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Abstract 

Multimode devices play an increasingly important role in both communication and sensing 

systems. Mode division multiplexing (MDM) in multimode fiber (MMF) is becoming a 

promising method to further increase the capacity of optical transmission link with a controllable 

mode coupler. Similarly, optic sensors based on core-cladding-mode interference can be widely 

used in measurement of refractive index (RI), temperature and strain. 

Fiber Bragg gratings (FBGs) in single mode operation have been extensively studied as in-line 

optical components for both communication and sensing applications. In recent years, research 

has been extended to FBGs in few-mode operation as mode couplers in MDM applications. 

Experimentally, mode conversion from fundamental linear polarization (LP) mode      to higher 

order      mode in two-mode FBG (TMFBG) has been observed. Index asymmetry and electric 

field distortion induced by ultraviolet (UV) side illumination in fabrication of FBG make the two 

modes no longer orthogonal. However, its spectrum analysis mainly depends on experimental 

data and software simulation using the complex finite element method (FEM). Here a simpler 

theoretical model based on coupled mode theory (CMT) and Runge-Kutta method (RKM) is 

proposed. An analytical expression of the mode coupling coefficient is derived and the modeling 

results match very well with experimental data. 

 Abrupt fiber tapers allow power transfer between core and cladding modes and show promise 

as RI sensing components when two abrupt tapers are cascaded into an in-line Mach-Zehnder 

interferometer (MZI). The main advantage of the MZI taper sensor is its low manufacturing cost. 

However, the optical spectrum analyzer (OSA) used as the receiver and demodulation device in 

the conventional setup is still expensive. Three simplified schemes of fiber taper MZI RI sensor 

systems are designed and demonstrated experimentally. The transmitter and the demodulation 
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devices for the three schemes are a single wavelength laser and a photodetector (PD), two 

modulated lasers and a PD together with data acquisition and processing module, and a 

broadband source (BBS) and a PD together with matched MZI, respectively. In all those 

implementations OSA is not required, which significantly lowers the cost and leads to easy 

integration. Although extra modulation/demodulation devices are required, the second 

implementation has the best performance. Automatic operation is realized by LabVIEW 

programming. High sensitivity (2371 mV/RI unit (RIU)) and high stability are achieved 

experimentally. Those new schemes have great potential to be applied to other interferometric 

optic sensor systems. 
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Chapter 1 

Introduction 

In this chapter, some basic concepts in the MDM system are introduced. A brief description of 

each part of the system is provided. The advantages of multimode interferometric sensors are 

discussed. The application of multimode interferometric sensors on measurement of different 

parameters is listed. 

1.1 MDM System 

Single mode fiber (SMF) has been the most popular transmission link in optical 

communication systems for many years. By applying wavelength division multiplexing (WDM), 

polarization division multiplexing (PDM), advanced modulation format and electronic digital 

processing, the transmission speed has increased to more than 100 Tbps [1], recently. Researchers 

indicate that the SMF transmission capacity is getting closer to the Shannon limit [2] and might 

be determined by fiber nonlinearity. However, with the rapid development of various kinds of 

internet services, the demand for wider bandwidth will likely continue. New solutions are needed 

to match the massive traffic requirement. Space division multiplexing is considered as one 

potential method to overcome the limit [3, 4], where information is encoded in channels that are 

separated in space by using MMF or multi-core fiber (MCF). The capacity and spectral efficiency 

can be dramatically increased, and is roughly proportional to the number of spatial modes or 

cores. Compared with MCF, MMF has a much simpler structure. In addition, the research in 

MDM is helpful to achieve a higher spectral efficiency per core in MCF.  



 

2 

 

However, the control over mode coupling in MMF is a problem. Moreover, a large differential 

mode delay (DMD) means a much shorter transmission distance [5] due to temporal pulse spread 

(modal dispersion). In early works [6, 7], the lack of a high-quality controllable mode coupler 

together with the DMD was the main barrier to further increase the transmission distance. Current 

research mainly focuses on MMF that only supports a few modes (usually no more than three LP 

modes), namely few-mode fiber (FMF) [8, 9, 10, 11], for simplicity and smaller modal dispersion. 

FMF has three advantages [12]. Firstly, with fewer modes, the precise mode excitation and 

splitting become less complex. Thus the multiplexer (MUX) and demultiplexer (DEMUX) in the 

system are easier to implement and usually have better performance. Secondly, in MDM with 

multiple-input multiple-output (MIMO) signal processing, a time or frequency domain filter is 

necessary to equalize the DMD. The computation complexity scales with the number of 

propagation modes. Thirdly, if only few modes exist, the effective RI difference between 

neighbouring modes is relative large. As a result, modal mixing in transmission is mitigated or 

even becomes negligible [13].  

A typical MDM system schematic based on two-mode fiber (TMF) [8] is shown in Fig. 1.1. It 

can be divided into three parts — transmitter, receiver and fiber link.  
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Mode 
Converter

DEMUXMUX

LP01

LP01

LP11

LP01

LP11

TMF
SMF

Transmitter ReceiverFiber Link
 

Fig. 1.1 Schematic of two-mode MDM system 

1.1.1 Transmitter 

At the transmitter side, the key devices are the mode converter and MUX. In the mode 

converter, the input LP01 mode is coupled to the LP11 mode. A good converter should have high 

conversion ratio, compactness and low loss. There are several different ways to excite higher 

order mode in FMF. They will be introduced in Chapter 2. 

The MUX is usually a symmetric 2×2 fiber coupler, formed by two fiber cores placed close 

to each other, as displayed in Fig. 1.2. The coupling ratio between the straight path and the cross 

path is a function of the separation of the two cores, the propagation constant as well as the 

interaction length. For example, according to reference [14], when the wavelength is 1080 nm 

and the interaction length is 50 mm, the relationship between the coupling ratio and the separation 

is given in Fig. 1.3. If the separation is 15 μm, the coupling ratio of LP01 in straight path is 1.0 

and LP11 in cross path is 0.9, which means most of the power will be coupled to one output port, 
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as shown in Fig. 1.2. Therefore one can adjust and optimize the performance of MUX by setting a 

proper value of the separation. 

LP01

LP11

LP11 + LP01

Separation

Core

Core

 

Fig. 1.2 Schematic of MUX 

 

Fig. 1.3 Dependence of coupling ratio on separation of two cores for (a) straight path and (b) 

cross path. [14] 
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1.1.2 Receiver 

At the receiver side the DEMUX divides the received signal into two branches corresponding 

to the LP01 mode and the LP11 mode respectively. Actually it is the inverse system of MUX, as 

shown in Fig. 1.4. The separation can be set the same as the MUX. 

LP01

LP11

LP11 + LP01

Separation

Core

Core

 

Fig. 1.4 Schematic of DEMUX 

Sometimes another mode converter will be connected to the LP11 branch to turn the signal 

back to the fundamental mode so that it is compatible with the PD and data processing module 

designed for SMF [12]. In order to get rid of the interference of residual LP11 mode, a mode 

stripper is usually necessary in the implementation as well. 

1.1.3 Fiber Link 

For the FMF used in MDM, there are several considerations in design. Firstly, a large 

effective area for each mode is desirable because it can reduce the nonlinearity in transmission [2]. 

Secondly, the crosstalk between different modes has to be eliminated. If one relies on MIMO 

processing to compensate the modal crosstalk, the complexity increases significantly with the 

DMD. Therefore graded-index FMF with low DMD is designed and adopted [15, 16]. The 

alternative method is to increase the difference of the effective RI between propagation modes in 

step-index fiber by modifying the index profile so that mode coupling is avoided, though DMD is 
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very large in this case [17, 18]. Thirdly, in order to achieve long-haul transmission, the loss of 

FMF should be small enough, especially the bending loss considering the large effective area [18]. 

Besides, since the signal may need to be amplified in transmission, the performance and 

compatibility of components like FM-EDFA [19] and mode-equalized distributed Raman 

amplifier [20] should be taken into account as well. 

1.2 Multimode Interferometric Sensor 

Optical fibers have been intensively developed as light waveguide in telecommunication. At 

the same time, they are attractive components in sensing applications. With many advantages 

such as low loss, small volume, high sensitivity, high multiplexing capability, resistance to 

electromagnetic noise, feasibility of remote sensing, etc., fiber optic sensors have been of great 

interest. Different types of fiber optic sensors have been used to measure strain, temperature, 

pressure, RI, polarization, displacement, and so on [21-27]. However, the relatively high price of 

the optic sensing system remains the main obstacle in further commercialization. Researchers 

have been making efforts to improve the sensitivity and lower the cost, and this will be subject of 

Chapter 4. 

The fiber optic interferometer is one of the most important kinds of fiber optic sensors. It can 

be further categorized into four types: Fabry-Perot, Mach-Zehnder, Michelson and Sagnac. In 

fiber optic interferometers two beams propagate through slightly different optical paths in a single 

fiber or two different fibers and generate a phase difference between them, which leads to a 

spectrum showing constructive and destructive interference. Beam splitting and combining 

components are essential in any implementation. 
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However, the split beams do not have to propagate in independent branches. In multimode 

interferometric sensors, the interference takes place between different modes that can propagate 

in the same fiber link. In that case only one physical line is essential to form an interferometer in 

which the mode couplers play the role of beam splitter and combiner. It is noteworthy that the 

multimode interferometric sensors are not only made of MMF. Since the core-cladding-mode 

interference exists in SMF, one can build a multimode interferometric sensor with SMF. Given 

the characteristics of four types of interferometers, it is not difficult to infer that such modal 

interference is mostly used in Mach-Zehnder and Michelson type interferometers because they 

needed two physical arms in old implementations. A number of optic sensors based on modal 

couplers including long period grating (LPG) pair [28], core diameter mismatch [29, 30, 31], 

abrupt taper [32], core offset [33] etc. have been developed. Two couplers (not necessarily the 

same) with a piece of bare fiber between them or one coupler with a reflection mirror can act as a 

MZI or Michelson interferometer (MI) respectively. The multimode interferometric sensors can 

be divided into several categories according to the application. 

