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Abstract 

This thesis describes theoretical and experimental investigations on all-fibre 

multimode interference (MMI) devices using a singlemode-multimode-

singlemode (SMS) fibre structure for use as a new type of edge filter for a 

ratiometric wavelength measurement system and as novel stand alone sensors. 

The use of two edge filters, so called X-type edge filters based on SMS fibre 

structures in a ratiometric wavelength measurement system is proposed and 

demonstrated. The use of X-type edge filters can improve the resolution and 

accuracy of wavelength measurement compared to the use of one edge filter in a 

conventional ratiometric system. 

Several aspects of the SMS edge filters have been investigated, including 

the effect of misalignment the SMS fibre cores due to fabrication tolerances, 

polarization dependence, and temperature dependence. These aspects can impair 

the performance of a ratiometric wavelength measurement system. Several 

approaches have been proposed and demonstrated to achieve high resolution and 

accuracy of wavelength measurement. Misalignment effects due to the splicing 

process on the spectral characteristics and PDL of SMS fibre structure-based edge 

filters are investigated numerically and experimentally. A limit for the tolerable 

misalignment of the cores of an SMS fibre structure-based edge filter is proposed, 

beyond which the edge filter’s spectral performance degrades unacceptably. It is 

found that a low PDL for an SMS fibre structure-based edge filter can be achieved 

with small lateral core offsets. Furthermore, the rotational core offsets position is 

proposed to minimize the PDL. Analysis of the temperature dependence of SMS 
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X-type edge filters is presented. The temperature variation in the system can be 

determined and compensated by using an expanded ratiometric scheme with an 

additional reference arm.  

New sensing applications of multimode interference in an SMS fibre 

structure are proposed and demonstrated as a temperature sensor, a voltage sensor 

based on the strain effect, and a strain sensor with very low temperature 

dependence. All the sensors utilize a simple intensity-based interrogation system 

using a ratiometric power measurement system. It is found that the temperature 

and strain characteristics of SMS fibre structures are linear in nature and can be 

used for temperature and strain sensors. Based on the strain effect in an SMS fibre 

structure, a voltage sensor is also proposed. The SMS fibre structure is attached to 

a piezoelectric (PZT) stack transducer. The displacement of the PZT due to the 

voltage induces a strain on the SMS fibre structure and in turn results in a change 

in the ratio response. Finally, a strain sensor with very low temperature induced 

strain measurement error is investigated. For this purpose two SMS fibre 

structures were proposed and demonstrated in a ratiometric power measurement 

scheme, one SMS structure acts as the strain sensor and the other SMS structure 

acts as the temperature monitor. The use of this configuration can effectively 

minimize the temperature induced strain measurement error.  
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Chapter 1 

Introduction 

 

This chapter introduces the background, motivation and objectives of the research, 

along with the research methodology employed, and layout of the thesis. 

1.1 Background to the research 

The range of applications for optoelectronics and fibre optic communications has 

grown significantly in the last few decades. Today, one can find a broad range of 

consumer and industrial optoelectronic products on the market such as DVD 

players, CCD cameras, laser printers, laser pointers, LED lights, scanners, etc [1]. 

The internet and a variety of telecommunication technologies are growing rapidly 

supported by the very large data transmission capacities of optical fibre, in some 

cases enhanced by dense wavelength division multiplexing (DWDM) optical fibre 

communication systems.  

Current optoelectronic and fibre optic technologies have reached levels of 

technical maturity, quality, and cost effectiveness that are far beyond those 

available a few decades ago [1]. Correspondingly, fibre optics sensor systems 

based on optoelectronic and fibre optic technologies have also grown in technical 

sophistication and in the range of applications possible in a variety of industries. 

Fibre optic sensors are replacing traditional sensors for strain, temperature, 
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humidity, position, vibration, acoustics, electric and magnetic field measurement, 

and bio-chemical measurement [2]-[6].  Fibre optic sensors have the advantages 

of light weight, very small size, low power consumption, isolation from EM 

interference, and ease of remote operation [2]-[6]. Many sensor types also 

demonstrate additional advantages, such as high sensitivity and the ability to 

multiplex a number of sensors on one fibre. 

