber Interferometer 

 

 

Fig. 1.2 shows a Mach-Zehnder optical fiber interferometer. Light emitted by the transmitter 

is divided by Coupler 1 into two parts propagating in different paths; and combined by Coupler 2. 

Due to the phase difference introduced by the optical delay element, interference changes the 

output detected in both ports 3 and 4. Due to energy conservation, the interference in ports 3 and 

4 are opposite, i.e. when one port is constructively interfering, the other is destructively 

interfering (assuming the phase difference of the light paths is 180º). A Mach-Zehnder optical 

fiber interferometer can be realized by two-fiber arms or one-fiber (in-line structure). Couplers 

are used to combine the light in two different fibers together. This type of interferometer is very 

Transmitter 

Coupler 2 Coupler 1 

4 

3 

2 

1 Receiver1 

Receiver2 

Fig. 1.2 Mach-Zehnder optical fiber interferometer 
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useful in the demodulation of differential phase-shift keying (DPSK), because it can introduce a 3 

dB gain advantage compared with the other demodulation methods (e.g. on-off keying (OOK)) 

[16]. Also, two-fiber optical interferometers can be utilized as sensors because the phase 

difference can be changed by the outside environment such as strain. However, since the light is 

confined in the core, the cladding protects it from the material RI surrounding the fiber. An in-

line optical fiber interferometer can be realized as a RI sensor by a long period grating (LPG) pair, 

which can couple light from the core to the cladding (or reverse).  The light in the cladding is 

more sensitive to the RI change than that of the core. Section 2.1.1 introduces the recent work 

based on LPG in-line optical sensor. 

1.3.2 Michelson Optical Fiber Interferometer 

 

Fig. 1.3 shows a typical Michelson optical fiber interferometer, including two optical fibers, 

one transmitter, one receiver, two mirrors and one fiber coupler. Light emitted by the transmitter 

is split into two different optical paths (upper and lower arm) by the coupler, reflected back by 

Mirrors 1 and 2 respectively, then recombined by the coupler into receiver. The Michelson 

interferometer can be the basis of a wide variety of devices, from RF modulators to sensors to 

optical switches. Similar to the Mach-Zehnder, the Michelson interferometer can be realized by 

two-fiber arms or an in-line structure.  

Mirror 1 

Mirror 2 

Transmitter 

Coupler  

2 

1 

Receiver 

Fig. 1.3 Michelson optical fiber interferometer 
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1.3.3 Sagnac Optical Fiber Interferometer 

 

Fig. 1.4 shows a Sagnac optical fiber interferometer, where a light wave is split into two 

parts propagating in opposite directions. In the Sagnac configuration [17], [18], the interference 

spectrum is dependent on angular velocity of the setup because the rotation can effectively 

shorten the path of one light wave while lengthen the other one. Based on this spectrum shift, the 

Sagnac interferometer has been used to determine the angular velocity of the Earth. It also can be 

used in navigation as a ring laser gyroscope in fighter planes. 

1.3.4 Fabry-Perot Optical Fiber Interferometer 

Fig. 1.5 shows two different optical fiber Fabry-Perot interferometers. One is based on the 

reflection while the other on transmission. A Fabry-Perot interferometer is typically made of a 

transparent plate with two reflecting mirrors. Due to the multiple reflections, the reflected/ 

transmitted spectrum is a function of cavity length, medium in the cavity, and mirror reflectivity. 

For the same cavity length, the spectrum of (a) is opposite to that of (b) to satisfy energy 

conservation. Fabry-Perot interferometers are widely used in telecommunications, lasers and 

spectroscopy for controlling and measuring the wavelength of light.  

Transmitter 

Coupler  

2 

1 

Receiver 

Fig. 1.4 Sagnac optical fiber interferometer 
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1.4 Design Consideration of Interferometers for RI Sensing Applications 

Interferometric sensors are one of the most useful sensor types due to their high sensitivities 

and relatively relaxed requirement on the stability of the optical source’s power level.  Of all 4 

interferometers, the Mach-Zehnder and the Michelson interferometers received most attention in 

terms of RI sensors due to their easy fabrication, and high sensitivity. For example, the Sagnac 

interferometer cannot detect a RI change at all. The Fabry-Perot interferometer is used in some 

applications but the alignment requirement of the two mirrors limits its application.  

Mach-Zehnder and Michelson interferometric sensors can be realized by two-fiber arms or 

in-line single-fiber structures. In sensor applications, the reference signal stability is essential. For 

the two-fiber interferometric sensor, extra attention is needed to stabilize the reference signal. 

However, for the in-line interferometric sensor, since one channel is confined by the core, while 

the other is confined by the cladding, the perturbations are common to both channels and thus do 

not affect the interference effect. Also, the in-line fiber interferometric sensor has a smaller 

3 

Transmitter 
2 1 

Receiver 

Circulator 

1 2 
Transmitter Receiver 

(a) 

(b) 

Fig. 1.5 Fabry-Perot optical fiber interferometer (a) reflection (b) transmission 
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footprint and is more compact than its two-fiber counterpart. Therefore, this thesis focuses on the 

investigation of this class of devices. 

To optimize magnitude and accuracy of the sensor sensitivity, several factors are considered: 

 Interaction length with the sample. The sensitivity normally increases with the 

interaction length. 

 Extinction ratio, the difference of wavelength dependent attenuation. Large extinction 

can increase the accuracy of the sensor using the wavelength shift, so the power 

distribution among different channels would be customized to get the large extinction 

ratio. 

 Bandwidth, the wavelength separation of maximum (or minimum) attenuation. A small 

bandwidth is also useful to get more accuracy of the sensitivity, which means that the 

difference of optical path should be large, realized by a long interferometer length or 

large RI difference between core and cladding. 
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Chapter 2 Background on ln-line Fiber Sensors 

 

Chapter 1 reviewed the application of fiber-based interferometers in different sensing 

scenarios and provided a general framework for in-line fiber interferometers. In this chapter, 

recent research on in-line optical fiber sensors is presented. This includes the grating type sensor 

(long period grating (LPG) and fiber Bragg grating (FBG)), taper type sensor (SMF and 

multimode fiber (MMF) tapers), connector-offset type sensor, multi-core fiber type sensor, 

combination sensor (LPG and taper, LPG and connector-offset attenuator). A comparison 

between different in-fiber optical sensor configurations is given to motivate the current work, 

namely, design of low cost, high sensitivity interferometric sensor is by novel mode coupling 

mechanisms. The chapter ends with an outline of the contribution of this thesis. 

2.1  Grating Type Sensor 

An optical grating can be realized in the fiber by periodic modification of the core RI 

typically through a photolithographic process. Depending on the period length, gratings can be 

classified as either LPG or FBG, both of which have many applications in optical communication 

and sensor domains. 

2.1.1 LPG 

A LPG consists of a periodic (normally several micrometers) RI modulation of the core. 

LPGs can be fabricated with several techniques, including ultraviolet, infrared femtosecond 

pulses, CO2 lasers, mechanical stress, and electrical discharges [19]. The basic principle of the 

LPG to couple light from the fundamental core mode to higher order co-propagating cladding 

modes in fiber with periodical variation of the core RI is shown in Fig. 2.1 (a). The wavelength 
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λ in which the guided mode couples to the cladding modes can be obtained through the phase-

matching equation [20]: 

    ( )
co

n

cl         (2.1) 

where βco is the effective propagation constant of fundamental mode, 

βcl
n
 is the effective propagation constant of the cladding mode, 

 Λ is the grating period. 

Since 1990s, LPGs have found many applications in optical communications, such as gain 

equalizers [21], band rejection filters [22], tunable filters and optical switches [23]. Meanwhile, 

many sensors [24]-[29] using LPGs have been proposed and some of them were industrialized. In 

the sensor area, LPG is sensitive to measurements such as strain and temperature, which may 

change the period of the grating and/or the RI of the core or the cladding. Low background 

(a) 

(b) 

(c) 

Fig. 2.1 LPG (a) coupling between core and cladding mode in one LPG (b) LPG 

Michelson interferometer (c) LPG Mach-Zehnder interferometer 
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reflections and insertion losses make LPGs adequate for more purposes than strain and 

temperature detection, such as refractometers, or detection of chemical substance in the 

(a) 

(b) 

Fig. 2.2 LPG Mach-Zehnder interferometric sensor (a) spectrum (b) wavelength 

shift due to the outer environment RI change (Reproduced with permission 

from S. He) 
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environment. To enhance the sensitivity, two LPG interferometers, namely Michelson [30], [31], 

Mach-Zehnder [32] interferometers were proposed, as shown in Fig. 2.1 (b) and (c) respectively. 