1.2.1 RI Sensor 

RI is a very important parameter that indicates the status of gases or solutions. RI 

measurement is frequently used in bioscience, chemistry and medical science. Protected by the 

thick cladding layer, the core mode in fiber can hardly be affected by the environment RI, while 

the cladding mode is relatively more sensitive to surrounding RI because of the larger effective 

mode area. As a result, the difference between effective indexes of core mode and cladding mode 

varies with environment RI, which can be observed in the interference fringe. 
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LPG pairs have been used to measure RI [28]. In order to lower the cost, simpler structures 

like core diameter mismatch MZI [29], fiber taper MZI [32] and core-offset MI [33] are designed. 

Some special and complex structures are also designed to improve the sensitivity. They usually 

do not belong to typical four types of interferometer or are fabricated with special fiber. For 

instance, in reference [34], MZI and MI are combined together to produce a double-pass in-line 

fiber taper MZI sensor and in reference [35], a tapered thin-core fiber is sandwiched by two 

sections of SMF to enhance sensitivity. 

The interferometer’s sensitivity to ambient RI can be used to measure some other parameters. 

One typical example is the fiber taper MZI works as liquid level sensor [36]. 

1.2.2 Temperature Sensor 

Temperature is one of the most widely investigated parameters in sensing. Temperature 

measurements are essential in many academic and industrial applications such as plant and 

process engineering, chemical reagent production, environment detection and safety monitoring. 

Fiber core and cladding are made from different materials. Their RIs have different sensitivities 

to temperature. Therefore the effective lengths for the core mode and cladding mode in the 

interference change with environment temperature. 

Many multimode interferometers can be used as temperature sensors. Besides the LPG pair 

and the fiber taper MZI, the peanut-shape MZI [37], the peanut-shape MI [38] and the 

microcavity MZI [39] are also demonstrated as good temperature sensors. 
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1.2.3 Strain Sensor 

Strain measurement is another important application for fiber optic sensors. The flexible 

structure and ease of remote and distribute sensing make it extremely suitable for building 

monitoring. When strain is applied on the multimode interferometer, both the length and RI will 

be changed. Consequentially the accumulated phase difference between two arms fluctuates with 

strain. 

Mechanical strength is always a major concern in optic sensor design. That is even more 

important for the strain sensor. The structure has to be robust enough so that it will not easily 

break in measurement. Core-offset pair and collapsed air holes MZI in photonic crystal fiber 

(PCF) are reported as strain sensor in [40]. Fiber taper MZI [41] and peanut-shape MZI [37] are 

also proved sensitive to axial strain.  

1.2.4 Dual Measurand Sensor 

As we can see, the same multimode interferometer is usually sensitive to more than one 

measurands. The crosstalk may affect the sensors’ accuracy and had better be removed. In 

practice, researchers mainly focus on the crosstalk induced by ambient fluctuating temperature in 

RI or strain measurement because it is the most common case. A series of sensors for 

simultaneous measurement of strain/RI and temperature have been reported, including fiber taper 

MZI [42], taper-offset asymmetric MZI [43], tapered singlemode–multimode–singlemode 

structure [44] and so on. 
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Chapter 2 

Background 

In this chapter, the usage of multimode devices in both optical communication transmitter and 

low-cost in-line sensing systems is introduced. Background of mode excitation method in MDM 

is provided. Different kinds of in-line optic sensor based on core-cladding-mode coupling and 

interference in SMF are discussed. 

2.1 Multimode Excitation in MDM 

Mode excitation and coupling is one of the most important issues in FMF transmission. A 

good mode coupler should be able to give a high modal extinction ratio, low coupling loss and 

little crosstalk [45]. Several different devices have been developed. Some typical examples are 

listed here. 

2.1.1 Holographic Phase Mask 

Fig. 2.1 gives the schematic setup of a mode MUX using phase masks [46]. The phase plate 

with a phase difference of   between two half plates is inserted into the optical path. It can 

selectively couple the fundamental mode from SMF to a higher LP11 mode. There is a 

relationship between the phase profile of the plate and the target mode, as shown in Fig. 2.2. No 

hologram is needed for the LP01 mode from SMF input port 1, whereas the beams from SMF 

input port 2 and 3 are converted to the LP11a mode and the LP11b mode by two phase masks with 
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the same profile but rotated by 90°. In practice, a piece of glass with a very small thickness 

difference between the two half planes can work as a phase plate. 

The hologram here in MDM is analogous to the polarizing beam splitter in PDM and the 

grating in WDM. The main difference is that the hologram is not lossless. One single phase mask 

can excite one mode at a time. So beam splitters have to be used, which result in considerable loss. 

Additionally, the phase plate does not actually create an intensity profile of the LP11 mode. The 

amplitude distribution generated by the hologram is quite complex, but the specific phase profile 

guarantees that it can only be coupled to the desired mode. Conversion loss in this process is 

inevitable. Total loss can be reduced to 5.5 dB by optimization [46]. In conclusion, the simplicity 

comes at the expense of relatively high loss. 

SMF input 2

SMF input 3

SMF input 1

Beam Splitters

Phase Plates

Few-Mode Fiber

Lens

 

Fig. 2.1 Architecture of phase mask mode coupler 
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Fig. 2.2 Mode intensity and corresponding phase profile 

Such kind of component has been used in a 96 km MDM system with coherent     MIMO 

processing [47]. In the experiment the phase pattern was generated on a borosilicate glass by a 

photolithographic process which etched the glass and led to a thickness difference of       . The 

measured mode selectivity of the MUX is larger than 28 dB. 

2.1.2 Liquid Crystal on Silicon (LCOS) 

The fixed phase holograms made on glass are cheap and insensitive to polarization. But they 

are obviously not controllable in operation. LCOS is considered as an alternate of the glass phase 

plate so that a dynamically programmable phase modulator can be manufactured [46]. Controlled 

by the electrical signal, it is able to couple different modes and helps to remove aberration and 

misalignments in the system. Fig. 2.3 shows an example of the configuration of mode coupler 

using LCOS dynamic phase modulator. The pinhole works as an amplitude modulator. The 
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intensity and interferogram of the generated LP11 mode [46] is also provided in Fig. 2.4. The 

phase shift can be easily observed in the interferogram.  

LCOS

SMF

Pinhole

MMF

Lens 1

Lens 2 Lens 3

 

Fig. 2.3 Configuration of mode converter based on LCOS phase modulator 

           

(a)                                             (b) 

Fig. 2.4 Generated LP11 mode (a) intensity and (b) interferogram [46] 

Here LCOS is only used as phase modulator. Actually it has the potential to modulate the 

phase and amplitude at the same time. It is the compromise between the system complexity and 

performance. Besides, according to the literature, a conversion ratio high enough can be achieved 
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even if only the LCOS phase modulator is used [48]. That means the amplitude modulator is not 

always essential. 

2.1.3 Phase Matched Mechanical LPG 

As early as 1960s, researchers noticed that coherent power transfer between orthogonal modes 

took place if coupling had the period that was equal to the modal beat length [49]. In optic fiber, 

the modal beat length is expressed as 

  
 

  
  (2.1) 

where   is vacuum wavelength and    is the effective RI difference between two modes. One can 

produce such coupling by periodically pressing the fiber with a flat and   ⁄  long surface [50]. 

The induced asymmetric deformation leads to two coupling regions near the edge of the surface, 

as shown in Fig. 2.5.  

Unstressed UnstressedStressed

Coupling Coupling

L/2

 

Fig. 2.5 Coupling regions in stressed fiber 

Undoubtedly, the most critical parameter in this method is the modal beat length  . It can be 

measured in experiments. After propagation through specific length of fiber, a phase difference 

between two modes is generated and accumulated. The final phase difference determines the 
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intensity of modal interference pattern, which will periodically fluctuate when one sweeps the 

wavelength. If the fiber length is   and the interference pattern intensity goes through    periods 

when wavelength increases from     to    , we can get the equation 

     

   
 

     

   
       (2.2) 

in which    is easily solved for. Then the value of   is obtained in (2.1). 

Based on that principle, a mechanical LPG is designed to do mode conversion in TMF. The 

schematic configuration is illustrated in Fig. 2.6. The TMF is pressed by a slab with a surface 

grating. The major advantage of this component is that the transmission spectrum is tunable [51]. 

Even if the slab surface grating period is fixed, the effective period can be adjusted by changing 

the orientation angle between the slab and the TMF so that the coupling central wavelength is 

tuned. Furthermore, the length of stressed fiber and the pressure strength can be used to control 

the coupling linewidth and conversion ratio respectively. This presents a simple solution in MDM 

systems if only the LP01 mode and the LP11 mode are involved [8] [12]. 

L

LP01 LP11

Deformation

TMF

 

Fig. 2.6 Mode conversion in periodically stressed TMF 
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2.1.4 Fiber Grating 

The mechanically induced LPGs require extra equipment to generate and control the periodic 

stress on the fiber. In addition the risk of damaging the fiber also increases during operation. 

Therefore we may consider the fiber gratings written in the photosensitive doped fiber core. It is 

well known that coupling between the LP01 mode and the LP11 mode exists in tilted Fiber gratings 

written on TMF [52, 53, 54]. One can get either transmissive or reflective mode coupler by 

choosing different grating periods, as shown in Fig. 2.7. The periods of two kinds of couplers 

should satisfy the phase matching conditions 

  (             )       ⁄   (2.3) 

  (             )       ⁄   (2.4) 

where   is the desired coupling wavelength,        and        are the effective RI of two modes, 

    and     are the grating periods and   is the tilted angle. In order to get the same coupling 

wavelength  ,     has to be thousands of times larger than     because               is 

several orders of magnitude larger than              . 

LP01 LP11

TMF gt

LP11

TMF gr

LP01





 

Fig. 2.7 Transmissive and reflective tilted fiber grating mode couplers 
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Recently mode conversion has also been observed in the FBG made in TMF, or TMFBG [55]. 

Mode coupling is unexpected since such FBG is regarded as circularly symmetric in its cross 

section. In that kind of waveguide the LP01 mode and the LP11 mode are orthogonal to each other 

and the coupling coefficient is zero. The theoretical derivation is provided in chapter 3.2. The 

authors of that paper (C. Wu et al.) found that the asymmetry came from the UV side illumination 

in fabrication, as demonstrated in Fig. 2.8. They also plotted the consequential electric field 

distortion using simulation software based on FEM and tried to calculate the coupling coefficients. 