A number of approaches have been adopted in fibre optic sensors for the 

measurement of a change in an external measurand, for example evanescent field 

effects, taper effects, Bragg resonance, and multimode interference (MMI) [7]-

[10]. Bragg resonance effects in fibre-Bragg grating (FBG)-based sensors have 

been widely used for strain and temperature measurement [9], [11], [12]. FBG-

based sensors have a number of advantages: 1) they are simple, intrinsic sensing 

elements, 2) they can be directly written into the fibre without changing the fibre 

diameter, making them compatible with a wide range of situations where small 

diameter probes are essential, and 3) the signal obtained from an FBG sensor is 

encoded directly in the wavelength domain and this facilitates wavelength 

division multiplexing (WDM) of multiple sensors [12]. Implementation of an 

FBG-based optical sensing system requires an interrogator, in effect a wavelength 

measurement system, for determining the wavelength shift in the reflected light 

from an FBG element induced by strain or temperature changes. 

Recently, MMI effects occurring in singlemode-multimode-singlemode 

(SMS) fibre structures were investigated and utilized for both sensing and signal 

processing applications [10], [13]-[15]. These optical devices offer an all-fibre 

solution with the advantages of ease of fabrication, packaging, and 
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interconnection to other optical fibres and in addition the possibility of 

interrogation by a simple system based on intensity measurements.  

In this thesis, SMS fibre structures are investigated for interrogation of 

FBG sensors and as standalone novel sensors for a variety of measurands.  A 

simple all-fibre ratiometric wavelength measurement utilizing an SMS fibre 

structure-based edge filter is proposed and demonstrated for interrogation of FBG 

sensors. The SMS fibre structures are also proposed and demonstrated as novel 

standalone sensors for strain, temperature, and voltage using a simple 

interrogation system based on intensity measurement. 

1.1.1 Multimode interference (MMI) effects 

MMI is a useful basis for the implementation of a number of optical waveguide 

devices. MMI was investigated and proposed at first for planar waveguides. MMI-

based devices implemented in planar waveguides have been developed for optical 

signal processing applications [16], [17], and for optical sensing applications [18], 

[19].  

A useful basis for visualizing and gaining a better understanding of MMI 

in a multimode waveguide is the phenomenon of self-imaging. Self-imaging can 

be defined as a property of multimode waveguides by which an input field profile 

is reproduced due to constructive interference to form single or multiple images of 

the singlemode input field at periodic intervals along the propagation direction of 

the guide. The self-imaging phenomenon in a waveguide due to MMI was studied 

and described in [20]. Self-imaging in a planar waveguide can be analyzed using a 

modal propagation analysis (MPA) [20], a hybrid method [21], and a beam 

propagation method (BPM) [22]. An MPA is a comprehensive theoretical tool to 
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describe self-imaging phenomena in multimode waveguides [20]. It also provides 

an insight into the mechanism of multimode interference as well as the basis for 

numerical modelling and design. 

To illustrate self-imaging due to MMI in a multimode waveguide, a 

structure consisting of a multimode waveguide placed between input and output 

singlemode waveguides is presented in Fig. 1. The waveguide parameters are also 

presented in Fig. 1, the width of the multimode waveguide is  and the width of 

the singlemode waveguide of . The length of the multimode waveguide is . 

Using an MPA as in 

MW

sW L

[20], an input field profile existing at Z = 0 will be 

decomposed into the modal distribution of all possible modes in the multimode 

waveguide. The field profile at a distance Z  =  can be expressed as a 

superposition of the modal distribution of all possible modes. Under certain 

circumstances, the field at 

L

Z  =  will be a reproduction or self-image of the 

input field at 

L

Z  = 0. Fig. 2 shows the simulated field profile within the multimode 

section and it is clear that self-imaging of the input field takes place so that at 

periodic intervals, a single image of the input field is reproduced. This occurs in 

Fig. 2 at 2708, 5415, and 8122 m. Multi-fold images of the input field can also 

be found, for example, two-fold images can be found at 1354, 4062, 6770, and 

9478 m. Self-imaging occurs at specific lengths only for certain wavelengths. 