It is well known that the cladding cannot support a long distance propagation of the cladding 

mode due to the strong attenuation of the coating. However, if the coating is off, the cladding 

mode can be coupled back to the core by another LPG. The energy attenuation in the cladding can 

be ignored if the interfering length is short. Due to the phase delay of the core and cladding 

modes, strong interferences patterns can be realized, as shown in Fig. 2.2 (a). If the surrounding 

environment RI changes, say, from the air (ns=1) to the distilled water (ns=1.315 for the 1550 nm 

wavelength), the effective RI of the cladding mode increases, while that of the core stays 

unchanged, so the pattern shifts to the shorter wavelength. In [32] it is reported that for a 62 mm 

(including two LPG regions) length LPG Mach-Zehnder interferometric sensor, the sensitivity is 

0.259 nm shift per 0.01 RI change of the solution, as shown in Fig. 2.2 (b). Assuming the 

minimum resolution of the spectrum analyzer is 10 pm, the minimum RI change detected by the 

LPG type sensor is ~10
-4

. 

2.1.2 FBG 

Similar to the LPG, the FBG also consists of periodic perturbation of the effective RI in the 

optical fiber core, but with a shorter period on the order of hundreds of nanometers [33]-[35]. The 

RI perturbation induces to the reflection of light (as shown in Fig.2.3) in a narrow range of 

wavelengths, for which a Bragg condition is satisfied:  

2 effn       (2.2) 

Where neff is the effective RI of the core mode. Light at other wavelengths which are not affected 

by the Bragg grating, can propagate through the FBG with negligible loss. The reflection  

http://www.rp-photonics.com/refractive_index.html
http://www.rp-photonics.com/fibers.html


Chapter 2 Background 

 16 

 

Fig. 2.3 FBG transmission and reflection 

 

bandwidth of a fiber grating is typically below 1 nm and depends on both the length and the 

strength of the RI variation. As the wavelength of maximum reflectivity depends not only on the 

Bragg grating period but also on temperature and strain, Bragg gratings can be used in 

temperature and strain sensors. However, in terms of RI sensor, since most of the light energy is 

(a) 

(b) 

Fig. 2.4 Sensor using FBG pair with a MMF taper (a) spectrum (b) setup 

(Reproduced with permission from S. He) 

http://www.rp-photonics.com/bandwidth.html
http://www.rp-photonics.com/fiber_optic_sensors.html
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confined in the core, it is not traditionally used as a bio-chemical sensor using the RI 

measurement. Recently, some special FBG devices with specific techniques were proposed to 

detect the external RI. Side-polished FBG refractometers [36] can detect RI change of 10
-5 

and 10
-

3
 for RI around 1.45 and 1.33 (assuming spectrum resolution is 1 pm at 1550 nm). A two FBGs 

sensing system (with one FBG etched) can detect RI change of 10
-4

 around 1.33 [37]. It is well 

known that the taper can be used as a fiber based RI sensor. Combining FBG with fiber tapering 

[35], it can decrease the minimum RI detected by the FBG type sensor to ~10
-5

, as shown in Fig. 

2.4. 

2.2 Taper Type Sensor  

Tapering a fiber is to decrease the fiber diameter by heating and pulling the fiber ends [38]. 

The heat source can be a gas flame, a CO2 laser beam, or an electronic arc in the fusion splicer. 

The taper normally consists of three parts: 1) a down conical section where the diameter of the 

fiber decreases; 2) a uniform section where the diameter of the taper is constant; 3) an up conical 

section where the diameter of fiber increases. Depending on the pulling conditions, one can get 

tapers with different shapes and properties. According to the taper angle, fiber tapers can be 

divided into two distinct categories: adiabatic (small taper angle) and nonadiabatic (or abrupt 

taper angle). 

2.2.1 MMF Taper Sensor 

In [39], a RI sensor using MMF taper was proposed. The cladding and core diameters are 

reduced in size when a fiber is tapered. For a certain taper waist diameter, part of the core modes 

can be coupled from the core to the cladding. When the RI of the fiber cladding is higher than that 

of the sample, the light will propagate in the cladding. Due to the existence of the cladding, the 

core modes do not interact directly with the sample medium. Therefore, even for a sample with 
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RI higher than that of the cladding, transmission is not zero as a result of core modes. Conversely, 

the external RI can affect attenuation due to the taper, especially when the sample RI is close to 

that of the cladding. Therefore, the tapered MMF can be used as a RI sensor. It is possible to 

measure RI in the range 1.40-1.45 with high sensitivity. When the sample with a RI is close to the 

fiber cladding, changes in the sample RI as low as ~10
-4

 can be detected, as shown in Fig. 2.5. 

(a) 

(b) 

Fig. 2.5 Sensor using tapered MMF (a) structure (b) response (Reproduced with 

permission from D. Monzón-Hernández) 
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However, the sensor has limited sensitivity for other RI ranges, especially for the most chemical 

sensing environment which has usually much lower in RI than that of the cladding. 

2.2.2 SMF Taper Sensor 

 

The waist of SMF taper can be as small as 200 nm [40], while keeping the attenuation small. 

Fig. 2.6 (a) shows the optical fiber taper waist (4 μm) in the micro resonator (sphere) 

(a) 

(b) 

Fig. 2.6 Sensor using tapered SMF (a) photograph (b) response  

((b) Reproduced with permission from M. Mansuripur) 
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experiment. At the taper region, the fundamental mode is coupled into several modes (mostly the 

first two modes) of the multimode taper waveguide. The light then propagates down the taper and 

is coupled back into the SMF again at the other end of the taper. The efficiency of coupling is 

dependent on the relative phase of the participating modes. If the RI of the taper’s surrounding 

(a) 

(b) 

Fig. 2.7 Sensor using connector-offset attenuator (a) configuration (b) 

response (Reproduced with permission from D. Monzón-Hernández). 
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environment changes [41], it will change the effective RI of the cladding and core modes, and the 

spectrum will shift, as shown in Fig. 2.6(b). With a 10 pm resolution for the wavelength shift 

detection, changes in the sample RI as low as1.42×10
-5

 can be detected. However, the taper 

diameter is so small that the taper is extremely fragile. The extinction ratio of the SMF taper is 

smaller compared with the grating type sensor. 

2.3 Connector-offset Sensor 

Shown in Fig. 2.7, the device consists of a short section of SMF, which works as a sensing 

section, fusion spliced with two MMFs [42]. Due to the core diameter mismatch, some of the 

light is coupled from the core of the MMF to the cladding of the SMF, while the remaining light 

is coupled to the core of the SMF. The propagation of the cladding mode can be affected by the 

surrounding sample RI, especially when the material RI is close to the cladding RI. Based on the 

transmission, the device can work as a RI sensor. The device can detect RI difference as small as 

to ~7×10
-5

 when the sample RI is close to the cladding RI, but has limited application in other RI 

range. 

2.4 Multicore Sensor 

Standard SMF is resilient to deflection or bending for long distance transmission. A multi-core 

fiber can be utilized to realize an in-line Michelson interferometer [43], which is intrinsically 

sensitive to the deflection, as shown in Fig. 2.8. A SMF fiber was spliced with the multicore fiber, 

and then the fusion section was tapered to enhance the coupling between the two fibers. The 

sensor shows an approximately linear response as a function of deflection. It can be used as 

displacement sensors, curvature sensors, compact accelerators, and flow velocity sensors. 

However, since the light is confined by the core similar to FBG, it has a limited application as a 

RI sensor, unless it is combined with some other special configurations. 
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2.5 Sensor based on other configurations 

Other than the techniques previously mentioned (LPG, FBG, tapering, connector-offset, 

multi-core), in-line interferometric sensors can also be realized using a combination of these 

techniques. The following sections provide a concise summary.  

(a) 

(b) 

Fig. 2.8 Sensor using multicore fiber (a) configuration (b) response (Reproduced 

with permission from L. Yuan) 
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2.5.1 Taper and LPG 

 

In [44], it is reported that a Mach-Zehnder interferometric sensor was constructed of an 

abrupt fiber taper followed by a LPG, as shown in Fig. 2.9 (a). The taper was fabricated in a 

Corning SMF-28 fiber by tapering the fiber in the arc discharge in a splicing machine. The fiber 

taper waist was decreased from 125 μm to 80 μm, resulting a total length of 500 μm and an 

insertion loss of 1 dB. Part of the light in the core mode is coupled to the cladding as a cladding 

mode by the taper.  After propagating some distance, the cladding mode can be coupled back to 

(a) 

(b) 

Fig. 2.9  Sensor using abrupt taper and LPG (a) configuration (b) spectrum ((b) 

Reproduced with permission from O. Frazão) 
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the fiber core by the LPG located next to the taper. Fig. 2.9 (b) shows the spectrum of the LPG 

before and after the fabrication of the taper. The interferometer was realized by the LPG and taper. 

The interferometer was utilized as an inclinometer sensing head. As the axis of rotation passes 

through the taper center, rotation does not change the phase difference between the core and 

cladding modes. The sensor configuration is expected to have a similar response to RI variation 

as the LPG type Mach-Zehnder interferometric sensor. 