However, in order to estimate and evaluate the performance of the FBG type mode coupler, a 

theoretical model for the spectrum simulation still has to be developed. That part will be 

discussed in detail in Chapter 3. 

Core

Cladding

UV

LP01

LP11

 

Fig. 2.8 Mode conversion in FBG with asymmetric RI distribution on the core cross-section 

2.1.5 Mode Coupler Summary 

As a brief summary, the characteristics of different mode excitation methods in MDM are 

listed in Table 2.1. 
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Wavelength 

Dependence 

Insertion Loss 

Device 

Complexity 

Tunability 

Free Space Phase Plate Low High High Low 

LCOS Low High High High 

Mechanical LPG High Low Low High 

Fiber Grating High Low Low Low 

Table 2.1 Different mode excitation methods in MDM 

2.2 Low-Cost In-Line Core-Cladding-Mode Interferometric Sensors in SMF 

In early designs of MZI and MI, two independent arms, namely sensing arm and reference arm, 

were required [56, 57]. In order to minimize the sensor size, in-line structures in which two 

optical paths are integrated in the same physical fiber at the expense of performance. It is known 

that core mode and cladding modes propagate in the same fiber, but their effective RI are 

different and influenced by surroundings, which means they have different optical paths. Sensors 

can be made compact with core-cladding-mode interference. Consequently, core-cladding-mode 

interferometers are investigated as fiber optic sensors. The main problem is how to excite 

cladding modes and re-couple them back to the core mode after a specific length so that an 

interferometer can be constructed. In contrast to the mode couplers applied in communication, 

controllable and precise coupling is not so important in sensing application. Therefore the most 

cost-efficient way is to fabricate some simple core-cladding mode couplers based on the most 

widely available SMF. Components like LPG or PCF are sometimes used for their unique 

properties, but they are more expensive. To date a variety of low-cost in-line core-cladding-mode 
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interferometric fiber optic sensors in SMF have been designed. They can be roughly divided into 

two groups, MZI and MI, and will be introduced in the following sections. 

2.2.1 Mach-Zehnder Interferometer 

In general, in-line MZI has two mode couplers, one is the splitter and the other is the combiner. 

The distance between them is the interferometer length  . The phase difference between core 

mode and the ith cladding mode is 

    
  

  (    
       

    ) 

 
 

       
  

 
  (2.5) 

where     
   and     

    
 are the effective RI of core mode and the ith cladding mode,      

  is the 

difference between them,   is the input wavelength in vacuum. Because     
   and     

    
 have 

different sensitivities to particular environmental perturbations, the phase difference     
  will 

change with those perturbations and the interference fringe indicates the surrounding physical 

parameters like RI or temperature. The interference intensity reaches the minimum when 

    
          (2.6)  

where   is an integer. The corresponding wavelength is 

   
       

  

    
   (2.7) 

It shifts when      
  or   changes. By differentiating (2.7), we get [37] 

   

  
 [

 

     
 

      
 

  
 

 

 

  

  
]   [

 

     
 

      
 

  
  ]   

 

     
 

      
 

   
     (2.8) 



 

20 

 

where        is the strain on the sensor,    is the ambient RI.      
  has non-zero partial 

derivatives with respect to  ,    and   , so temperature, strain and ambient RI all affect the 

wavelength shift. Therefore it is possible to use the MZI sensor to measure any of them. In 

general, a higher order cladding mode has larger partial derivatives, which means the sensors 

exciting higher order modes are usually more sensitive. 

2.2.1.1 Fiber Taper Structure 

By heating and pulling the SMF one can get a fiber taper. Firstly implemented by Tian et al., 

two fiber tapers cascaded by a piece of bare fiber function as a MZI RI sensor [32]. The 

schematic diagram is given in Fig. 2.9. The taper waist is about 40    and the length of a single 

taper is about 600   . The red arrows stand for cladding modes and black ones stand for core 

mode. For a single taper, the attenuation is about 3 dB. The minimum insertion loss of the MZI is 

3 dB and the maximum interferometirc extinction ratio is over 20 dB. 

 

Fig. 2.9 Fiber taper MZI profile 

This structure is easier to fabricate and it has a comparable sensitivity with the LPG type RI 

sensor [28]. The performance of the system is demonstrated in Fig. 2.10 [58]. The experimental 

data shows that the longest interferometer (55 mm) is the most sensitive one. In other papers fiber 

taper MZIs are also used as temperature sensor [42] and strain sensor [41]. Corresponding 

sensitivities are 77 pm/°C and 2 pm/με. 
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Fig. 2.10 RI sensitivity of fiber taper MZI sensors with different lengths [58] 

2.2.1.2 Core-Offset Structure 

The core-offset structure is also designed by Tian et al. [33]. The schematic diagram is 

displayed in Fig. 2.11. An intentional offset of 7 μm is introduced in fusion splicing. As we can 

see in Fig. 2.12, when observed against the propagation direction, the core-offset MZI is not 

circular symmetric and not even bilateral symmetric with regards to the relative offset direction. 

According to the author, the interference fringe is significantly influenced by the relative offset 

direction. Unfortunately, it is difficult to control in fabrication. As a result, the high insertion loss 

and low extinction ratio limit the application of core-offset MZI as a sensor.  
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Fig. 2.11 Core-offset MZI profile 

1st SMF 2nd SMF 3rd SMF

 

Fig. 2.12 Different relative offset directions 

2.2.1.3 Peanut-Shape Structure 

This structure was brought up by Wu et al. as a temperature or strain sensor [37]. The 

schematic diagram is shown in Fig. 2.13. Different from fiber taper MZI, it does not have a thin 

waist, which gives it a better mechanical strength. However the fabrication process is a little more 

complex. The arc discharges are applied on two sections of cleaved SMF to produce the 

ellipsoidal microlens. Two ellipsoidal microlenses are fusion spliced to form a peanut-shape 

structure. The fiber taper structure is fabricated by a heating-pulling process on one single piece 

of fiber. 
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Fig. 2.13 Peanut-shape MZI profile 

The peanut-shape MZIs are tested as temperature and strain sensor. The experimental results 

are demonstrated in Fig. 2.14 [37]. The length of MZI is 22 mm and device insertion loss is 

about 3 dB. The two lines in (a) correspond to two transmission dips at 1525 nm and 1550 nm 

respectively. The temperature sensitivity is 46.8 pm/°C (R
2
 = 0.9957) and the strain sensitivity is 

1.4 pm/με (R
2
 = 0.9918). 

 

Fig. 2.14 (a) Temperature and (b) strain responses of peanut-shape MZI sensor [37] 

2.2.1.4 Microcavity Structure 

Jiang et al. introduced their MZI based on microcavities for high-temperature sensing [39]. 

The schematic diagram is shown in Fig. 2.15. A microhole is fabricated on the cleaved end of 

SMF by using a femtosecond laser. The diameter and depth of the hole are ~7 μm and ~ 2.5 μm 

(b) 
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respectively, which is slightly smaller than the fiber core on the cross section. The dimension is 

carefully selected so that only lower order cladding modes are excited and the insertion loss are 

not too large. A fiber end with microhole is spliced together with a normal cleaved fiber end to 

form a microcavity. Two microcavities connected by 20 mm fiber form a MZI sensor. When used 

as a temperature sensor, it has a sensitivity as high as 109 pm/°C in the range 500-1200 °C. The 

experimental result is shown in Fig. 2.16 [39]. Moreover, such structure is insensitive to external 

RI because the order of the cladding mode is very low, which makes it applicable in different 

environments. 

 

Fig. 2.15 Microcavity MZI profile 

 

Fig. 2.16 Temperature sensitivity of microcavity MZI senor. The inset is the transmission 

spectra (a) before heating at 25 °C, (b) and (c) the first time and second time cooling down 

to 25 °C, respectively [39]. 
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2.2.1.5 Hybrid Structures 

Different from the structures discussed above, some researchers have combined two types of 

core-cladding-mode couplers together to form a MZI which can be named as hybrid MZI or 

asymmetrical MZI. 

In reference [43] the taper and the core-offset structures are cascaded as simultaneous strain 

and temperature sensor. Its length is about 15 mm. The sensitivities for the two parameters are 

~60 pm/°C and ~3pm/με. In reference [59] the laser irradiated spot and the taper are used to build 

a 10 mm long in-line MZI. The temperature, strain and RI sensitivities for different interferometer 

lengths and at different attenuation peaks are tested. They are around 100 pm/°C, 1 pm/με and 14 

nm/RIU, respectively. The schematic diagrams of the hybrid MZIs are displayed in Fig. 2.17 

 

(a) 

 

(b) 

Fig. 2.17 (a) Taper-offset and (b) Taper-spot MZI profiles 
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2.2.2 Michelson Interferometer 

For in-line core-cladding-mode MI, the beam goes through the mode coupling structure and is 

reflected at the end, then passes the coupler for the second time. One single core-cladding-mode 

coupler acts as the splitter and the combiner at the same time, which leads to a smaller size and 

sometimes better performance, such as lower insertion loss and higher sensitivity. However, the 

reflection mirror and fiber optic circulator are usually essential in implementation. The theoretical 

analysis is almost identical with that for MZI in 2.2.1, except for the expression of phase 

difference between core mode and cladding mode. It should double for the same length since light 

propagates along the interference arm twice, which is 

   
  

  (    
       

    ) 

 
 

       
  

 
   (2.9) 

By now several low-cost in-line core-cladding-mode MIs have been presented. The couplers 

used in those MIs are quite similar to those in MZIs.  

2.2.2.1 Fiber Taper Structure 

This structure was brought up by Tian et al. [60]. The schematic diagram is shown in Fig. 2.18. 

The fiber end was cleaved and a gold layer about 500 nm thick is deposited on it to form a mirror. 

The length of the interferometer was 38 mm. 

 

Fig. 2.18 Fiber taper MI profile 
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The fiber taper MI was used as RI sensor. The minimum insertion loss is about 1 dB and the 

maximum extinction ratio is 13 dB. Its sensitivity is 29 nm/RIU, as shown in Fig. 2.19 [60]. As a 

comparison, the sensitivity of 62 mm LPG pair RI sensor is 25.2 nm/RIU [28]. 