The spectral response of an MMI-based device is therefore not flat and in fact has 

a bandpass type response, where the bandpass peak wavelength corresponds to the 

wavelength value where the self-imaging distance is exactly equal to the 

multimode section length [20]. 
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Figure 1 Schematic of a multimode waveguide placed between input and output 

singlemode waveguides 
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Figure 2 Field profile within the multimode waveguide showing self-imaging of 

the input field 
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1.1.2 MMI in optical fibre 

In an optical fibre, MMI can be implemented using a fibre hetero-structure 

consisting of a singlemode-multimode-singlemode (SMS) fibre structure with a 

step index profile [14], [23]. An SMS fibre structure can be fabricated by splicing 

a precisely dimensioned multimode fibre (MMF) section between two singlemode 

fibres (SMFs). Fig. 3 shows a schematic diagram of an SMS fibre structure. SMS 

fibre structures can utilize either a step index or a graded index profile MMF. 

SMS structures using a graded index profile MMF section have been 

demonstrated by several authors where the effects of modal interference were 

investigated and microbend, strain, and temperature sensors were demonstrated 

[15], [24]-[26]. In this thesis, SMS fibre structures utilizing a step index MMF 

section are considered and investigated. The primary reason for this choice is that 

the spectral response resulting from a step index MMF section is more suitable for 

the development of edge filters [15], a key issue in this thesis.   

 

 

Singlemode Fibre 

Multimode Fibre 

Singlemode Fibre 

 

 

Figure 3 SMS fibre structure 
 

As in a planar waveguide, the MMF section can support many guided 

modes and the input field to the MMF section is reproduced as single or multiple 
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images at periodic intervals along the propagation direction due to the interference 

between these guided modes. MMI in fibre optics can be analyzed using the MPA 

in cylindrical coordinates as in [23]. 

1.1.3 MPA of SMS structures 

As a starting point for an MPA using cylindrical coordinates for an SMS fibre 

structure, the input light to the MMF section is assumed to have a field 

distribution  0,r  which is equal to the fundamental mode of the SMF. The input 

field can be decomposed into the eigenmodes of LPnm of the MMF when the light 

enters the MMF section. The eigenmodes and eigenvalues of the MMF can be 

obtained by solving the eigenmodes and eigenvalues equations as in [24]. Because 

of the circular symmetry of the input field and assuming perfect alignment of the 

central axes of the fibres cores of the SMF and MMF, only LP0m can be excited. 

The reduction in the number of modes is an advantage as it reduces the 

computational complexity and computational time. 

The field profile of LP0m is defined as  rF  and the eigenmodes of the 

MMF are normalized as    



0

2

0

2
0, rdrrFrdrr  ,   = 0, 1, 2, …, -1, where m  is 

the number of modes in the MMF. The number excited modes of LP0m can be 

calculated using 

m


V

m  , where 222
cladcore nna 


V

  is the normalized frequency,   

is a wavelength in free space,  is core diameter,  and  is core and 

cladding refractive index, of the MMF respectively. The input field at the MMF 

can be written as: 

a coren cladn

                                                        (1.1)   





1

0

0,
m

rFcr
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where  is the excitation coefficient of each mode. The coefficient  can be 

calculated by an overlap integral between 

c c

 0,r  and  rF  thus: 

 
   

   








0

0

0,

0,

rdrrFrF

rdrrFr

c








.                                             (1.2) 

As the light propagates in the MMF section, the field at a propagation distance 

z can be calculated by  

                                              (1.3)      





1

0

exp,
m

zjrFczr


 

where   is the propagation constant of each eigenmode of the MMF. The 

propagation constant can be calculated from the eigenvalues of the MMF [27]. 

The transmission loss in dB can be calculated by using overlap integral method 

between  zr,   and the eigenmode of the output SMF  rE0  as in [10] 
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log10
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.                       (1.4)  

Self-imaging occurs at the so called self-imaging distance  . zL

 10

1010



 
 LLz , where  is a beat length between the first two eigenmodes 

and 

L

0  and 1  are the first two of propagation constants of the MMF [23]. As an 

example, assume the SMF type is SMF28 with core diameter of 8.3 m and MMF 

type is AFS105/125Y with core diameter of 105 m. Fig. 4(a) and 4(b) show the 

light propagation in the MMF section and corresponding transmission 

loss/coupling loss to the output SMF as functions of MMF length, respectively. 