2.5.2 Connector-offset Attenuator and LPG 

 

(b) 

(a) 

Fig. 2.10 Sensor using connector-offset attenuator and LPG (a) configuration (b) 

spectrum ((b) Reproduced with permission from X. Dong) 
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Reference [45] reported a Mach-Zehnder interferometric sensor consisting of a misaligned 

fusion splicing point (or connector-offset attenuator) and a LPG, as shown in Fig. 2.10. The 

connector-offset attenuator was fabricated by a fusion splicer. Half of the core mode energy was 

coupled into the cladding mode by the 3 dB connector-offset attenuator, and the cladding mode 

was coupled back to the core mode by the LPG. The device was tested as a strain sensor, with the 

same result as that for the LPG pair based interferometer since both experiments used the same 

fiber. The connector-offset attenuator can be treated as a wavelength independent mode converter, 

so it is compatible with a LPG of arbitrary resonant wavelength. This configuration is expected to 

have a similar response to RI change as the LPG pair Mach-Zehnder interferometric sensor. 

2.6 Summary of Previous In-line Optical Fiber Sensors 

Although these configurations were proposed as sensors, still there are some limitations of 

the devices in the RI detection domain. The advantage and limitations of the previous approaches 

are summarized in the Table 2-1. 

2.7 Motivation for New Techniques 

To design a new in-line RI interferometric sensor, several factors should be considered 

 High sensitivity 

 Low fabrication cost 

 Easy to clean for repeated usage 

 Stable performance 
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Table 2-1  Summary of the previous in-fiber sensor configuration for RI sensing 

Type Advantage Limitation 

LPG 

(combination) 

High sensitivity for a large RI range. 

Needs special fiber and fabrication 

techniques. High Cost. 

FBG 

If combined with other techniques 

(i.e. side polished or tapering), high 

sensitivity to detect RI. 

Needs special fiber and fabrication 

techniques. To sense RI, special 

configures are needed. High Cost. 

MMF Taper 

Low fabrication cost, high 

sensitivity for the RI close to 

cladding RI. 

Low sensitivity for RI from 1.3-1.4, the 

typical protein sample range. 

SMF taper 

Low fabrication cost, high 

sensitivity for the RI. 

Fragile and hard to clean, small 

extinction ratio, repeated use of device 

unlikely. 

Core 

Mismatch 

Low Fabrication cost, high 

sensitivity for the RI close to 

cladding RI. 

Low sensitivity for RI from 1.3-1.4, the 

typical protein sample range. 

Multicore 

Fiber 

N/A 

Need special fiber, limited sensitivity for 

the RI. 

2.8 Contribution of Thesis 

In this thesis, several new configurations were designed, built, and tested to meet these 

requirements: 
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1. a Mach-Zehnder interferometric sensor using the symmetrical abrupt taper, 

2. a Michelson interferometric sensor using the symmetrical abrupt taper, 

3. a Michelson interferometric sensor using the connector-offset attenuator. 

These three new sensors have similar performance to the LPG type sensor, while the cost is 

lower compared to that of the LPG. In addition, one Mach-Zehnder interferometer using the 

connector-offset attenuator pair was studied as well. Experiment and simulation on these 

structures are given in the following chapters. 
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Chapter 3 Theory and Simulation 

 

In this chapter, a method to calculate the coupling coefficients between fundamental linear 

polarization (LP) mode LP01 and higher order LPnm modes is introduced first. Then the behavior 

of abrupt tapers and related interferometers is simulated. Lastly the behavior of connector-offset 

attenuators and related interferometers is simulated. 

 

3.1  Coupling Coefficient 

In a weakly coupled waveguide, such as an optical fiber, natural modes combine (degenerate) 

into LPnm modes, where n is one-half the number of the intensity maxima (or minima) that occur 

as the angular coordinate changes from 0 to 2π, m is the number of intensity maxima that occur 

while the radial coordinate changes from zero to infinity. In the core of SMF, only one 

fundamental mode LP01 propagates up to several thousand kilometers as the core mode. However, 

if the coating layer is stripped off, some higher order LPnm modes can propagate along 

considerable distance in the SMF as the cladding modes. In this thesis, all the fibers in the 

simulation and the experiment are Corning SMF-28 with the following parameters [46], as shown 

in Table 3-1. 

Table  3-1 Corning SMF-28 parameters 

Parameter Value Parameter Value 

Core Diameter Dco 8.2 μm Core RI nco 1.45522 

Cladding diameter Dcl 125 μm Cladding RI ncl 1.45 

Coating diameter Dct 250 μm environment RI ns * 1.315 

* Distilled water at wavelength 1550 nm and 25 °C. 
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If a LP01 mode is injected into the SMF, the electric field still remains as LP01 mode after 

some propagation distance. However, when some modifications (either abrupt taper or connector-

offset attenuator) are made in the middle of SMF, as shown in the Fig. 3.1, the electric field after 

the device (z=L2) is a combination of LPnm modes.  

    
2( )

nm

nm

in

z L m LPk e                       (3.1) 

where 
n

mk is the real coupling coefficient between LP01 and LPnm mode, nmie 
 is the phase delay 

effect of LPnm mode relative to LP01 mode, and 
nmLP  is the electric field of LPnm mode. 

n

mk  can be solved as 

      2
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    (3.2) 

where 
n

ma
 
is the intensity of LPnm mode after the taper section. The field after the device can be 

solved by the Beam Propagation Method (BPM) [47]-[53]. In the following simulation, software 

OPTIBPM 7.0 (OPTIWAVE, based on the numerical simulation method) is used to solve the 

fields before (LP01) and after the device with a mesh size 1 μm×1 μm×1 μm. The Eq. (3.2) is 

processed by this software.   

3.2  Abrupt Taper Type Interferometer 

Tapered structures in optical fibers have been extensively studied as power couplers, sensors, 

and add-drop multiplexers [54], [55]. Previous work on power coupling and filtering focused 

 

Fig. 3.1 SMF with modifications 

 

 SMF SMF Device 

Z=L1                Z=L2 
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mostly on minimization of insertion loss by gradually tapering SMF to a waist diameter of several 

micrometers under high heat (flame/ oven). Hence, more gradual tapers or smaller taper angles 

are generally preferred. In an axially symmetric taper, energy in the LP01 mode is coupled to the 

LP0m cladding modes. For an ideal adiabatic taper, LP01 mode can contain almost all the energy; 

for an abrupt tapers, it can be coupled to higher LP0m even with coating, but these cladding modes 

would be quickly attenuated. Abrupt tapers have been studied in [56]. However, due to the 

limitation of the fabrication method, the waist of the abrupt taper is too small (20 μm) and it is not 

symmetric which make it fragile and difficult to simulate and reproduce.  

3.2.1 3 dB Abrupt Taper 

 

 

To simulate the various interferometers based on abrupt tapers, beam propagation through a 

taper (as modeled in Fig. 3.2) is simulated using OPTIBPM. The taper length is Lt=600 μm and 

the waist is Dt =40 μm. The LP01 mode was injected on the left side of the taper and the electric 

field after the taper (z=1000 μm) is shown in Fig. 3.3. Both the real and imaginary parts of the 

electric field have axial symmetry, which means they are the combination of LP0m modes. Fig. 3.4 

shows the optical field (intensity) propagation through the taper, where the x-cut profile is the 

same as the y-cut profile, confirming that coupling mainly happens among LP0m modes because  

Dt=40 

Lt=600 La=100 Lb=300 

Df=125 

unit: μm 
Fig. 3.2 Taper profile 

z 

y 
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(a) 

 

(b) 

Fig. 3.3 Electric field distribution after the taper (a) real part (b) imaginary part 

 

LP0m modes have the same profiles in the x-cut and the y-cut. Before the light comes to the taper 

(La in Fig.3.2), its intensity remains constant. Then due to the decreased core size (left part of Lt), 

the light intensity increases first and then decreases in the middle section of taper, finally some 

light couples back from cladding (right part of Lt), and the intensity increases again until it 

remains constant (Lb). The attenuation of the taper is most due to the coupling from the core to  
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(a) 

  

(b) 

Fig. 3.4  Optical field propagation through the abrupt taper (a) x-cut (b) y-cut  
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the cladding, as shown in Fig.3.4. The attenuation due to the reflection of the taper is negligible 

due to the small RI contrast of core and cladding. 

3.2.2 LP0m Modes in SMF-28 

Using OPTIBPM, one can solve the LP0m modes. The first 10 LP0m  mode effective RIs are 

shown in Table 3-2, and the first 3 LP0m mode electric field profiles are shown in Fig. 3.5. The 

effective RI decreases with the order of LP0m mode, because the higher mode has more energy in 

the evanescent field. 

Table 3-2 Effective RI for the first 10 LP0m modes 

Mode Effective RI Mode Effective RI 

LP01 1.4523 LP06 1.4486 

LP02 1.4499 LP07 1.4479 

LP03 1.4498 LP08 1.4472 

LP04 1.4495 LP09 1.4464 

LP05 1.4491 LP010 1.4454 

 

3.2.3 Coupling Coefficients of 3dB Abrupt Taper 

 With Eq. (3.2) and the field profile in Fig. 3.3,  
n

ma  were calculated, as shown in Table 3-3. 