 

Fig. 2.19 RI sensitivity of fiber taper MI sensor [60] 

2.2.2.2 Core-Offset Structure 

As part of a series of works on interferometric sensors in SMF, Tian et al. also designed the 

core-offset MI structure [33]. The configuration is similar to the fiber taper MI with the taper 

replaced by the core offset, as shown in Fig. 2.20. The reflection mirror is also the gold layer. Its 

length is 38 mm. 
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Fig. 2.20 Core-offset MI profile 

As a RI sensor, its sensitivity is 33 nm/RIU, quite close to that of fiber taper MI in 2.2.2.1. The 

minimum insertion is 0.01 dB and the maximum extinction ratio is over 9 dB. The experimental 

result is illustrated in Fig. 2.21 [33]. 

 

Fig. 2.21 RI sensitivity of core-offset MI sensor [33] 

2.2.2.3 Peanut-Shape Structure 

After designing the peanut-shape core-cladding-mode coupler and using it to build MZI sensor 

[37], the researchers also applied it on MI sensor [38]. The schematic diagram is shown in Fig. 

2.22. The end facet serves as a mirror. The length of interferometer is 21 mm. 
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Fig. 2.22 Peanut-shape MI profile 

When used to measure high temperature, the insertion loss is about 3 dB and the extinction 

ratio is about 10 dB. Its sensitivity is ~96 pm/°C in the range 100-900 °C, as shown in Fig. 2.23 

[38]. 

 

Fig. 2.23 Temperature sensitivity of Peanut-shape MI sensor [38] 

2.2.3 Sensor Summary 

For a clear comparison, the performances of those MZI and MI sensors mentioned above are 

shown in Table 2.2. 
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Type Structure Measurand Length Sensitivity 

Symmetric MZI 

Fiber taper 

RI 55 mm 17.1 nm/RIU [58] 

Temperature 54 mm 77 pm/°C [42] 

Strain 36 mm 2 pm/με [41] 

Peanut-shape 

Temperature 

22 mm 

46.8 pm/°C [37] 

Strain 1.4 pm/με [37] 

Microcavity Temperature 20 mm 109 pm/°C [39] 

Hybrid MZI 

Taper-offset 

Temperature 

15 mm 

~60 pm/°C [43] 

Strain ~3 pm/με [43] 

Taper-spot 

Temperature 

10 mm 

~100 pm/°C [59] 

Strain ~1 pm/με [59] 

RI ~14 nm/RIU [59] 

MI 

Fiber-taper RI 38 mm 29 nm/RIU [60] 

Core-offset RI 38 mm 33 nm/RIU [33] 

Peanut-shape Temperature 21 mm ~96 pm/°C [38] 

Table 2.2 Different low-cost in-line core-cladding-mode interferometric Sensors in SMF 

2.3 Contribution of the Thesis 

The contribution of the thesis can be divided into two parts. A TMFBG that can be used as 

mode converter in MDM system has been reported in literature. Experimental result and analysis 

based on commercial simulation software are provided. In Chapter 3, we show an approximate 
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analytical expression of the electric field distortion induced by RI asymmetry on the cross section 

and calculate the spectrum of the TMFBG in MATLAB. The result matches the experimental 

data well. 

While researchers strive to produce sensitive multimode interferometric sensors at low cost, 

little attention is paid to modification of the demodulation scheme that involves costly high-

resolution OSA. In Chapter 4, we propose several practical methods to simplify the fiber taper 

MZI RI sensor system. The main idea is to replace the OSA with the PD. The feasibility of each 

new demodulation scheme is verified by experiment. Those methods are applicable to all kinds of 

core-cladding-mode interferometric sensors. 

 

 

 

 

 

 

 

 

 

 

 

 



 

32 

 

Chapter 3 

Theory and Simulation of Mode Coupling in TMFBG 

This chapter will discuss the modeling of higher mode excitation in TMFBG when both the RI 

asymmetry and electrical field distortion are considered. It is shown in theory that the effect of 

field distortion cannot be neglected. 

3.1 Motivation of Modeling TMFBG 

In MDM optical communication systems, power distribution among different modes has to be 

carefully chosen so that the performance can be optimized. Therefore it is necessary to simulate 

the behavior of the FBG mode coupler. In previous works that is usually accomplished by using 

FEM [55]. It is able to provide high accuracy when the mesh grid is small enough, at the expense 

of increased computing complexity. Moreover, the calculation process is far from intuitional. So a 

simpler simulation method with acceptable accuracy will be helpful in the design of such kind of 

device. Here an approximate model of two-mode FBG based on CMT and RKM is introduced, in 

which the effects of RI asymmetry induced by UV side illumination and consequential electrical 

field distortion are easily observed. 

3.2 Fundamental Model of TMFBG 

The fundamental model of FBG has been discussed in detail [61, 62]. The perturbation of RI 

in FBG is expressed as [61] 

          
̅̅ ̅̅ {      [

  

 
      ]} (3.1) 
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where    
̅̅ ̅̅  is the average index change,   is the fringe visibility of the index change,      is the 

grating chirp. For an ordinary FBGs we can set     and       . This equation indicates that 

the change of index is uniformly created across the core because    only depends on  .  

According to CMT, the coupling coefficient between two modes is described by [61] 

   
     

 

 
∬     

 

 

          ⃗         ⃗  
       (3.2) 

where       are the cylindrical coordinates,   is the angular frequency,    is the perturbation of 

permittivity and     (    
 )        ,  ⃗         and  ⃗  

       are the normalized transvers 

mode field of the kth and jth modes. The integration area is the whole plane, but in calculation it 

is usually replaced by the cross section of the fiber core. 

It’s known that when the RI on the cross section of fiber core is circular symmetric, the 

electric fields of the LP01 mode and the LP11 mode derived from the wave equation and boundary 

conditions are Bessel functions in cylindrical coordinates [63] 

 ⃗⃗    ⃗          (           )      

        

        
                  ⃗  

  (3.3) 

 ⃗⃗    ⃗          (           )      

        

        
                        ⃗ 

  (3.4) 

where  ⃗        and  ⃗        are the normalized transverse field distribution of the LP01 mode 

and the LP11 mode,     and     are the normalized amplitudes,   ⃗  is the unit vector in x 

direction,    and    are the propagation constants,    is the zero-order Bessel function,     
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(     ) is equal to 
  

 
√   

        
  with    

  the core index,       
  the effective RI of the 

LPm1 mode and   the wavelength of the light,   is the fiber core radius. The magnitude 

normalized field pattern of each mode is shown in Fig. 3.1. 

According to (3.3) and (3.4), the transverse electric fields of the LP01 mode and the LP11 mode 

are orthogonal to each other. So the integral in (3.2) is zero and there will be no coupling between 

the two modes in TMFBG. But such mode transfer does exist [55]. Therefore some kind of 

modification has to be applied to the fundamental model. 

 

Fig. 3.1 Electric field of the LP01 mode and the LP11 mode in symmetric fiber. The circle is 

the core-cladding boundary. 

3.3 Side Illumination Induced RI Asymmetry 

UV side illumination is the most widely used way to fabricate FBGs. Researchers have 

noticed that the RI perturbation in the core is not uniformly created on the cross section, which 

means    
̅̅ ̅̅  is not a constant. The RI at the side that UV is launched in will be a little larger. This 
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asymmetry is usually described as an exponentially decay [64] or a linear decay [65], as shown in 

Fig. 3.2.  

y

Core

UVδn 

(a)

 

y

Core

UVδn 

(b)

 

Fig. 3.2 Schematic of asymmetric RI perturbation induced by side illumination 

(a) Exponentially decay (b) Linear Decay 

The analytical expressions of the two models are 

                  √         (3.5) 

           (  
 

 
    ) (3.6) 
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respectively. Here   is the maximum RI change at the edge and   is the attenuation coefficient in 

the exponential decay model,     is the average RI change in the core in linear decay model. 

These coefficients depend on both the UV power and the photosensitivity of the fiber core. 

Usually it is very difficult to get their exact values in measurement. In most cases we can only 

make estimates. Since the linear decay model contains fewer unknown parameters and makes the 

analysis easier, we choose it as the base of our model. 

When such asymmetry is taken into account, the integral in (3.2) can turn to nonzero. 

However, if we still use the Bessel function electric field distribution, the calculated coupling in 

simulation is weaker than the experimental data, which is shown in chapter 3.6. 

3.4 Simulation with CMT and RKM 

With the models and assumptions mentioned above, it is possible for us to simulate the 

spectrum of the TMFBG by programming in MATLAB. The algorithm is mainly based on CMT 

[61] and RKM [66]. We use CMT to establish the differential equations and then solve them by 

RKM. 

3.4.1 Coupled Mode Theory 

In order to analyze the coupling status in a FBG, it’s necessary to find out the propagation 

constants of each existing mode. The normalized frequency of the fiber is 

  
  

 
    (3.7) 

where NA is the numerical aperture of the fiber. When the value of    ranges from 2.4 to 3.8, 

only the LP01 mode and the LP11 mode can be supported in the core. Since the RI perturbation 
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(10
-3

-10
-4

) in the core is several orders below the effective RI (around 1.45) of core modes, it is 

reasonable to assume the effective RI of both modes are not significantly changed by field 

distortion. By applying the boundary conditions (continuity of electromagnetic field and its first 

derivative at    ) to the solutions of the scalar wave equations in step-index fiber, one can get a 

set of characteristic equations.        and        can be easily obtained by solving the 

characteristic equations 

        

            
 

        

            
 (3.8) 

        

            
  

        

            
 (3.9) 

for the LP01 (3.8) and LP11 (3.9) modes, where     is the same as defined in (3.3) and (3.4) and 

    (     ) is 
  

 
√      

     
  with     the index of cladding.    and    (     ) are the n 

order Bessel function of the first kind and the modified Bessel function of the second kind,  

respectively. The calculated effective RI of core modes should satisfy the condition     

        . For example, with           ,           ,       and          , the 

values of        and        are 1.4481 and 1.4468 respectively. With the effective RI, we can get 

the propagation constant of the mode 

  
  

 
      (3.10) 

The Bragg phase match condition of two modes (marked as mode 1 and mode 2) is 

      
  