The self-imaging distance is 4.28 cm for a wavelength of 1550 nm as in Fig. 4(a) 
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[23]. At the self-imaging distance, the input field (at a propagation distance of 0 

cm) is reproduced and thus, the transmission loss/coupling loss value is close to 

zero.  For a fixed MMF length, an SMS fibre structure provides a wavelength 

dependent spectral response. In Fig. 4(c), the spectral response of the SMS fibre 

structure is shown for a wavelength range of 1500 to 1600 nm. It is clear that the 

SMS fibre structure provides a bandpass spectral response and could be used as a 

bandpass filter [14], [23]. 

As previously mentioned, an SMS fibre structure can be fabricated by 

using a fusion splicer. A commercial fibre fusion splicer is normally used to splice 

SMF to SMF or MMF to MMF with very low loss and also low lateral core 

offsets [28]. However, fusion splicers are not pre-programmed to deal with 

splicing SMF to MMF so that during the splicing process for SMF to MMF or 

vice-versa, significant lateral core offset errors may arise. When lateral core 

offsets exist, the MPA based on LP0m cannot be used as it is not possible to 

assume a perfect alignment between the axes of the fibres. Thus, to investigate the 

effect of misalignment of SMS fibre cores using an MPA, it is necessary to 

calculate all possible modes in the MMF section and not only the LP0m modes.  
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Figure 4 (a) light propagation in the MMF section (b) calculated transmission loss 

to the output SMF versus the length of MMF section [23] (c) calculated spectral 

response 
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1.1.4 SMS structures for interrogation of FBG sensors  

An FBG sensor requires a wavelength measurement system to extract temperature 

or strain information. Fig. 5 shows a typical configuration of an FBG-based sensor 

system. Light from the broadband source is launched via a circulator into the fibre 

containing the FBG.  Only one wavelength is reflected back from the FBG and the 

shift in the reflected wavelength caused by the changes in temperature or strain is 

monitored by a wavelength discriminator. A wavelength discriminator provides a 

known stable relationship between attenuation and wavelength. Assuming this 

relationship is known, then with a suitable calibration, the wavelength can be 

measured by means of an intensity measurement.    

 

 

Figure 5 FBG sensing system 
 

The general requirements for an ideal discriminator in a wavelength 

measurement system are as follows: 1) high resolution (better than 10 pm) and 

high accuracy, 2) high measurement speed to allow measurement of dynamic 
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strain, and 3) cost effectiveness. In addition a wide wavelength range (> 10 nm) is 

needed where wavelength division multiplexed FBGs are used. 

One approach to wavelength discrimination that satisfies the above 

requirements is a ratiometric power measurement technique [29]. When compared 

to a wavelength-scanning-based active measurement scheme, it has the 

advantages of a simple configuration, the potential for high-speed measurement, 

the absence of mechanical movement, and a low cost [29]. A ratiometric 

wavelength monitor conventionally consists of a splitter with two outputs to 

which an edge filter arm with a well-defined spectral response and a reference arm 

are attached [29]. Two photodetectors are placed at the end of both arms. The 

wavelength of an unknown input signal can be determined by measuring the ratio 

of the electrical outputs of the two photodetectors, assuming a suitable calibration 

has been carried out.  

Fig. 6(a) shows schematic structure of a typical ratiometric wavelength 

measurement system. A modified ratiometric wavelength measurement system 

containing two edge filter arms with opposite slope spectral responses is also 

shown in Fig. 6(b). The use of two edge filters can increase sensitivity and 

resolution of wavelength measurements [30]. Fig. 6(c) shows the target spectral 

responses of the edge filters and the reference arm in a wavelength range from L  

to H . The corresponding ratios of the two outputs over the wavelength range are 

presented in Fig. 6(d) for the systems with one and two edge filters.  

An edge filter can be implemented either by a bulk thin filter [30], tilted 

chirped grating structure [31], biconical fibre coupler [32], a wavelength division 

multiplexer [33], or a bending fibre [34]. All-fibre edge filters have several 
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advantages in comparison to bulk filters, for example, ease of interconnection, 

mechanical stability, and low polarization sensitivity [29]. In this thesis, an SMS 

fibre structure is investigated as a new type of an edge filter. Previous studies 

showed that an SMS fibre structure can be operated as a bandpass filter [14], [23]. 