For the 1530-1600 nm wavelength window, the attenuation due to the taper is almost the same as 

3 dB, as shown in Fig. 3.6. It is well known that in the SMF-28 fiber, the mode field increases 

with wavelength. For the same size taper, the longer wavelength light is coupled more into the 

cladding. However, since the wavelength difference is less than 70 nm (only 4.5% of the 

wavelength 1550 nm), and the taper is less than 1 mm, the attenuation due to the wavelength 
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(a)LP01 

  

(b) LP02 
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(c) LP03 

Fig. 3.5 LP0m modes in Corning SMF-28 

difference effect is not obvious. From Table 3-3, several observations can be made here: 

1. Although attenuation slightly increases with the wavelength, it can be treated as 3 dB for the 

whole wavelength window in the following simulation. 

2. The total energy of LP01-LP010 is about 98% of the incident energy of LP01. Namely we can 

restrict our simulation to only these 10 modes. 

3. The coupling coefficient from LP01 to one particular mode is quite similar across the whole 

wavelength window. 

4. The coupling mainly happens from LP01 to LP0m modes, especially to LP03-LP07 modes. So 

these 5 modes can be used to account for the cladding modes that interfere with the core 

mode LP01 for the further approximation in simulation. 
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Table  3-3 
n

ma  of 3dB taper 

Mode 1530nm 1540nm 1550nm 1560nm 1570nm 1580nm 1590nm 1600nm 

LP01 48.7% 48.4% 48.1% 47.8% 47.5% 47.3% 47.1% 46.9% 

LP02 2.0% 2.1% 2.2% 2.3% 2.4% 2.4% 2.5% 2.6% 

LP03 6.2% 6.4% 6.6% 6.8% 7.0% 7.1% 7.3% 7.5% 

LP04 10.0% 10.2% 10.4% 10.5% 10.7% 10.8% 10.9% 11.1% 

LP05 11.3% 11.3% 11.4% 11.6% 11.6% 11.7% 11.8% 11.8% 

LP06 9.8% 9.8% 9.8% 9.8% 9.8% 9.8% 9.9% 9.9% 

LP07 6.4% 6.3% 6.3% 6.2% 6.1% 6.0% 5.9% 5.9% 

LP08 2.8% 2.8% 2.7% 2.6% 2.5% 2.5% 2.4% 2.3% 

LP09 0.7% 0.7% 0.6% 0.6% 0.6% 0.5% 0.5% 0.5% 

LP010 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 
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Fig. 3.6 Abrupt taper attenuation for different wavelength 

3.2.4 Abrupt Taper Interferometers 

 

Fig. 3.7 Interferometer using abrupt tapers (a) Mach-Zehnder (b) Michelson 

Using the abrupt taper, Mach-Zehnder and Michelson interferometers can be realized, as 

shown in Fig. 3.7. With the approximation that the first ten LP0m modes can be used to account 

for all the light energy, the spectral performance of the abrupt taper type interferometers can be 

simulated as follows: 
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The phase difference between the cladding mode LPnm and core mode LP01 traveling the 

same distance L can be expressed as: 

      
2MA nm

nm

n L





       (3.4) 

where Δnnm is the effective RI difference related to the two modes. 

Assuming the two tapers are the same for the Mach-Zehnder interferometer, after the second 

taper the light energy remaining in the core can be expressed as (Appendix Eq.( A.6)): 
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     (3.5) 

The simulation results for L=27.4 mm, 42.5 mm, and 58.0 mm are shown in Fig. 3.8. Strong 

interferometer patterns were realized in the interferometers. The wavelength dependent 

attenuation can be from 1 dB to 35 dB. The attenuation value for the maximum attenuation is 

different due to the multi mode interference.  For the maximum attenuation wavelength, all the 

cladding modes can be treated as one mode which has a 180º phase delay relative to the LP01. The 

phase difference   between the core and equalized cladding modes, can be approximated as [57] 

2 effn L







     (3.6)  

where Δneff is the effective RI difference between the core and cladding modes. The attenuation 

maxima wavelengths λm are characterized by: 

                           (2 1)m       (3.7) 

where m is an integer. 

The bandwidth wavelengths Δλm is given by: 

         

2

1m m m

effn L


      


             (3.8) 
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Fig. 3.8 Simulated spectrum of 3dB abrupt taper Mach-Zehnder interferometer with 

different length   

The bandwidth decreases with the length of the interferometers, which is also shown in Fig.3.8. 

For the case of the Michelson interferometer, since the light propagates through the same 

taper interferometer length twice, the phase between the cladding mode LPnm and core mode LP01 

traveling L can be expressed as: 

    
4MI nm

nm

n L





                                    (3.9) 

The light energy remained in the core can be expressed as: 
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Similarly, the interferometer pattern for a length L Michelson interferometer is same as that of a 

2L Mach-Zehnder interferometer. 

3.3 Connector-offset Attenuator Type Interferometers 

Optical attenuators have been implemented widely in optical communication system for 

different applications, such as receiver input power control and wavelength balancing and power 

equalization in the wavelength-division multiplexing (WDM) systems [58]. One common design 

achieves fixed attenuation by offsetting two SMF cores by several micrometers. Light from the 

transmission fiber is split into two paths; one remains in the core of the receiver fiber, while the 

other is transmitting in the cladding. Cladding modes propagate for only a short length due to the 

strong absorbance of the coating layer. An attenuator is achieved at the device output by the 

remaining optical power in the core. 

3.3.1 3dB Connector-offset Attenuator 

 

To simulate the behavior of connector-offset attenuator, LP01 propagates through the 

connector-offset attenuator (as shown in Fig. 3.9 with the 4 μm offset along y-axis), the energy 

remaining in the LP01 is ~50%. The electric field profiles after the connector-offset attenuator 

(z=1000 μm) are shown in Fig. 3.10.The electric field is symmetrical along the y-axis, but  

z 

y 

Lc=100 Ld=900 

Loff=4 

Df=125 

unit: μm 

Fig. 3.9 Connector-offset attenuator 
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(a) 

 

(b) 

Fig. 3.10 Electric field distribution after the connector-offset attenuator (a) real 

 (b) imaginary part 
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(a) 

  

(b) 

Fig. 3.11 Optical field propagation through the connector-offset attenuator (a) x-cut  

(b) y-cut 



Chapter 3 Theory and Simulation 

 43 

asymmetrical along the x-axis, meaning that it mainly includes the combination of LP1m modes. 

Fig. 3.11 shows the optical field (intensity) propagation through the connector-offset attenuator. 

The y-cut shows the symmetrical optical path while the x-cut shows the zigzag one, matching the 

properties of LP1m modes. Since the perturbation (connector-offset) happens along the y-axis, the 

electric field of LP1m is asymmetrical along the x-axis, means the +y part of electric field has 180º 

phase difference with that of the –y part. In the x-cut view of optical propagation, at some points 

cladding mode +y part constructively interferes with the LP01 core mode, while the –y part 

destructively inference with the LP01 mode; at some other points, the interference might be 

opposite. After some distance propagation, due to a lot of cladding mode interference, the zigzag 

effect becomes not obvious. For the y-cut view, +x part of electric field is same as that of –x part, 

resulting in straight beam propagation. 

3.3.2 LP1m Modes in SMF-28 

Unlike in the taper where the perturbation of the waveguide is axially symmetrical, the 

connector-offset introduces the perturbation in one axis, which can couple light from the LP01 

mode to LP1m modes. The first ten LP1m modes were solved by OPTIBPM, with the effective RI 

shown in Table 3-4. The profiles of the first three LP1m modes are shown in Fig. 3.12, where the 

+y part of the electric field is asymmetrical with that of the -y part which the +x part is same as 

the -x part. Similar to the LP0m modes, the effective RI decreases with the order of LP1m modes. 

3.3.3 Coupling Coefficients of 3dB Connector-offset Attenuator 

With the field shown in Fig. 3.10 and Eq. (3.2), 
n

ma  from LP01 to the higher order modes are 

calculated in Table 3-5. 
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Table 3-4 Effective RI for LP11-LP110 

Mode Effective RI Mode Effective RI 

LP11 1.4499 LP16 1.4483 

LP12 1.4498 LP17 1.4476 

LP13 1.4495 LP18 1.4468 

LP14 1.4492 LP19 1.4460 

LP15 1.4488 LP110 1.4450 

 

Several conclusions were obtained from these results: 

1. In dB domain, the connector-offset attenuator has a similar response for the 1530-1600 nm 

wavelength window. Although attenuation decreases with the wavelength a little bit, it can be 

treated as 3 dB for the whole wavelength in the following simulation. 

2. The total energy of these 20 modes listed in Table 3.4 is about 92% of the incident light 

energy. Namely we can restrict our simulation to only these 20 modes. 

3. The coupling coefficient from LP01 to one particular cladding mode is quite similar across the 

whole wavelength range. 