 
   (3.11) 
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If two modes have the propagation constants that satisfy (3.11), the power can be transferred from 

mode 1 to mode 2. For short-period Bragg gratings with a   around 530 nm, such coupling only 

exists between modes propagating in opposite directions (different from LPG). The propagation 

constants of forward and backward propagating modes have opposite signs. Thus    is 
  

 
      

and    is  
  

 
     . So the resonant wavelength can be expressed as 

  (           )   (1) 

If we only consider the core mode, there are two possible values of     :         (LP01) and 

       (LP11) and four possible values of the propagation constant:    (forward LP01),      

(backward LP01),     (forward LP11) and      (backward LP11). Therefore we in total have four 

kinds of mode coupling: LP01 forward to LP01 backward (self-coupling,       
  

 
       

and         
  

 
      ), LP11 forward to LP11 backward (self-coupling,       

  

 
       

and         
  

 
      ), LP01 forward to LP11 backward (cross-coupling,       

  

 
       

and         
  

 
      ) and LP11 forward to LP01 backward (cross-coupling,       

  

 
       

and        
  

 
      ). They will give three resonance wavelengths 

              (3.12) 

              (3.13) 

       (             )  
 

 
          (3.14) 

which means there are at most three transmission dips/reflection peaks (two self-coupling 

resonances and one cross-coupling resonance) in the spectrum of the TMFBG. For instance, when 
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  is         , the three resonance wavelengths are              ,              , 

              . But we can see them all at the same time only if both the LP01 mode and the 

LP11 mode are excited in the light launched into the TMFBG. Otherwise only two of them (one 

self-coupling resonance and one cross-coupling resonance) will be left. This has been proven in 

experiment [55]. 

The qualitative analysis above can provide a rough estimation of the spectrum shape of the 

TMFBG, such as number of reflection peaks and their positions. We still need a quantitative tool 

to calculate the amplitude at each wavelength to draw the whole spectrum. That is provided by 

CMT. 

In CMT, the transverse electric field of the jth core mode can be written as 

 ⃗⃗                    (    )                    ⃗                   (3.15) 

where       and       are the amplitudes along +z and -z directions,  ⃗        is the transverse 

field distribution of the LP mode. The index perturbation in FBG makes the modes couple with 

each other, which can be expressed by the coupled mode equations. The jth mode will couple 

with other modes according to 
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where    
  and    

  are the transverse and longitudinal coupling coefficients respectively. 

Generally    
     

  so it can be neglected.    
  has been given in (3.2). We may re-write it in 

rectangular coordinates 
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As mentioned in 3.2,          
         . Since    is mainly in the core area, we 

approximate    
     as 

   
     

 

 
     ̅̅̅̅

   ∬     

 

    

 ⃗         ⃗  
         (3.19) 

If we define the DC coupling coefficient as 

   
     

 

 
     ̅̅̅̅

    ∬     

 

    

 ⃗         ⃗  
        (3.20) 

where   ̅̅̅̅
   is the average RI change in the core, according to (3.1) we get the relationship 
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Substituting (3.21) into (3.16) and (3.17), we establish a series of differential equations called 

coupled mode equations. 

In our case, the coupled mode equations of TMFBG are 
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where       ,        and        are the coupling coefficients defined in (3.20), with j and k 

corresponding to the LP01 mode and the LP11 mode respectively.    ,    ,     and     are the 

amplitude of forward/backward LP01/LP11, respectively. All of them are functions of  . If we 

divide the TMFGB into a large number of segments, it is possible to solve those first-order 

differential equations by the fourth-order RKM. 

3.4.2 Runge-Kutta Method 

RKM is a numerical method widely used in solving ordinary differential equations. Some 

researchers have provided an excellent example of its application in FBG spectrum simulation 

[66]. So we just give a brief introduction of the algorithm here. We define vectors  ⃗  [
   

   
]
 

, 

 ⃗⃗  [
   

   
] and  ⃗  [ ⃗

 ⃗⃗
], the couple mode equations (3.22)-(3.25) can be expressed in a matrix 

form 
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where               are     coefficients matrixes,      is a     matrix. Assume the FBG 

with the length   is divided into   sections, the length of each section is      . For the ith 

(          ) section,              . 

Thus the intermediate RK matrices for the ith section can be expressed as 

                (3.27) 
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where   is the     unit matrix. In the fourth-order RKM, the transfer matrix of this section is 

written as 

                                (3.31) 

So the vector amplitude at the end of the ith section is 

 ⃗      ⃗          ⃗(      )      ⃗         (3.32) 

Then we can derive the amplitude at the end of the FBG (   ) 

 ⃗     ⃗⃗           ⃗(      )             ⃗(      ) 

                                                     ⃗       ⃗     (3.33) 

where   is the transfer matrix of the whole FBG. We re-write (3.33) as 
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[
 ⃗   

 ⃗⃗   
]  [
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 ⃗   

 ⃗⃗   
]   (3.34) 

From this equation, we get 

 ⃗⃗       
    ⃗⃗       

        ⃗     (3.35) 

 ⃗        
         

         ⃗           
    ⃗⃗      (3.36) 

In FBG no backward wave exists at the output end, so the initial boundary conditions are 

given as        √   ,         √   ,         , and         .     and     are the 

power carried by the LP01 mode and the LP11 mode. Substitute these conditions into (3.35)-(3.36), 

we find  ⃗    and  ⃗⃗   , the transmission and reflection power of the two modes in TMFBG. The 

transmission and reflection coefficients are 

     
|      | 

|      | 
      

|      | 

|      | 
  (3.37) 

      
|      | 

|      | 
       

|      | 

|      | 
   (3.38) 

By sweeping the wavelength and repeating the calculation, we can calculate the reflection or 

transmission spectrum of the TMFBG. 

3.5 Electric Field Distortion 

It has been shown that in FBG with RI asymmetry over the core the electric field will be 

distorted [64, 67]. For instance, the fundamental mode field is no longer in the core centre and the 

spot becomes approximately elliptical instead of circular. If we would like to get a more accurate 

result in simulation, the field distortion has to be considered. 
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According to equation (3.2), in order to calculate the coupling coefficient between two modes, 

the analytical expressions of the distorted electric fields are needed. The detailed and accurate 

derivation with all boundary conditions satisfied has been provided in [67]. The example of 

corresponding calculated mode intensities is shown in Fig. 3.3. 

 

Fig. 3.3 Calculated mode intensities: (a) fundamental mode of the unexposed fiber, (b) 

fundamental mode, (c) odd LP11 mode, (d) even LP11 mode of the UV-written fiber.   is the 

core radius. [67] 
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However such a complex algorithm is neither practical nor necessary in our simple model. 

Since the distorted LP01 mode can be approximated as an elliptical Gaussian field [64] with axial 

offset, we explore the possibility to apply the approximation to both the LP01 mode and the LP11 

mode. Assume the field patterns of two modes can be described with elliptical Gaussian functions 

           [ (
  

   
  

       
 

   
 )]  (3.39) 

        {   [ (
  

    
  

        
 

    
 )]     [ (

  

    
  

         

    
 )]} (3.40) 

where                       and                       are the major and minor axes of the 

ellipse and                       is the shift of the spot center along y axis (the direction of side 

illumination). Subscripts   and   stand for the part of the LP11 field pattern below and above x 

axis respectively according to the sign of y axis. It’s noteworthy that equation (3.40) only stands 

for odd LP11 mode because even LP11 mode is orthogonal to the LP01 mode in asymmetric 

TMFBG, which can be clearly seen in Fig. 3.3 (b) and (c). The distorted even LP11 mode has two 

lobes symmetric in magnitude distribution but opposite in signs. Its dot product with distorted 

LP01 mode is zero.  

In equation (3.39) and (3.40), the field of the LP01 mode is a single elliptical Gaussian spot and 

the field of odd LP11 mode is the combination of two elliptical Gaussian spots with different sizes, 

as shown in Fig. 3.4. Given the asymmetry characteristic of the field, it's more convenient to use 

the rectangular coordinate system here instead of the polar coordinate system. Generally speaking, 

when the index asymmetry becomes larger (usually caused by a higher UV laser power or more 

photosensitive doped fiber), the distortion of the electric field is more obvious. The elliptical spot 
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will have a larger eccentricity and shift further against the direction the illumination launched. 

Moreover, the difference between the sizes of the two parts of the LP11 field pattern will also 

become larger. 

 

Fig. 3.4 Distorted electric field intensity of the LP01 mode and the LP11 mode under elliptical 

Gaussian approximation 

3.6 Comparison between Simulation and Experimental data in Literature 

With the algorithm in chapter 3.4, a MATLAB program can be created to calculate the 

spectrum of the TMFBG. We need to compare the simulation result with the experimental data to 

validate our model.  

Previous research studied the field distortion in TMFBG with the software COMSOL based on 

FEM [55]. Fig. 3.5 shows the filed distributions of the distorted LP01 mode and LP11 mode in both 

our elliptical Gaussian model and FEM. As we can see, though not exactly the same, they are 

quite similar to each other. Given the complexity difference between two methods, our field 
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distortion model can be regarded as a good approximation with much simpler computing and 

acceptable accuracy.  

 

         (a) Elliptical approximation, LP01                        (b) Elliptical approximation, LP11 

                                      

                (c) Result of FEM, LP01                                        (d) Result of FEM, LP11 

Fig. 3.5 Distorted electric field amplitude of (a) (c) the LP01 mode and (b) (d) the LP11 mode. 

(a) (b) are the elliptical Gaussian approximation plotted in MATLAB and (c) (d) are the 

FEM simulation results in COMSOL. [55] 

  In order to verify our model, the spectrum of the TMFBG is calculated as well. First of all we 

simulate the transmission spectrum when only the LP01 mode is excited. The Transmission 
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spectra are plotted both with the effect of electric field distortion ignored and considered. They 

are compared with the experimental result provided in [55], as shown in Fig. 3.6. The main dip 

around           is caused by self-coupling of the LP01 mode (power transferred from forward 

LP01 mode to backward LP01 mode) and the dip around         is the result of cross-coupling 

between the LP01 mode and the LP11 mode (power transferred from forward LP01 mode to 

backward LP11 mode). We can see when the field distortion is neglected the amplitude of the 

cross-coupling dip is only about -10 dB while in experiment it is -22.5 dB. If we take the 

distortion into account, the simulation spectrum is almost the same as the experiment. Thus we 

can draw the conclusion that the electric field distortion induced by index asymmetry 

significantly affects the spectra of TMFBG and has to be considered in modelling. 
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Fig. 3.6 TMFBG Transmission spectrum when only LP01 is excited. (a) Experimental result 

in [55]. (b) Simulation result with field distortion ignored. (c) Simulation result with field 

distortion considered. 
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For further comparison with the experiment, we calculate the reflection spectrum of the 

TMFBG with different power distributions between the LP01 and LP11 modes in light launched.  