On either side of the centre wavelength in the bandpass response shown in Fig. 

4(c), there are monotonically increasing or decreasing spectral responses over a 

limited wavelength range which can be utilized as the basis of either a positive or 

negative slope edge filter.  Two SMS fibre structures with opposite slope spectral 

responses are investigated in this thesis for their use in a ratiometric wavelength 

measurement scheme. 

Several factors, such as noise, polarization dependent loss (PDL), and 

temperature dependent loss (TDL) can influence the resolution and accuracy of 

wavelength measurement in an all-fibre ratiometric system [35]-[38]. It is shown 

in [34], that an acceptable slope for the edge filter is determined by the signal-to-

noise ratio (SNR) of the input signal. The noise of the photodetectors also affects 

the resolution of the ratiometric wavelength measurement system [36]. In [36], it 

is demonstrated theoretically and experimentally that the SNR of the signal 

source, the noise of the photodetectors, and the other noise sources, such as 

receiver shot and thermal noise in the ratiometric system, have a significant 

impact on the resolution of the wavelength measurement. 

Polarization dependence in an all-fibre ratiometric wavelength 

measurement system can also degrade measurement accuracy [37]. It is well 

known that in standard optical fibres, the state of polarization varies. For a 

macrobending fibre-based edge filter, it has been shown that the fibre structure 
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needs to be optimized to minimize the effects of input polarization [39]. For an 

SMS fibre structure used as an edge filter, the polarization dependence has not 

been previously investigated. In this thesis, the polarization dependence of an 

SMS fibre structure is investigated theoretically and experimentally. 

 

(a) 

 
(b) 

    

wavelength
L U

Two edge filters

One edge filter

 
(c)      (d) 

 
 

Figure 6 Schematic configuration of ratiometric wavelength monitor (a) using 

one edge filter (b) using two edge filters, (c) the desired spectral response of the 

edge filter-1 and edge filter-2 arms, and (d) the output ratio of two arms using one 

edge filter and two edge filters 
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The effect of temperature on the optical and mechanical properties of silica 

means that temperature changes could affect the performance of fibre-based edge 

filters. Thus, it can have a significant influence on the accuracy of wavelength 

measurement. An investigation has been carried out previously [40] on the peak 

wavelength shift of the transmission spectral response of an SMS fibre structure 

due to temperature change and the reduction of this peak shift to a low value by a 

temperature compensation scheme. However, in an edge filter-based ratiometric 

wavelength measurement scheme, even low values of peak wavelength shift can 

still induce sufficient ratio variation to degrade wavelength measurement accuracy 

[38]. Therefore, an investigation of the temperature dependence of an SMS-based 

edge filter needs to be carried out to implement a suitable temperature 

compensation scheme.  

1.1.5 Sensing applications of SMS fibre structures 

As an alternative to FBG sensors, SMS fibre structures can be used as temperature 

and strain sensors with the advantages of low cost and simple fabrication by 

comparison to FBGs. SMS fibre structure sensors can be interrogated in a number 

of ways, either by tracking the wavelength of a peak or dip in the spectral 

response using an optical spectrum analyzer (OSA) or by tracking the position of 

an edge in the SMS spectral response using a ratiometric intensity measurement 

system. The characteristics of the wavelength shift of the SMS spectral response 

due to strain and temperature applied to a step index SMS fibre structure have 

been investigated previously in [38]. In [15], an SMS fibre structure employing a 

graded index MMF was studied in regard to the sensing applications of 

wavelength shift due to strain and temperature. In [41], an SMS fibre structure 
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combined with an FBG is utilized to enhance the sensitivity of strain 

measurement. An FBG combined with an SMS fibre structure has also been 

reported for simultaneous strain and temperature measurement [42]. However, all 

of these demonstrated temperature or strain measurement techniques required the 

use of an OSA which is costly and low speed. 

In this thesis, SMS fibre structure-based sensors in an intensity 

measurement scheme using ratiometric power measurement are investigated, 

offering low cost, simple configuration, and the potential for high speed 

measurement compared to sensors which employ an OSA.  

1.2 Motivation and the objectives of the research 

The core aim of this research is to investigate all-fibre multimode interference 

(MMI) devices based on a step index singlemode-multimode-singlemode (SMS) 

fibre structure for use as (A) a new type of edge filter for a ratiometric wavelength 

measurement system and as (B) novel stand alone sensors.  