4. The coupling mainly happens from LP01 to LP1m modes, especially to LP12-LP16 modes. So 

these 5 modes can be used to account for the cladding modes that interfere with the core 

mode LP01 for the further approximation in simulation. 
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(a) LP11 

 

(b) LP12 
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(c) LP13 

Fig. 3.12 LP1m modes in Corning SMF-28 

 

Fig. 3.13 Connector-offset attenuator attenuation for different wavelength 
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Table  3-5 
n

ma  for 3dB connector-offset attenuator 

Mode  1530nm 1540nm 1550nm 1560nm 1570nm 1580nm 1590nm 1600nm 

LP01 51.6% 52.2% 52.7% 53.3% 53.8% 54.2% 54.7% 55.0% 

LP02 0.8% 0.9% 0.9% 0.9% 1.0% 1.0% 1.1% 1.1% 

LP03 0.2% 0.2% 0.2% 0.2% 0.3% 0.3% 0.3% 0.3% 

LP04 0.5% 0.5% 0.4% 0.4% 0.4% 0.4% 0.5% 0.5% 

LP05 0.6% 0.6% 0.6% 0.6% 0.6% 0.6% 0.6% 0.6% 

LP06 0.8% 0.8% 0.8% 0.8% 0.7% 0.7% 0.7% 0.6% 

LP07 1.0% 1.0% 0.9% 0.9% 0.9% 0.9% 0.9% 0.9% 

LP08 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 

LP09 0.9% 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 

LP10 0.7% 0.6% 0.6% 0.6% 0.6% 0.5% 0.5% 0.5% 

LP11 0.9% 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 0.8% 

LP12 4.7% 4.2% 3.8% 3.5% 3.2% 3.0% 2.9% 2.8% 

LP13 10.9% 10.5% 10.0% 9.4% 8.9% 8.3% 7.7% 7.2% 

LP14 7.3% 7.6% 8.0% 8.3% 8.6% 8.9% 9.1% 9.3% 

LP15 6.1% 6.1% 6.0% 6.0% 5.9% 5.8% 5.7% 5.6% 

LP16 1.9% 2.0% 2.2% 2.3% 2.5% 2.6% 2.8% 3.0% 

LP17 0.9% 1.0% 1.1% 1.2% 1.3% 1.3% 1.4% 1.5% 

LP18 0.4% 0.5% 0.5% 0.6% 0.6% 0.6% 0.6% 0.6% 

LP19 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.2% 

LP110 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
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3.3.4 Connector-offset Attenuator Interferometers 

 

 

 

 

Similar to the abrupt taper, the connector-offset attenuator can be used to construct 

interferometers in Mach-Zehnder or Michelson configurations. The difference between the abrupt 

taper type interferometer and connector-offset attenuator type interferometer is that the 

connector-offset behavior depends on the relative offset direction of the two attenuators. In 3.3.3, 

if the LP1m mode rotates 90º around the z-axis, the coupling coefficient will be totally 0. To get 

the interference pattern, the two offsets should have the same (up-offset) or opposite (low-offset)  

(a) 

(b) 

1
st
SMF 2

nd
 SMF 3

rd
 SMF 

(a) (b) (c) (d) 

Fig. 3.14  Different configurations of Mach-Zehnder interferometer 

Fig. 3.15 Mach-Zehnder connector-offset attenuator interferometer (a) up-offset (b) low-

offset 



Chapter 3 Theory and Simulation 

 49 

 

Fig. 3.17 Mach-Zehnder interferometer spectrum (a) up-offset (b) low-offset 

direction, as shown in Fig. 3.14 (a), (c) and Fig. 3.15. If the second connector-offset attenuator 

follows the first one after some distance L with 90º rotated offset direction (shown in Fig. 3.14 (b) 

and (d)), the LP1m modes coupled by the first attenuator would not be coupled back to the core by 

the second one. It might be a challenge to fabricate the parallel offset attenuators in conventional 

fusion splicer to get a good Mach-Zehnder interferometer. However, parallel offset would not be 

a problem for the Michelson interferometer, because the connector-offset attenuator has the exact 

offset direction as its “image” one, as shown in Fig. 3.16. In the following simulation, only the 

ideal parallel offset direction case is considered. With the approximation that the first ten LP1m 

Fig. 3.16 Michelson interferometer using connector-offset attenuator 
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modes and LP01 mode can be used to account for all the light energy, the spectral performance of 

the connector-offset type interferometer can be simulated as follows: 

For the up-offset Mach-Zehnder interferometers, the light intensity can be expressed as 

(Appendix, Eq. (A.7)): 
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     (3.8) 

For the low-offset Mach-Zehnder interferometers, the light intensity can be expressed as 

(Appendix, Eq. (A.8)): 
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    (3.9) 

In Fig. 3.17, for the same interferometer length, the spectrum of up-offset is opposite of that 

of low-offset. This matches the property of the LP1m mode. The +y part of LP1m mode electric 

field has 180º phase delay of -y part of LP1m mode electric field. When the phase differences 

between LP1m and LP01 modes are calculated, the configuration of up-offset has a 180º phase 

difference relative to that of low-offset. In terms of spectrum performance they have the opposite 

result. 

For a connector-offset attenuator type Michelson interferometer, it has the same direction 

offset of the “two” connector-offsets. The light intensity remaining in the core after the 

interferometer can be expressed as: 
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     (3.10) 

The spectrum of the L length Michelson interferometer is same as the 2L length Mach-

Zehnder up-offset interferometer. 
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Chapter 4 Interferometer Experiment 

 

In this chapter, experimental results on Mach-Zehnder and Michelson interferometers 

implemented using mode coupling mechanisms such as abrupt tapers or connector-offset 

attenuators are presented.  

 

4.1 Attenuation Spectrum 

 

To characterize the Mach-Zehnder interferometer attenuation spectral response, light from a 

JDS Uniphase broadband source (BBS) was injected into SMF and the transmission spectrum 

was recorded by an optical spectrum analyzer (OSA, model ANDO AQ6317B, set in dB domain) 

as the reference spectrum. After the Mach-Zehnder interferometer was realized by either abrupt 

BBS Mach-Zehnder Interferometer OSA 

(a) 

BBS CIR 
Michelson Interferometer 

OSA 

1 2 

3 

(b) 

Fig. 4.1 Experiment setup (a) Mach-Zehnder (b) Michelson (broadband source 

(BBS), optical spectrum analyzer (OSA) and circulator (CIR))  

SMF SMF 

SMF SMF 

SMF 
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taper pair or connector-offset attenuator pair, the subtraction difference between the spectrum 

received by the OSA and reference spectrum was the attenuation spectrum of the Mach-Zehnder 

interferometer, as shown in Fig. 4.1 (a). 

To characterize the Michelson interferometer attenuation spectral response, light from the 

BBS propagated through the circulator (CIR), was reflected by a coating mirror (coated by ~500 

nm thick gold layer) of the SMF tip, and propagated back through the CIR into the OSA. The 

received spectrum was recorded as the reference spectrum. With both the abrupt taper and the 

connector-offset implementations of the Michelson interferometer, the difference between the 

spectrum received by the OSA and reference spectrum was the attenuation spectrum of the 

Michelson interferometer, as shown in Fig. 4.1(b). 

 The wavelength of BBS was 1520-1610 nm. However, only a 1530-1600 nm wavelength 

window was set in the OSA to achieve a flattened spectral output. 

4.2 Abrupt Taper Interferometers 

4.2.1 Fabrication of 3 dB Abrupt Taper 

An Ericsson fusion splicer, model FSU 995FA with a built-in taper program, was used to 

produce the 3 dB tapers. The fiber was stretched at both ends as it was heated in the middle by an 

arc from the splicer electrodes. Because the pulling velocity is fixed in this splicer, the current 

(arc intensity) of the electrodes and pulling time are very important parameters in the abrupt taper 

fabrication. To get a symmetrical taper, the current of the electrodes should be as small as 

possible as long as it can melt the fiber when the holders pull the fiber in opposite directions to 

generate the taper. Also, since the taper waist decreases with the pulling time, the current should 

be decreased while pulling to avoid overheating the taper region. The fabrication process 

consisted of four steps according to the pulling time and current intensity to get 3 dB (according 



Chapter 4 Interferometer Experiment 

 53 

to the output spectrum attenuation received by the OSA) abrupt tapers, as shown in Table 4-1. 

The photograph (Fig. 4.2) of one 3 dB taper was taken by a NIKON charged coupled device 

camera through a stereo zoom trinocular microscope. The length of the tapered region Lt 

measured was 707±5 μm, while the waist Dt was 40±2 μm. 