The spectra in Fig. 3.7 show that the simulation results and the experiment match well. The 

experimental data is actually the reflected power instead of the reflection spectrum. But they 

should have quite similar outlines within the small wavelength range 1542-1548 nm when a BBS 

is used. Three peaks in Fig. 3.7 (b) are caused by self-coupling between forward and backward 

propagating LP11 mode, cross-coupling between the LP01 mode and the LP11 mode propagating in 

opposite directions and self-coupling between forward and backward propagating LP01 mode 

from the left to the right. The high amplitude of the peak in the middle demonstrates that the 

TMFBG can transfer power from one forward propagating mode (LP01 or LP11) to the other mode 

(LP11 or LP01) propagating backward efficiently (nearly 100%). In other words, this TMFBG can 

completely convert one counter-propagating mode to another at 1545 nm. When only one mode is 

excited, this conversion is a one-way process. When both modes are excited in the light launched, 

the TMFBG converts forward LP01 to backward LP11 and forward LP11 to backward LP01 at the 

same time. 
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Fig. 3.7 Reflection spectrum of TMFBG when only LP01 is excited, when LP01 and LP11 are 

equally excited and when power ratio of LP11 to LP01 is 90%:10% (from the top to the 

bottom). (a) Experimental result [55]. (b) Simulation result 

In [55] the author describes the last image in Fig. 3.7 (a) as the spectrum when only LP11 is 

excited. However, we can still see a relatively strong reflection peak around       , the 

resonance wavelength of the LP01 mode. That is because the condition that the LP01 mode are 

completely removed is very hard to achieve in practice by just using lateral introduced core-offset 

and a small angle between the two fibers spliced, as mentioned in [55]. Thus there is still a small 
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portion of power carried by LP01. In our simulation we set the power distribution between two 

modes as 0.9:0.1 and the calculated spectrum is quite similar to the experimental result.   

Given the simplicity in calculation and the accuracy of the result, it is shown that our model 

works effectively in the analysis of TMFBG. 

3.7 Chapter Summary 

In this chapter we have introduced a relatively simple model and arrived at the analytical 

expressions of coupling between the fundamental mode LP01 and the higher order mode LP11 in 

TMFBG with transverse index asymmetry induced by UV side illumination. Theoretical results 

based on the model are given and discussed together with experimental data in [55]. Compared 

with FEM, this model provides a more convenient and intuitional way to estimate and analyze the 

spectra characteristics of TMFBG with acceptable accuracy. It is useful for the further study of 

the TMFBG sensor and mode converter. 
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Chapter 4 

Simplification of Fiber Taper MZI RI Sensing Systems 

New schemes of fiber taper MZI based RI sensing systems are implemented in this chapter. 

The implementation cost can be reduced by removing the OSA in conventional setup.  The 

feasibility and performance of the system are tested in experiment. 

4.1 Motivation of Presenting New Schemes 

Fiber tapers have drawn researchers’ attention as modes couplers, as they are much cheaper 

and easier to fabricate compared with fiber gratings. They are used to build sensors to measure RI 

[32, 60, 68, 42], temperature [42, 36], strain [41], etc. Its typical micro structure is displayed in 

Fig. 4.1. 

 

Fig. 4.1 Typical micro structure of fiber taper 
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Fig. 4.2 Conventional configuration for fiber taper MZI RI sensor system 

When two tapers are cascaded with a piece of bare fiber, we get a MZI type fiber taper sensor 

[32, 42, 36, 41]. It is one the most important topics in optical RI sensors. Many authors put their 

emphasis on the modification of the sensor micro structure like length [32] and waist [68] to 

improve the sensitivity. However, the whole system setup nearly remains unchanged for years, as 

shown in Fig. 4.2. The output of sensor is sent to an OSA in which it is compared with the BBS 

launching spectrum so that one can get the attenuation or transmission spectrum of the sensor. 

The amplitude at each wavelength is determined by the phase difference between core mode and 

cladding modes accumulated in propagation. It will change with ambient RI because that affects 

the effective RI of the cladding modes. As a result, the whole spectrum seems to shift to shorter 

(longer) wavelength when surrounding area RI increases (decreases). Therefore we can tell the 

ambient RI according to the position of the transmission dip. Fig. 4.3 gives an example of fiber 

taper MZI sensor (44mm) transmission spectra in dimethyl sulfoxide (DMSO) solutions with 

different volume concentrations. The solution RI increases with the concentration percentage. 

The dip around 1550 nm is a good choice for RI sensing. 
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Fig. 4.3 Fiber taper MZI RI sensor spectra in DMSO solutions 

The advantage of the conventional method is that one can always see the whole spectrum of 

the sensor and process the data in different ways. The main drawback of this scheme is the high 

cost, mostly spent on the high-resolution OSA. Moreover, the operation and data processing is 

also cumbersome. Researchers have to manually track the dip/peak and record the data in most 

cases. It is not always easy to precisely position a dip on the OSA monitor. 

In this chapter we present new implementations that are able to lower the cost and simplify the 

measurement at the same time. Sensor output is received by a PD instead of an OSA. The 
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amplitude of the output power carries the information of the surrounding medium RI. The 

performance of each scheme is tested in experiment. 

4.2 Theoretical Model of Fiber Taper MZI RI Sensor 

A theoretical model will help us to estimate the behavior of the sensor system. The output 

spectrum of the MZI is usually approximated as a sinusoidal curve. Assuming that the 

superposition of all cladding modes is equivalent to one effective cladding mode, the transmission 

intensity         is the function of both wavelength   and ambient RI    

                       √         {
  

 
[    

       
      ] } (4.1) 

where    ,    ,     
   and     

   are the intensities and effective RI of the LP01 mode and effective 

cladding mode, respectively.   is the length of the MZI, which is the length of bare fiber between 

two tapers here.     
   is regarded as a constant since fiber core is isolated from surrounding 

medium while     
   increases with ambient RI and can be calculated in a 3-layer waveguide 

model [69]. Considering the power distribution among the cladding modes [41] shown in Fig. 4.4, 

we can use the effective RI of the LP05 mode as a rough estimation of     
   and take the overall 

power of the LP02~LP010 modes as     for simplicity. Then                can be calculated. The 

result is displayed in Fig. 4.5. Of course in practice the curve will not be that regular and stable, 

the spectrum may also change its shape a little bit when shifted. 
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Fig. 4.4 LP0m mode power distribution after the abrupt taper [41] 
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Fig. 4.5 Transmission intensity depends on wavelength and ambient RI 
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4.3 Different Schemes 

As we can see in equation (4.1) and Fig. 4.5, besides tracking the transmission dip on the OSA, 

we are also able to do the measurement by observing the amplitude fluctuation at specific 

wavelengths. Based on that point, we have tried to implement new methods in which the OSA is 

not necessary so that implementation cost will be much lower. Three different schemes are 

proposed and tested in experiment. 

4.3.1 Definition of Important Parameters 

Before the discussion of the new schemes, some important parameters of the sensing system 

should be clearly defined. The first one is the extinction ratio of the spectrum. It is the difference 

in dB scale between the highest point and the lowest point in the transmission spectrum of fiber 

taper MZI. The second one is the sensitivity. Because the conventional system is based on 

wavelength shift detection, the sensitivity is the slope of the linear fit of the relationship between 

the ambient RI and the wavelength, which is in nm/RIU. In our implementation based on power 

detection the sensitivity is also the linear fit slope, but the unit is dBm/RIU (scheme 1 and 3) or 

mV/RIU (scheme 2). The last one is the system resolution. Here we define it as the 99% 

confidence interval of RI, which can be calculated with the standard errors of the slope and the 

intercept in linear fit. Those parameters are helpful in the analysis of the system performance. 

4.3.2 Single Distribute Feedback (DFB) Laser + PD 

This may be the easiest scheme of a RI sensing system based on fiber taper MZI. A single 

wavelength DFB laser and a PD work as the transmitter and the receiver respectively. The 
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detected optical power changes with RI around the MZI. The experiment validated the feasibility 

of the scheme. The effect of spectrum extinction ratio is discussed. 

4.3.2.1 Configuration and Principle 

Given spectrum of fiber taper MZI in Fig. 4.3, the most straightforward and simplest way to 

build a RI sensing system based on power detection is using one single wavelength laser as the 

light source and monitoring the output power with PD. The schematic setup and principle is 

shown in Fig. 4.6.    is the operation wavelength of the DFB laser. 

MZI

Solution to be 
Measured

DFB PDw

 

Tr
an

sm
is

si
o

n

Wavelength

RI=1.36
RI=1.31

w

P

 

Fig. 4.6 Configuration and principle of single wavelength RI sensor 
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For the same fiber taper MZI sensor, different operation wavelengths may have different 

performances. Even if the spectrum is an ideal sinusoidal function in Fig. 4.5, the sensitivity will 

be higher when the initial relative intensity is around 0.5 in linear scale. But in dB scale we had 

better set the operation wavelength close to the transmission dip. It is noteworthy that the output 

power may either increase or decrease with rising ambient RI. That depends on the operation 

wavelength we used. 

4.3.2.2 Experiment 

The scheme is verified in experiment. The fiber taper MZI spectrum is shown in Fig. 4.3. The 

light source was a SLT5413 series DFB laser diode with             . The output power 

was received and measured by EXFO FOT-50 fiberoptic tester. Nine DMSO solutions with 

different volume concentrations (0.0%, 4.0%, 8.0%, 12.0% 16.0%, 20.0%, 24.0%, 28.0%, 32.0%) 

were used as standard RI solutions. Their RIs at 25 °C (calculated from Fresnel reflection at 1550 

nm with water as reference) are 1.315, 1.3208, 1.3266, 1.3324, 1.3382, 1.3441, 1.35, 1.3559 and 

1.3618, respectively. The relationship between ambient RI and the optical power is illustrated in 

Fig. 4.7.  R
2
 for the linear fit is 0.994 and slope is 31.83 dBm/RIU.  
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Fig. 4.7 Relationship between RI and output power (44 mm MZI) 

As we can see in Fig. 4.7, the MZI sensor spectrum will never be an ideal sinusoidal function. 