 The research investigates edge filter based on SMS fibre structures and 

introduces this novel fibre filter type into a ratiometric wavelength measurement 

system for the first time. The use of two edge filters with opposite slope spectral 

responses, so-called X-type edge filters, based on SMS fibre structures is 

proposed and demonstrated for a ratiometric wavelength measurement system to 

improve the performance of the measurement system compared to a conventional 

single filter ratiometric wavelength measurement system. The proposed 

wavelength measurement system provides high resolution, high accuracy, high 

speed measurement and low cost.  
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 Several aspects of SMS fibre structure-based edge filters are investigated 

including the effect of misalignment of the SMS fibre cores along with 

polarization and temperature dependence effects. Specifically, the fabrication 

process for an SMS fibre structure-based edge filter can introduce SMS core 

offsets. A limit of tolerable misalignment of SMS fibre cores is investigated and 

proposed to maintain the spectral performance of the edge filter based on an SMS 

fibre structure. The polarization dependence of the SMS fibre structure has not 

been previously investigated. It is known that the polarization dependence on the 

edge filter can affect the performance of wavelength measurement. Therefore, in 

this thesis the polarization dependence of an SMS fibre structure-based edge filter 

is investigated numerically and experimentally, specifically polarization 

dependence due to the SMS fibre core offsets. It is well known that devices based 

on optical fibre are sensitive to temperature variations. Calibration of a ratiometric 

wavelength measurement system takes place at a fixed temperature, any 

temperature induced variations in the spectral response of an edge filter can 

impair the performance of wavelength measurement. This temperature 

dependence is investigated and a suitable scheme to compensate for temperature 

dependence in a ratiometric wavelength measurement system is proposed. 

 The research also investigates novel SMS-based fibre sensors for 

temperature and strain measurements in an intensity-based measurement system. 

Three novel applications of SMS fibre structures are proposed and demonstrated 

as a temperature sensor, a voltage sensor utilizing the strain effect, and a strain 

sensor with self-temperature monitoring. The proposed sensors provide high 
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resolution with the advantages of low fabrication cost for an SMS fibre structure 

and the use of a simple intensity-based interrogation system.  

The objectives of the research are as follows: 

A. Edge filter based on SMS fibre structure 

 Investigate MMI in SMS fibre structures for the use as X type edge 

filters. 

 Investigate the effect of SMS fibre core offsets arising during the 

fabrication process on the parameters of SMS-based edge filters. 

 Investigate polarization dependence for an SMS-based edge filter. 

 Investigate temperature dependence for an SMS fibre structure-based 

edge filter and its temperature compensation. 

B.  Novel standalone sensors based on SMS fibre structure 

 Investigate the use of an SMS fibre structure for a temperature sensor. 

 Investigate an SMS fibre structure for voltage measurement based on 

strain effect. 

 Investigate for the use of an SMS fibre structure as a strain sensor and its 

temperature compensation.  

1.3 Research methodology 

For the various research strands pursued in this thesis, the typical research 

methodology employed consists of a sequence of steps as follows: 
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1. Carry out a theoretical study. 

Theoretical studies and analysis of multimode interference in SMS fibre 

structures were carried out to understand light propagation behaviour and 

to underpin the development of numerical simulations.  

2. Develop a numerical model for simulations. 

Based on the theoretical studies of the light propagation in SMS fibre 

structures in Step 1, appropriate models were developed to simulate the 

SMS fibre structure under a variety of conditions. The computer 

programmes were developed based on custom source code in Matlab 

performed on a personal computer with Intel® Core™ 2 Duo CPU E7200 

@ 2.53 GHz, 2 GB RAM and 500 GB hard disk storage.  

3. Fabricate the SMS fibre structure. 

In this research, all the SMS fibre structures were fabricated using 

common technique based on a Fujikura CT-07 cleaver and a Sumitomo 

type-36 fusion splicer. First, the input SMF and the input end of the MMF 

were cleaved and spliced together. The cleaver was then used again to 

cleave the other end of the MMF fibre to the required length. The length of 

the MMF fibre needs to be accurately controlled during cleaving to 

provide the desired design device. The length of the cleaved MMF section 

was checked using a precision calliper. Finally, the output end of MMF 

section was spliced to the cleaved end of the output SMF. 