Table  4-1 Fabrication steps for 3dB abrupt taper 

Step NO. Current intensity Time Pulling 

1 5.0 mA 5.1 s No 

2 7.6 mA 15.7 s Yes 

3 5.0 mA 5.2 s Yes 

4 3.0 mA 2.0 s Yes 

 

 

 

Fig. 4.2 One 3 dB taper section with Lt=707±5 μm, Dt=40±2 μm 
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4.2.2 Mach-Zehnder Interferometer 

The spectrum of the 3 dB abrupt taper was recorded as curve-a in Fig. 4.3. The attenuation 

due to one taper was found to be almost wavelength independent for the 1530-1600 nm 

wavelength window, which agrees with the numerical simulation results (Fig. 3.8). Another taper 

was made after distance L (L=24 mm, 36 mm, and 55 mm) from the first one. The setup was put 

on the fiber holders to be straightened, and then the spectrum was recorded as curve-b in Fig. 4.3, 

where some interference patterns were shown. The interference patterns are not strong due to the 

large attenuation of the cladding mode by the coating. Then the coating was stripped off, with the 

spectrum recorded as curve-c in Fig.4.3. The extinction ratio (difference between the maximum 

and minimum attenuation) is much larger than that with coating, especially in Fig.4.3 (b); it can 

be up to 23 dB. Then ports of SMF to the BBS and the OSA were switched, with the spectrum 

recorded as curve-d in Fig. 4.3. The curve-d almost overlaps with curve-c, which means that the 

attenuation of the interferometers is propagation directionally independent as expected. The 

maximum extinction ratio was 7.8 dB (L = 24 mm), 23.4 dB (L =36 mm), and 14.0 dB (L = 55 

mm). Although the low insertion loss is preferred for most experiment, in our sensor experiment, 

we focus on the maximum attenuation wavelength shift relative to the RI change in the 

environment. A large extinction can help to increase the accuracy of the sensor, so in the 

following experiment, a large extinction ratio is preferred. The difference between the maximum 

attenuation is due to the multi-mode interference, which is also shown in Fig. 3.8. 

The bandwidths (separation between the two closest maximum attenuation wavelengths) 

related to the interference length of Mach-Zehnder interferometer and the simulation bandwidth 

described in Fig.3.8 are shown in Fig. 4.4. Both the experiment and simulation results exhibit a 

linear dependence on inverse length. The slope predicted by the simulation is 30% larger than the  
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(a) 

 

(b) 
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(c) 

Fig. 4.3 Attenuation spectrum for different length L of (a) a single taper, (b) of two tapers 

separated by SMF with coating, (c) of the two tapers separated by SMF without 

coating, and (d) same setup as (c) with reversed propagation direction.  

 

Fig. 4.4 Bandwidth respect to different length of Mach-Zehnder interferometers 
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experimental results, which means that the RI difference of cladding and core modes in the 

experiment is larger than the simulation result. In other words, the order of the largest energy 

cladding mode (~LP06 mode) in the experiment is higher than that of the simulation result (LP05 

mode). This can be due to the taper profile of simulation in Fig. 3.2 is not exactly the same as 

that in the experiment shown in Fig. 4.2. Although they have the similar attenuation for the LP01 

mode, the difference of the profile can change the energy distribution among the higher LP0m 

modes, which can change the interference bandwidth. 

4.2.3 Michelson Interferometer 

 

Fig. 4.5 Spectrum of abrupt taper Michelson interferometer 

To realize an abrupt taper type Michelson interferometer, a SMF was cleaved by a FITEL 

optical fiber cleaver (Model No. S325). Then several of SMFs were fixed on one wafer surface 

with the cleaved ends upright. The wafer was inserted in the cavity of a gold coater machine for 

10 minutes of coating, resulting in a ~500 nm gold coating layer on the SMF tips. Then the SMF 
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was spliced with port 2 of CIR in Fig. 4.1(b). As mentioned before, the spectrum received by the 

OSA was recorded as the reference. Then one 3 dB abrupt taper was made after L=40 mm of the 

fiber tip to make the Michelson interferometer. A strong interference spectrum was observed for 

the one abrupt taper type Michelson interferometer, as shown in Fig. 4.5. The extinction ratio is 

above 13 dB, while the insertion loss is only 1 dB. Around 1573 nm, the attenuation of the 

Michelson is smaller than 3dB, meaning that constructive interference happens for this 

wavelength range. Around 1579 nm, the attenuation of the Michelson is much larger than 6 dB, 

meaning that destructive interference happens for this wavelength range. 

4.3 Connector-offset Attenuator Interferometers 

4.3.1 Fabrication of 3 dB Connector-offset Attenuator 

 

Most splicers can easily fabricate connector-offset attenuators. Our FSU 995FA includes one 

built-in attenuator function. The photograph of a 3 dB attenuator is shown in Fig. 4.6. The two 

sides of the attenuator are almost aligned for y-cut view, while the offset is obvious in the x-cut 

view. Although each time the splicer can make the same magnitude offset for the same direction, 

say y-axis by 4 μm, it cannot guarantee the axial polarization of the fiber hold on the v-grove of 

(a) (b) 

Fig. 4.6 Photograph of connector-offset attenuator (a) x-cut (b) y-cut 
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the splicer, namely it cannot control the relative polarization of the two connector-offset 

attenuators. 

4.3.2 Mach-Zehnder Interferometer 

 

 

   Section 3.3.4 described how the relative offset direction of the two attenuators can affect 

the performance of the interferometer greatly. For the up-offset or low-offset, the interference is 
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Fig. 4.8 Experiment setup to study polarization relationship of two connector-offset 

attenuators 

 

Fig. 4.7 Spectrum of Mach-Zehnder interferometer (80 mm) 
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maximum; for the 90º offset directions, the interference is minimum. Because the FSU995FA 

doesn’t have polarization control, it is hard to achieve two attenuators with exactly parallel offset 

directions, which is required by the Mach-Zehnder interferometer using connector-offset 

attenuators. However, after ~100 trials, a good Mach-Zehnder interferometer sample was realized,  

whose spectrum is shown in Fig. 4.7.The spectrum of the one 3 dB attenuator loss is almost flat 

(dashed line) throughout in the whole wavelength window, which means that the spectrum of one 

attenuator (unlike in the case of LPG) is almost wavelength independent. After the second offset 

was made, an interference pattern (solid line) was observed, with a 4.8 dB extinction ratio and a 

2.8 dB minimum loss. It is interesting to find that the attenuation of two 3 dB attenuators can be 

smaller than that of one 3 dB attenuator for some wavelengths (i. e. 1566 nm and 1574 nm). In 

those wavelengths range, the core and cladding modes interfere constructively. Compared with 

the result of the abrupt taper based Mach-Zehnder interferometers, which has extinction ratio 

more than 23 dB and minimum loss of 3 dB, the offset based interferometer is more difficult to 

construct, and has a lower extinction ratio and higher extinction ratio. This is due to the lack of 

control of the relative offset direction between the two attenuators. In contrast, the taper has axial 

symmetry. 

To find the relationship between the relative offset direction and interference pattern, the 

following experiment was conducted, as shown in Fig. 4.8. A SMF pigtail, which was spliced 

onto a 60 mm bare SMF segment by 3 dB offset attenuator on the tip, was mounted on the 

Thorlab NanoMax TS 6-Axis Flexure stage. Another cleaved SMF pigtail was mounted on the 

other stage. With the help of a NIKON charged coupled device camera through a stereo zoom 

trinocular microscope, the core of the first pigtail was aligned with that of the second one when 

the cladding of both SMFs matched with each other and the fiber tips were as close as possible. 

This setup was defined as the “zero” position and the fiber axis was z-axis in the subsequent 
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experiment. The spectrum at this “zero” position was recorded, as shown in Fig. 4.9(a). The “zero” 

position does not guarantee exact alignment of the two fibers. It is possible to have ~1 μm offset 

in this position. In the following experiment, a 7 μm offset was used to get a more obvious result 

when compared to a 4 μm offset. The second fiber pigtail was then moved by 7 μm (along the x-

axis, with the corresponding spectrum recorded as Fig. 4.9(b) and then returned to the “zero” 

position. This step was repeated by moving the second pigtail by (c) -7 μm along the x-axis, (d) 7 

μm along the y-axis, and (e) -7 μm along the y-axis, resulting in spectra in Fig. 4.9(c-e). (a) is flat 

(3 dB) for the whole wavelength window, demonstrating the performance of one attenuator is 

wavelength independent, which is same as in Fig. 4.7 (dashed line).  The large difference of loss 

and extinction ratio of (b)–(e) shows that the relative offset direction between the two attenuators 

 

Fig. 4.9 Mach-Zehnder interferometer (60 mm) spectrum of (a)” zero” position, (b) 

7 μm offset along x-axis, (c) -7 μm offset along x-axis, (d) 7 μm offset along 

y- axis, and (e) -7 μm offset along y- axis. 
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can affect the interferometer performance greatly. For (b) and (c), (e) and (d), the interference 

pattern profiles were opposite, which agrees with the Mach-Zehnder interferometer theory (if one 

output port is constructive interference, the other one must be destructive interference). A similar 

result was demonstrated in Fig. 3.17 as the up-offset and the low-offset interferometers. With a 

fusion splicer that cannot process polarization maintaining fiber, it is difficult to control the 

relative offset direction between the two attenuators, and the practical application of Mach-

Zehnder interferometer using connector-offset as a sensor is limited by high insertion loss and 

low extinction ratio. 