The transmission spectrum minimum is usually 5~20 dB smaller than the maximum. That value 

is called the extinction ratio of the MZI spectrum. It is mainly influenced by the taper micro-

structure and the MZI length. When the extinction ratio is larger, the spectrum will have a larger 

slope near the transmission dip, which can possibly make the sensor more sensitive. The MZI in 

Fig. 4.7 is 44 mm long and has an extinction ratio of 6 dB. Fig. 4.8 displays the spectrum of a 

longer (52 mm) fiber taper MZI. Its extinction ratio is 15 dB.  
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Fig. 4.8 Transmission spectrum of 52 mm fiber taper MZI (in distilled water) 

The long MZI was also used as RI sensor and tested in experiment. The configuration was the 

same except for the operation wavelength. Here we chose             . The result is shown 

in Fig. 4.9. R
2
 for the linear fit is 0.983 and slope is -42.26 dBm/RIU. The system sensitivity is 

improved as expected. The extinction ratio of the MZI spectrum is affected by the microstructure 

of the mode coupler and the length of the interferometer. It is not easy to control in fabrication. 

How to enlarge the extinction ratio may be a topic deserving further exploration. 
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Fig. 4.9 Relationship between RI and output power (52 mm MZI) 

4.3.3 Modulated DFB Lasers + PD + Data Acquisition and Processing 

In this new scheme the BBS and OSA in the conventional design are replaced by two single 

wavelength laser chips modulated by a periodical square waveform and a simple PD respectively, 

which can significantly lower the cost and lead to easy integration. The amplitude of the PD 

output signal is used as the indicator of the surrounding medium RI. Automatic data acquisition 

and processing is realized by LabVIEW programming. The experiment shows the feasibility of 

the new scheme. A high sensitivity (2371 mV/RIU) and high stability are achieved. 
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4.3.3.1 Configuration and Principle 

Some papers [70, 71] provide a new method named as spectrum differential integration, in 

which they integrate the absolute value of amplitude change due to surrounding RI variance in a 

large wavelength range near 100 nm. By that way they make full use of the spectrum over a large 

wavelength range instead of only relying on a specific dip and get a better linear relationship and 

higher sensitivity. However, the OSA is still essential in their implementation. Moreover, the 

amplitude at each wavelength does not contribute equally to the final integration. It makes more 

sense if we select the most sensitive ones instead of handling all of them.  

Obviously the points most sensitive to ambient RI are the half-way points in the linear area of 

a sinusoidal curve. We choose two of them, 1546 nm and 1553.5 nm. When surrounding RI rises, 

the intensity at 1553.5 nm will increase while the intensity at 1546 nm will decrease. The 

difference between them indicates the RI change. In this way we can achieve a higher sensitivity 

than that of focusing on one single wavelength because we have two values changing in opposite 

directions. Simulation results based on our model is provided in Fig. 4.10. As we can see, there is 

a good linear relationship between the intensity difference and the surrounding RI. That is the 

theoretical basis of our new scheme. 
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Fig. 4.10 Intensity difference between two wavelengths works as RI indicator 

The system implementation is shown schematically in Fig. 4.11. We choose two laser chips 

operating at two specific wavelengths. They are set on the laser diode mount (LDM) as the light 

source. The intensity difference between two lasers at the PD side indicates the RI we want to 

measure. The problem comes with the dual wavelength scheme is to tell them apart at the receiver 

side. Some researchers choose to add extra FBGs to filter output signal [72], but that runs 

contrary to our efforts to lower the cost considering the price of FBG. Our solution is to apply a 

time domain modulation on the laser chips so that the output of the laser is a 50% duty cycle 

square waveform. In practice it’s easy and convenient by using the direct modulation function 
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provided by the laser diode controller (LDC). No extra modulator is required except a common 

function generator. As we can see in Fig. 4.11, the output of laser 2 propagates a longer distance 

than that of laser 1. The consequential delay results to time domain offset between signals in two 

branches. Tuning the modulation frequency or the fiber length in branch 2 can make the offset 

half the modulation period. Then we can split two wavelengths in time domain. To give an 

intuitive understanding, we plot the schematic waveform in each part of the system in Fig. 4.11. 

Number 1 and 2 stand for the output of laser 1 and laser 2 respectively.  
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Fig. 4.11 Schematic configuration of the modulated two-wavelength sensor system 

It is noteworthy that extending the length of fiber is the simplest way to introduce a 

controllable time delay to one branch, but at the same time it brings considerable attenuation 

when the fiber length is several kilometers or even longer. To avoid that drawback one can move 
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the time delay module to the electrical domain. The 50-50 coupler combines the two signals and 

sends them to the sensor. Each wavelength suffers corresponding attenuation depending on the 

taper sensor’s transmission spectrum and is detected by the PD. Since we are only concerned 

about the power difference between the outputs at two wavelengths, a DC blocked PD is 

sufficient. In order to analyze the output of PD, a waveform acquisition and processing subsystem 

is needed. It consists of voltage measurement module, analog to digital converter (ADC) module 

and digital signal processing (DSP) module. They could be integrated in several chips on the 

same board in a future industrial design. For convenience of the lab experiment, the voltage 

measurement and ADC are accomplished by an ordinary oscilloscope and DSP part can be 

assigned to a LabVIEW program in the computer. 

The data processing algorithm is discussed in the following. First of all the received signal 

goes through one lowpass filter to remove the high frequency noise. The total number of samples 

in the filtered waveform is 

       (4.2) 

where    is the sampling rate and   is the signal time duration. Given the modulation frequency 

  , the number of samples for each period is 

   
  
  

 (4.3) 

We divide the waveform into       ⁄  periods. In each period, the samples are sorted from 

maximum to minimum to generate a new array             . That step is essential because 

the initial phase of the waveform depends on trigger condition of oscilloscope and is not fixed. It 

is hard to tell which samples belong to the top or the bottom. After sorting we are sure the top 
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part comes first and the bottom part comes last. Then we calculate the average of the first 

(maximum)     ⁄  elements and the average of the last (minimum)    ⁄  elements in   . They 

are 

      
∑       

  

 
   

  

 

  (4.4) 

      

∑       
  

     
  

 
  

  

 

  (4.5) 

the top height and the bottom height for the  th period waveform respectively. Here we use    ⁄  

instead of    ⁄  because the edge of the square waveform is not ideally sharp. The amplitude 

difference between two lasers at receiver side is  

  
 

 
∑              

 

   

   (4.6) 

It is the indicator of the RI around the sensor. A LabVIEW program in the computer can control 

the oscilloscope to acquire the waveform and give the calculation result automatically in few 

seconds. 

4.3.3.2 Experiment 

In order to verify our scheme, we built the sensor system in lab. The fiber taper MZI sensor 

(44 mm) was fabricated by using Ericsson fusion splicer, model FSU 995FA. Its spectrum 

characteristics have been given in Fig. 4.3. 
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As mentioned in 4.3.3.1, we chose two laser chips (SLT5413 series DFB laser diodes) 

operating at 1546 nm and 1554 nm. They were mounted on Lightwave LDM 3916 and controlled 

by Lightwave LDC 3916. The modulation signal came from HP 3314A function generator. Its 

frequency    was 57.9 kHz and the fiber length in branch 2 for delay was 8.9 km. We used the 

same DMSO solutions as mentioned in 4.3.2.2. 

At the receiver side we used a LAB BUDDY PD by Discovery Semiconductors Inc. It was 

connected to Agilent InfiniiVision DSO-X-3034A oscilloscope with a sampling frequency of 4 

G/s. The acquired waveform time duration was set as 0.2 ms. Fig. 4.12 shows examples of the PD 

output waveforms when sensor was in different DMSO solutions. Obvious change of the peak to 

peak value could be found. By applying the algorithm in 4.3.3.1 to the waveforms, we could get 

the values of   for all different solutions. 

The parameter   change due to RI increase of the solutions is recorded in Fig. 4.14. For each 

DMSO solution the measurement is repeated 5 times. The mean values and error bars are 

illustrated in the figure. The short error bars within ±0.8 mV indicates that the system has a high 

stability. After the linear fit, we can see a linear relationship between them (slope: 2371 mV/RIU, 

R
2
 = 0.993), as shown in Fig. 4.15. The 99% confidence band is the area between the blue dash 

curves. According to the definition in 4.3.1, the resolution of the system is about 0.002-0.003 RIU. 

It is the possible RI range for the specific reading of   change. For example, when the reading is 

80 mV, the corresponding RI should be 1.350±0.002 with 99% confidence. 
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Fig. 4.12 PD output waveforms when sensor is in (a) 0% and (b) 24% DMSO solutions 
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Fig. 4.13   change due to RI increase 

 

Fig. 4.14 Linear fit of   change and the 99% confidence band  
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For the same MZI sensor, the performance of our system is affected by wavelengths we 

choose as well as the sensitivity of the PD. It can also be further improved by using longer fiber 

taper MZI [32] or some other sensor structures such as Michelson [60], core offset [58], or even 

more complex ones. Moreover, the same configuration may be used in the measurement of strain 

or temperature as well. 

4.3.4 BBS + Matched MZI + PD 

This alternative scheme follows the example of the matched grating demodulation method. 

Though limited in sensitivity, the configuration is quite simple and cost-efficient. The system is 

based on power detection that can be accomplished by the ordinary PD. Additionally it seems to 

be robust against the ambient temperature fluctuation. The new scheme is tested in experiment 

and shows an excellent linear relationship between the solution RI and the output power. 

4.3.4.1 Configuration and Principle 

Matched grating demodulation scheme [73] has been popular in FBG sensing systems because 

it significantly simplified the configuration by turning the wavelength shift detection into power 

detection at the cost of an extra identical FBG. The basic setup and principle are given in Fig. 