4. Develop an experimental set-up and verify simulation results. 

A block diagram of the experimental set-up used in this research is 

presented in Fig. 7. The SMS fibre structure within the ratiometric system 
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as in Fig. 6(a) or 6(b) was connected to a tunable laser and a ratiometric 

power measurement system or an optical spectrum analyzer (OSA), 

depending on the experiment to be performed. A personal computer with a 

LabView program was used to control the tunable laser TUNIC PLUS and 

either the ratiometric power measurement system or an Agilent 86140B 

OSA, as appropriate. To conduct polarization or temperature studies, a 

Thorlabs FPC560 manual polarization controller or a thermoelectric 

Peltier cooler with temperature controller (ITC 510, Thorlabs) was used 

within the experimental set-up, respectively. Where the SMS structure is 

utilised as a sensor, strain could be applied by using Max303 NanoMax 

Thorlabs micro-positioning stage attached to the SMS fibre structure to 

study the effect of strain. A piezoelectric transducer (PZT) of PZT stack 

AE0505D18 (from Thorlabs) was used for voltage measurements using 

the SMS fibre structure. 

 

Figure 7 Block diagram of the experimental set-up  
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1.4 Layout of the thesis 

This thesis is based on a series of linked journal publications prepared during the 

period of the PhD research. The publications are all first author publications by 

the author of this thesis. There are several authors for each publication. A signed 

statement from all the co-authors is included in Appendix A, confirming that the 

first author undertook all aspects of the research described in each paper, 

including preparation and submission of the paper, with the support and advice of 

the co-authors. 

 Chapter 1 is an introduction chapter which introduces the background, 

motivation and objectives of the research, research methodology and an outline of 

the thesis.  

 Chapter 2 presents a new type of the edge filter based on an SMS fibre 

structure. Firstly, the numerical design for edge filter is presented. Two SMS fibre 

structures were optimized to provide an X-type spectral response as an alternative 

to a conventional single filter ratiometric wavelength measurement. The 

experimental results are presented and ratiometric wavelength measurement is 

demonstrated. 

 Chapter 3 analyzes the effect of misalignment of the SMS fibre cores on 

the edge filter spectral response. A numerical model was developed to investigate 

the effect of misalignment of SMS fibre cores. A limit of tolerable misalignment 

of SMS fibre cores beyond which the spectral performance of the edge filter-

based SMS fibre structure degrades unacceptably is proposed. An experimental 

verification is also presented. 
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 Chapter 4 presents the studies of polarization dependent loss (PDL) of the 

SMS-based edge filter. The PDL due to lateral and rotational SMS fibre cores 

offsets is investigated numerically and experimentally. It is shown that small core 

offsets are necessary to achieve low PDL for an SMS fibre structure-based edge 

filter. It is also proposed and demonstrated that when lateral core offsets are 

unavoidable, the PDL of an SMS fibre structure-based edge filter can still be 

minimized by introducing a rotational core offset of 900. 

 Chapter 5 analyzes temperature dependence of an edge filter based on 

SMS fibre structure numerically and experimentally. In a ratiometric wavelength 

measurement scheme using two SMS edge filters, a small temperature variation 

can induce a ratio variation and in turn a wavelength measurement error. It is 

proposed and demonstrated that self monitoring of temperature can be carried out 

using an expanded ratiometric scheme, regardless of the ambient temperature 

variation.   

 Chapter 6 is dedicated to new applications of an SMS fibre structure as 

standalone sensors of temperature and voltage. The temperature dependence of the 

SMS fibre structure is investigated for the use as a temperature sensor. 

Temperature measurement using an SMS fibre structure in a simple intensity-

based interrogation system is demonstrated. A voltage sensor based on an SMS 

fibre structure attached to a piezoelectric transducer utilized in a ratiometric power 

measurement scheme is also proposed and demonstrated numerically and 

experimentally.  

Chapter 7 presents a strain sensor with very low temperature induced 

strain measurement error using a pair of SMS fibre structures. For intensity-based 
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strain measurement using a single SMS fibre structure, it is found that there is a 

high strain dependence, but also a temperature dependence that will induce strain 

measurement error. It is proposed and demonstrated that the use of two SMS fibre 

structures can minimize the temperature induced strain measurement error, where 

one SMS structure acts as the strain sensor and the other SMS structure acts as the 

temperature monitor.  