4.3.3 Michelson Interferometer 

 

In the case of Michelson interferometer, the problem due to relative offset direction can be 

solved easily, as it requires only one offset attenuator, or in the other words, the offset direction of 

 

Fig. 4.10 Spectrum of Michelson interferometer using connector-offset attenuators 
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one attenuator is perfectly parallel with its “image” one. Then a 3 dB connector-offset attenuator 

was made by the fusion splicer. The length between the mirror and attenuator section was 38 mm. 

Fig. 4.10 shows the spectrum of the single connector-offset Michelson interferometer with the 

extinction ratio of 9 dB and minimum loss of 0.01 dB. Near 1530 nm, 1545 nm, 1562 nm, and 

1578 nm range, the attenuation of Michelson is smaller than 3 dB, which means constructively 

interference happens for these wavelengths ranges. Near 1538 nm and 1570 nm range, the 

attenuation of Michelson is much larger than 6 dB, meaning destructively interference exists for 

these wavelengths ranges. 
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Chapter 5 RI Sensors 

 

In this chapter, theory related to the optical fiber interferometric RI sensor is provided. Three 

different types of interferometers using the abrupt-tapers or connector-offset attenuators are tested 

as RI sensors with high linear sensitivity. The taper made by the propane flame is used to enhance 

the sensitivity of the abrupt taper type Mach-Zehnder interferometric sensor by a factor of 3.4. 

 

5.1 Theory 

If the RI of the environment surrounding the SMF increases, for example by submersing the 

middle section into water, the effective RI of the cladding mode increases by effn , while that of 

the core mode stays almost constant, so Δneff decreases by effn  . With Eq. (3.6) and (3.7), λm has 

to shift to the shorter wavelength by 
m : 

     2m effL n                      (5.1) 

For the Michelson interferometer        

 4m effL n            (5.2) 

Using 
m , one can measure RI change of the sample. In the following experiment, nine 

Dimethyl Sulfoxide (DMSO) solutions with different volume concentrations (0.0, 4.0, 8.0, 12.0, 

16.0, 20.0, 24.0, 28.0, and 32.0%) were used in this experiment. The corresponding RIs (based on 

the experiment result of Dr. Barns in Chemistry Dept. from Fresnel reflection using water as 

reference at 25°C with 1550 nm wavelength) are 1.3150, 1.3208, 1.3266, 1.3324, 1.3382, 1.3441, 

1.3500, 1.3559, and 1.3618, respectively.  In the following experiment, each solution sample will 



Chapter 5 RI Sensor 

 65 

be tested in less than 2 minutes, and the error of RI due to the evaporation of the sampler is 

ignored. 

5.2 Abrupt Taper Mach-Zehnder Interferometric Sensor  

The three interferometers described in Fig. 4.3 were tested as sensors for RI change [59]. As 

shown in Fig. 5.1, the fiber was held by the fiber holders. An adjustable stage was placed below 

the fiber to support a microscope glass slide, which had a test sample solution on its surface. The 

stage was adjusted to immerse the fiber into the RI standard solution while the output spectrum 

was recorded. After the measurement, the glass slide was lowered and a syringe was used to 

remove the solution from the glass slide, and the device was cleaned with distilled water and 

compressed air. A different RI standard was then applied, and the procedure was repeated. In the 

following experiment and analysis, the wavelength of the attenuation peak was measured by  

averaging the wavelength 3 dB below the maximum measured attenuation. Fig. 5.2 shows the 

maximum attenuation wavelength shift due to the RI change of the solution. Another round of 

sample from high to the low concentration DMSO was applied without obvious difference of the 

first round. For a 0.01 RI change, 0.094 nm (L=24 mm), 0.121 nm (L=36 mm), and 0.171 nm 

(L=55 mm) shifts were observed respectively. These results are consistent with Eq. (5.1) since the 

sensitivity of the sensor is linearly related with L. The sensitivity (L=55 mm) is comparable with 

that of LPG pair sensor (0.259 nm per 0.01RI change) [32], which has 62 mm (including length 

of two LPGs) interaction length with solution. Given the wavelength resolution of the OSA can 

be as small as 10 pm, the minimum RI difference measured by the Mach-Zehnder interferometer 

(L=55 mm) can be as small as 5.8×10
-4

. 

As described in [32], the authors found that by adding a slow taper between the LPG regions, 

as shown in Fig. 5.3, the sensitivity can be enhanced because the cladding mode has more energy  
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Fig. 5.2 Wavelength shift due to the RI change of the solution 

Fig. 5.1 Experiment setup for a Mach-Zehnder interferometric RI sensor 
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Fig. 5.3 Sensitivity enhancement with the taper of LPG pair sensor (Reproduced with 

permission from S. He) 

 

Fig. 5.4 Fabrication of slow- taper with propane flame 
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Fig. 5.5 Spectrum of a Mach-Zehnder interferometer using abrupt taper with and without 

slow taper in the middle section 

 

Fig. 5.6 Wavelength shift of 2+1 tapers due to the RI change of the solution 
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distribution in the evanescent filed in the slow taper section. Since the abrupt taper has the similar 

function as LPG to couple light from the core to the cladding (or reverse), a slow taper can be 

used to enhance the sensitivity of the abrupt taper type Mach-Zehnder interferometric sensor. A 

62 mm Mach-Zehnder interferometer was first realized by an abrupt taper pair. To fabricate the 

slow taper, the device was supported by fiber holders and heated by a flame source. A propane 

burner and a micro torch kit with flow controller were chosen, as shown in Fig. 5.4. The flame 

temperature was around 1800 °C, which is higher than the glass transition temperature. The flame 

size was set at 5 mm, stretching speeds were set at 0.1 mm/s, and the stretching lengths were set 

at 5.5 mm for both stages. The final taper had a 11 mm length and a waist of ~40 μm. Both the 

attenuation spectrum before (2 tapers) and after (2+1 tapers) the slow taper was made were 

recorded by the OSA. The extinction ratio and insertion loss remain almost the same before and 

after the third taper was made, as shown in Fig. 5.5. However, the sensitivity of 2+1 tapers 

increases greatly. It was found that for 62+11 mm Mach-Zehnder interferometer, 0.77 nm 

wavelength shift was observed for a 0.01 RI change, as shown in Fig.5.6. Compared with the 

previous result of 0.094 nm (L=24 mm), 0.121 nm (L=36 mm), 0.171 nm (L=55 mm) and taking 

into consideration the length, the sensitivity of the 2+1 tapers increases by a factor of 3.4, which 

is similar to the  2-4 times improvement mentioned in [32]. Given that the wavelength resolution 

of the OSA can be as small as 10 pm, the minimum RI difference in Mach-Zehnder 

interferometer (62+11 mm) can be as small as 1.3×10
-4

. 

5.3 Abrupt Taper Michelson Interferometric Sensor  

The Michelson interferometer using an abrupt taper was used as a sensor to detect RI change 

of DMSO solutions [60]. The experiment setup was shown in Fig. 5.7, where the fiber was 

mounted on the fiber holder, immersed into the standard RI DMSO solution. The glass bottle 

containing the DMSO solution was put on the top of one adjustable stage. The spectra of different  
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Fig. 5.8 Spectrum of abrupt taper type Michelson interferometer in air (0 mm) and water 

(38 mm) 
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Fig. 5.7 Experiment setup for the RI sensor with Michelson interferometer 
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Fig. 5.9 Wavelength shift due to immersion depth of distilled water 

 

Fig. 5.10 Wavelength shift due to the different RI of solution in Michelson interferometric 

sensor using abrupt taper. 
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shifts linearly with the immersion depth, meaning that the device can be used as an immersion 

depth sensor, as shown in Fig.5.9. Different DMSO solutions were used to study the change on 

the spectrum as a function of environmental RI, as shown in Fig. 5.10. The device had a linear 

response with the RI change of the solutions with 0.29 nm shift relative to 0.01 RI change. The 

experiment is repeatable with the other round (from high to low concentration DMSO solutions). 

Given that the wavelength resolution of the OSA is limited to 10 pm, the minimum RI difference 

measured by the Michelson interferometric sensor using the abrupt taper (38 mm interaction 

length) is as small as 3.4×10
-4

. 

5.4 Connector-offset Attenuator Michelson Interferometric Sensor 

 

Fig. 5.11 Wavelength shift due to the different RI of solution in Michelson interferometric 

sensor using connector-offset attenuator. 
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With the similar setup shown in Fig. 5.7, the Michelson interferometer using the connector-

offset attenuator is utilized as a sensor to detect the RI change of DMSO solution [61]. Fig. 5.11 

shows that the device has a linear response with the RI change with 0.33 nm shift relative to 0.01 

RI change. The experiment is repeatable with the other round (from high to low concentration 

DMSO solutions). Given the wavelength resolution of the OSA can be as small as 10 pm, the 

minimum RI difference measured by the Michelson interferometric sensor using the connector-

offset attenuator (38mm interaction length) is as small as 3.0×10
-4

. 