4.15. FBG 1 works as the sensing component and FBG 2 is used as the reference. Obviously the 

detected optical power at the PD is determined by the overlap of two FBGs’ spectra (shadow 

area). Initially the output power is of maximum because the two spectra completely overlap with 

each other. As the FBG 1 center wavelength shifts away from the original position due to the 

ambient perturbation, the overlap area becomes smaller and the optical power decreases 
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correspondingly. In that way the spectrum monitor can be replaced by a simple PD. Moreover, it 

has another advantage against the effect of environmental temperature fluctuation when used to 

measure other parameters (e.g. strain) since two FBGs have the same temperature sensitivity. In 

other words, the system is temperature independent. 
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Fig. 4.15 Schematic setup and principle of matched grating demodulation 

 The similar method has been considered to be applied to taper sensor. The configuration and 

principle is illustrated in Fig. 4.16. Two fiber taper MZIs with the same length and structure are 

cascaded together. Ideally they have the same characteristics. MZI 1 is put in the solution to be 
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measured. MZI 2 is immersed in reference solution (distilled water). The transmission spectrum 

of the system is the overlap of their respective spectrum. Given the sinusoidal-like and ambient 

RI sensitive spectrum of fiber taper MZI sensor, it is quite clear that when two MZIs are both in 

distilled water, their spectrum completely overlap and the output will be the maximum. When 

there is a RI difference between the reference solution and the solution to be measured, spectrum 

of MZI 1 shifts towards shorter wavelength, which results in the wavelength offset between two 

MZIs’ spectra and the decrease of output power.  
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Fig. 4.16 Configuration and principle of cascaded fiber taper MZIs RI sensor 
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In theory the power will reach its minimum value when        is as large as half the 

sinusoidal curve period, i.e. the phase shift    is equal to  . We can make a rough estimation of 

the minimum output power. Firstly, we approximate the MZI spectrum as an ideal normalized 

sinusoidal function with the period   , 

       
 

 
                 (4.7) 

       
 

 
              (4.8) 

where    and     are the transmission spectra of MZI 1 and MZI 2,    
  

  
 is the angular 

frequency of the periodic function and     
  

  
        is the RI change induced phase shift. 

Then the transmission spectrum of two cascaded MZIs is the product of equation (4.8) and (4.12) 

      
 

 
                              (4.9) 

Assuming the power spectrum of the BBS is equally distributed over the wavelength range 

         , i.e. the power spectrum density (PSD) is a constant   and the PD has the ideal flat 

response spectrum, the output power is 

  ∫  
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If           is much larger than the function period   , the high frequency terms in the integral 

can be neglected. Therefore 

  
 

 
∫ (  

 

 
     )   

    

    

 (4.11) 

It is obvious that   is maximal when    is 0 and minimal when    is  . The maximum value is 

 

 
             and the minimum value is 

 

 
            . The latter is about 5dB smaller than 

the former. We can regard it as the theoretical limit of the sensitivity for the scheme. 

 When    keeps increasing and becomes even larger than  , the output power will start to 

increase again. In order to maintain the negative correlation between RI and power, we have to 

make sure    will never reach that point. For the ordinary fiber taper MZI sensor in most cases 

the offset is smaller than 3 nm within the RI measurement range (usually 1.31-1.37) while the 

MZI spectrum period is 10-20 nm [32], so this is not a problem. However, the relatively small 

offset limits the sensitivity of the system as well since the output power can hardly approach the 

theoretical minimum value. By further modifying the sensor structure, it is possible to either 

enlarge the wavelength shift or shorten the spectrum period so that the output optical power will 

have a larger variation range for specific RI measurement range. 

This scheme also has the potential to remove the effect of surrounding temperature fluctuation. 

The output optical power is the function of        . According to literature description [42], the 

wavelength shift of the fiber taper MZI is the function of both temperature change and 

surrounding RI change 

               (4.12) 
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Here    is the wavelength shift,    is the ambient temperature change,    is the solution RI 

change,    and    are the sensitivity coefficients. The wavelength offset between the two spectra 

can be expressed as  

                                               (4.13) 

where subscripts 1 and 2 stand for MZI 1 and MZI 2. Ideally two identical MZIs will have the 

same sensitivity coefficients, so            and           . The ambient temperature 

fluctuation in measurement is also the same, so           . If the temperature change is 

considered as the room temperature variation which is limited within 10°C, the temperature 

induced change of solution RI (about        RIU/°C) can be neglected. So     is regarded as 

zero.  With those assumptions equation (4.13) can be written as 

                        (4.14) 

The output power is the function of         only determined by RI of the solution to be measured. 

Therefore the temperature effect can be at least partly eliminated in the system. Similar analysis 

with some small modifications is applicable to strain sensing. 

4.3.4.2 Experiment 

The RI sensing system described above was implemented and tested in our lab. The ASE was 

1550 A-TS broadband fiberoptic light source by AFC Technologies INC. and the EXFO FOT-50 

fiberoptic tester was used as PD. The fiber taper was made by the same fusion splicer in 4.3.3.2. 

Limited by the fabrication precision of the machine, we cannot make two identical fiber taper 

MZIs with the same transmission spectra. But in some cases the scheme is still able to work when 
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two spectra do not completely overlap. Fig. 4.17 gives the spectra of two MZIs when both of 

them were immersed in reference solution (distilled water). 
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Fig. 4.17 The spectra of two MZIs when both in distilled water 

As we can see, although they are not the same, the decrease of output power is expected when 

the RI of the solution around MZI 1 goes up, which leads to spectrum blueshift. That has been 

verified in experiment. MZI 1 was put in a series of DMSO solutions mentioned in 4.3.2.2. The 

corresponding output power at the receiver side was recorded, as displayed in Fig. 4.18. It’s a 

good linear relationship with R
2
 = 0.999 and slope = -13.53 dBm/RIU. 
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Fig. 4.18 Output power decreases when RI increases. 

As discussed above, the system sensitivity is not very high in this method due to the small 

wavelength shift of fiber taper MZI for RI change. We got a power difference of 0.6 dBm when 

RI increased from 1.31 to 1.36 in experiment. The performance can be improved by replacing the 

ordinary fiber taper with some other structures more sensitive to RI so that the MZI has a larger 

phase shift for the same RI measurement range. The temperature insensitive characteristic of the 

system can be tested with a temperature controller. That part may be conducted in the future. It is 

noteworthy that this method possibly works better in strain sensing because the measurement 

range can be set wider to give a larger phase shift. In addition, the reference solution is no longer 
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needed so the implementation is simpler and temperature’s effect is even smaller according to 

equation (4.13). 

4.4 Chapter Summary 

In this chapter we discussed the simplification of fiber taper MZI RI sensing system. Three 

different schemes have been implemented. Their characteristics are listed in Table 4.1. 

Scheme 

No. 

Light Source Receiver Advantage Drawback 

1 

Single 

wavelength  laser 

PD Simplest configuration 

Low sensitivity, 

not good linearity 

2 

Modulated lasers 

at two 

wavelengths 

PD and waveform 

acquisition and 

analysis device 

High sensitivity, great 

potential of integration 

design 

Complex 

configuration 

3 BBS 

Matched MZI and 

PD 

Simple configuration, 

insensitive to 

temperature 

Difficult to 

fabricate identical 

MZIs 

Table 4.1 Simplification schemes of fiber taper MZI RI sensing system 
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Chapter 5 

Summary and Future Work 

5.1 Summary 

After WDM, PDM and advanced modulation format, MDM provides another dimension in 

optical communication. It is considered as the potential method to overcome SMF capacity 

barrier. MDM systems based on FMF have been implemented and tested in experiment. The 

mode converter is one of the key components in configuration. There are different ways to excite 

higher order mode in FMF. TMFBG with asymmetric RI perturbation on the cross section is 

proved to be one of them. The LP01 mode and the LP11 mode have distorted electric fields and 

become non-orthogonal in that component. In order to estimate its coupling efficiency, a 

theoretical model is needed to calculate the spectrum. In this dissertation, we propose a relatively 

simple solution to the problem. Elliptical Gaussian distribution is used to approximate the 

distorted electric field. The analytical expression makes it possible to simulate the transmission or 

reflection spectra with CMT and RKM in MATLAB. The simulation results and experimental 

results match well. This method can help to achieve a more straightforward understanding of the 

coupling mechanism in asymmetric TMFBG. 

In-line multimode interferometer type sensors have attracted much attention for the low cost 

and compact structure.  For most of them, the demodulation schemes are based on spectrum 

monitoring on OSA, which are usually expensive and bulky. In this thesis, three simplified fiber 

taper MZI RI sensor system implementations in which we replace the OSA in conventional 
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configuration with the PD are presented. In scheme 1, one DFB laser is chosen as the light source. 

The output power can indicate how large the spectrum wavelength shift is. This method is the 

simplest and cheapest, but the linearity and sensitivity are unsatisfactory. In scheme 2, the light 

source is upgraded to two DFB lasers operating at specific wavelengths and modulated by 57.9 

kHz square wave. The beam launched by one laser goes through a longer distance and is delayed 

by half period. In this way the PD together with the oscilloscope at the receiver side can tell the 

signals from two lasers apart. The ambient RI is reflected by the amplitude difference between 

them. The system has shown good performance in experiment. In scheme 3, we still use the BBS. 

Another fiber taper MZI with the same transmission spectrum is immersed in reference solution 

and located between the sensor MZI and the PD. The principle is similar to the matched grating 

demodulation method in FBG sensor. The wavelength shift is turned into power change. This 

scheme has the potential to counteract the interference of temperature in RI or strain measurement. 

But it is not easy to precisely control the fabrication parameter of fiber taper MZI to get the 

identical spectrum and there is a theoretical sensitivity limit about 5 dB for this configuration. 

Those schemes can also be applied to other multimode interferometric sensors. 

5.2 Future Work 

Elliptical Gaussian is a rough approximation of the distorted electric field. That may be further 

modified to make the model more accurate.  

It is observed in experiment that the polarization state of light source can influence the 

performance of the fiber taper MZI sensor. The asymmetry introduced in manufacture is 

considered as the possible reason. A model can be built to explain it. 
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The simplification schemes designed in this thesis can be tested with other multimode 

interferometric sensors in measurement of other parameters. The temperature independence of 

scheme 3 needs to be verified in experiment when the temperature controller is available. 
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