5.5 Sensor Summary 

Table  5-1 Sensitivity of different optical fiber interferometric sensor 

Interference 

Type 

Components Type Fiber Type Length Wavelength 

Shift* 

Theoretical Minimum 

RI Change Detected ** 

Mach-Zehnder LPG Photosensitive  62 mm 0.259 nm 3.9×10
-4

 

Abrupt taper Corning SMF-

28 

55 mm 0.171 nm 5.8×10
-4

 

36 mm 0.121 nm 8.3×10
-4

 

24 mm 0.094 nm 1.1×10
-3

 

Abrupt +Slow 

Taper 

Corning 

SMF-28 

62+11 

mm 

0.767 nm 1.3×10
-4

 

Michelson Abrupt Taper Corning 

SMF-28 

40 mm 0.290 nm 3.4×10
-4

 

Connector-offset 

Attenuator 

Corning 

SMF-28 

38 mm 0.333 nm 3.0×10
-4

 

* relative to 0.01 RI change,    ** assuming the OSA wavelength resolution limitation is 10 pm. 
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Table 5-1 shows the sensitivity of optical fiber interferometric sensors using different mode 

coupling mechanisms. For the same RI change, the wavelength shift increases with the 

interferometer length, and decreases with the diameter of the cladding. To improve sensitivity 

sensor, one method is to use the longer interference length and smaller cladding diameter fiber. 

The other issue is about the accuracy, which is related to the interference bandwidth, as shown in 

Eq. (5.1). It is well known for the same wavelength shift, a narrow bandwidth can be useful for 

the measurement. Some other special fibers (i.e. large core and cladding RI contrast) can be used 

to improve the accuracy. 
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Chapter 6 Summary and Future Work 

 

6.1 Summary 

Due to their unique advantages, optical fiber sensors have been studied and applied 

intensively in many areas. Among the different sensor types, in-line optical fiber interferometers 

provide better performance due to their sensitivities and relatively relaxed requirement on the 

stability of the optical source’s power level.  LPGs have been utilized in these interferometers as 

the coupling component to couple light from the core to the cladding (or reverse). However, due 

to the complicated fabrication of LPGs, the cost of LPG type sensors is usually high. To get the 

low-cost and high sensitivity of interferometric sensors, new components are required to replace 

LPGs. 

In this thesis, two new optical fiber structures were simulated and studied as the component 

to fabricate optical fiber interferometric sensors.  

The first is the symmetrical abrupt taper made using a fusion splicer. The abrupt taper was 

simulated in OPTIBPM software, with a taper length of 600 μm and waist of 40 μm. After the 

taper section, half of the LP01 mode energy remains in the SMF core, the left energy is distributed 

among the higher cladding modes LP02-LP010. Using these 10 modes as the model, interference 

patterns were simulated. Mach-Zehnder and Michelson interferometers using the abrupt tapers 

were realized in the experiment with extinction ratios as large as 23 dB and insertion loss less 

than 3 dB. These interferometers were tested as RI sensor using DMSO solutions. Using the 

maximum attenuation wavelength shift, the interferometric sensor had a linear response with the 

change of RI. Assuming the minimum resolution of the OSA is 10 pm, ~10
-4

 difference of the RI 

can be detected by the interferometric sensor using abrupt tapers. A slow taper was put in the 

middle section of the Mach-Zehnder interferometric sensor to enhance the sensitivity by a factor 
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of 3.4. In terms of the spectrum (higher extinction ratio and low insertion loss) and the sensitivity, 

the abrupt taper type sensor has similar properties as the LPG type sensor. However, due to the 

high cost of the fabrication and special requirement of the fiber for LPGs, the abrupt taper is a 

better choice. It can be fabricated using a commercial fusion splicer and standard transmission 

fiber SMF-28. 

The second test component is the connector-offset attenuator, which is also easily made by 

the fusion splicer. In simulation, it was found that for a 4 μm offset, half of the total energy 

remained in the LP01 mode after the offset section. The remaining energy is mainly distributed 

among the LP1m modes. Due to the asymmetrical property of the LP1m mode group, the relative 

offset direction of the two offset sections is very important for the performance of the Mach-

Zehnder type interferometer using the connector-offset attenuator pair. The spectrum of the up-

offset and low-offset positions is opposite, and for 90º difference between the two offset 

directions, there is no interference pattern. Due to the lack of polarization control in the normal 

splicer, it was hard to fabricate a good Mach-Zehnder interferometer using the connector-offset 

type for the experiment. One Mach-Zehnder interferometer using the connector-offset attenuator 

pair was demonstrated in the experiment, although with a small extinction ratio, with some 

evidence of constructive interference found in the spectrum. The relationship of the offset 

direction was studied experimentally, with results in good agreement with simulation. For the 

Michelson interferometer, since the connector-offset attenuators have an exactly parallel offset 

direction as that of its “image”, a good interferometer was realized with low insertion losses and 

high extinction ratio. The device was tested as a RI sensor and demonstrated wavelength shifts 

linear with RI change. Given the minimum resolution of the OSA is 10 pm, ~10
-4

 difference of 

the RI can be detected by the Michelson interferometric sensor using connector-offset attenuators. 

Similar to the abrupt taper interferometric sensor, the connector-offset sensor has high extinction 

ratio, low insertion loss, high sensitivity, and has low production cost. 
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In summary, three types of interferometers, namely Mach-Zehnder using abrupt taper pair, 

Michelson using an abrupt taper, and Michelson using a connector-offset attenuator, can be used 

as cost-efficient substitutes for the LPG type sensor in the RI sensing domain. 

6.2 Future Work 

In the experiment, it was found that the slow taper can enhance the sensitivity of the sensor. 

A smaller diameter cladding fiber needs to be researched as a sensor with abrupt taper or 

connector-offset attenuator.  

It is well known that a narrow bandwidth can be better than a broad one in the sensor domain. 

For the same sensor length, larger RI difference between the core and cladding can decrease the 

bandwidth in the spectrum. More fibers samples with the large RI difference of the core and 

cladding need to be studied. 

Similar to the LPG type sensor, these three new sensors can be used in the sensing 

applications, such as strain, deflection, and temperature detection. More research regarding these 

domains needs to be performed. 
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Appendix 

 

Fig. A.1 A Mach-Zehnder interferometer 

As shown in Fig A.1, a Mach-Zehnder interferometer is realized by two couplers. The 

incident mode field is the fundamental mode LP01 (assuming the input light intensity is 1). After 

the Coupler 1, some high order modes are excited. The real coupling coefficient between LP01 

and LPnm is assumed as 𝑘𝑚
𝑛  , and the phase delay effect between LP01 and LPnm is 

nmie 

. The field 

after the Coupler 1 can be expressed as 

nm

nm

in

m LPk e         (A.1) 

In this Mach-Zehnder interferometer, Coupler 2 is assumed identical to Coupler 1.When LPnm 

propagates through the Coupler 2, part of LPnm will be coupled to the core as the core mode LP01. 

The coupling coefficient is 𝑘𝑚
𝑛 , while the phase delay effect of LP01 and LPnm introduced by 

Coupler 2 is
nmi

e


. The phase delay between LP01 and LPnm in the middle section (L) is expressed 

as  

2 nm
nm

n L





        (A.2) 

where Δnnm is the effective RI difference related to the two modes. 

LP01 LP01 LP01 

LPab 

LPcd 

LPxy 

Coupler 1 Coupler 2 

LPab 

LPcd 

LPxy 
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The total phase delay effect is expressed as        

  
( )nm nm nm nmi i

e e
     

        (A.3) 

The total field after the Coupler 2 remaining as LP01 in the core is expressed as 

01 01 01

' 2( )nm nm nmi i in n n n

m m LP m LP m LPk k e k e a e             (A.4) 

The light intensity can be expressed as 

2 2 2' ( cos ) ( sin )n n

m nm m nmI a a           (A.5) 

For the abrupt taper type interferometer, since the first ten LP0m modes can be used to 

account for all the energy, the light intensity is expressed as 

10 10
2 0 2 0 2

0 0

1 1

' ( cos ) ( cos )i i i i

i i

I a a  
 

         (A.6) 

For the up-offset connector-offset attenuator type interferometer, the first ten LP1m modes 

and LP01 mode can be used to account for all the energy, the light intensity is expressed as  

10 10
2 1 0 2 1 2

1 1 1

1 1

' ( cos ) ( sin )i i i i

i i

I a a a  
 

          (A.7) 

For the low-offset connector-offset attenuator type sensor, due to the extra phase (180º), the 

light intensity is expressed as 

10 10
2 1 0 2 1 2

1 1 1

1 1

' ( cos ) ( sin )i i i i

i i

I a a a  
 

            (A.8) 

 