 Finally the conclusions arising from the research and future research plans 

are presented in Chapter 8.  

 Several Appendices detail other publications at international conferences 

related to the research. In Appendix B, a comparison of performance for the use of 

one edge filter and X-type edge filters based on SMS fibre structure(s) is 

presented. Appendix C presents an integrated optic version of X-type edge filters 

based on MMI. A Y-branch and two MMIs based on a planar lightwave circuit 

(PLC) of silica on silicon buried channel waveguides were designed and 

optimized to provide the X-type spectral response. A simple configuration for an 

integrated ratiometric wavelength monitor with the X-type spectral response 

based on a single MMI structure is also proposed and presented in Appendix D.  
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Chapter 2 

Multimode interference in an SMS 

fibre structure for an edge filter 

application 

 

The core aim of this research is to investigate all-fibre multimode interference 

(MMI) devices based on a step index singlemode-multimode-singlemode (SMS) 

fibre structure for use as (1) a new type of edge filter for a ratiometric wavelength 

measurement system and as (2) novel standalone sensors.  

 This chapter presents a new type of edge filter based on an SMS fibre 

structure and introduces this novel fibre filter type into a wavelength ratiometric 

measurement system. Firstly, the numerical design for edge filter is presented. 

The use of two edge filters based on SMS fibre structures with opposite slope 

spectral responses, a so called X-type edge filters, is proposed and demonstrated 

for a ratiometric wavelength measurement system. Two SMS fibre structures are 

optimized to provide X-type edge filters spectral response as an alternative to a 

conventional single filter ratiometric wavelength measurement scheme. The 

experimental results are presented and ratiometric wavelength measurement is 

demonstrated. This chapter is also supported by a comparison of performance 
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between the use of single edge filter and the X-type edge filters in a ratiometric 

wavelength measurement system presented in Appendix B. 

 

Ratiometric wavelength monitor based on 

singlemode-multimode-singlemode fibre structurea 

 

Keywords: multimode interference; fibre optics; wavelength monitor  

 

Abstract: An all-fibre ratiometric wavelength monitor for optical wavelength 

measurement is proposed and is investigated theoretically and experimentally. 

Two edge filters with opposite slope spectral responses based on singlemode-

multimode-singlemode (SMS) fibre structures are developed. A ratiometric 

wavelength measurement system employing the developed SMS edge filters 

demonstrates a high discrimination range of 20.41 dB and a potential wavelength 

measurement resolution of 10 pm over a wavelength range from 1530 to 1560 nm. 

2.1 Introduction 

A wavelength monitor is a key component for many optical systems such as 

multichannel dense wavelength-division multiplexing (DWDM) optical 

communication systems and fibre Bragg grating-based (FBG) optical sensing 

systems. A FBG-based optical sensing system requires a wavelength 

                                                 
a A. M. Hatta, G. Farrell, Q. Wang, G. Rajan, P. Wang, and Y. Semenova, “Ratiometric 
wavelength monitor based on singlemode-multimode-singlemode fibre structure,” Microwave and 
Optical Technology Letters, vol. 50, no. 12, pp. 3036-3039, 2008. 
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demodulation system which is capable of accurately estimating the wavelength 

shift in the reflected light from an FBG element induced by strain or temperature 

changes. 

Wavelength measurement or monitoring can be implemented using a 

ratiometric power measurement technique. A ratiometric wavelength monitor 

usually consists of a splitter with two outputs to which are attached an edge filter 

arm with a well defined spectral response and a reference arm. Alternatively, two 

edge filters arms with opposite slope spectral responses can be used. The use of 

two opposite slope edge filters can increase resolutiona of the ratiometric system 

[43]. Such a ratiometric wavelength monitor scheme converts the input 

wavelength shifts into a signal intensity measurement. When compared with a 

wavelength-scanning-based active measurement scheme, it has the advantages of 

having a simple configuration, the potential for high-speed measurement, and the 

absence of mechanical movement. The main element of the ratiometric scheme, 

the edge filter, can be implemented by either a bulk thin filter [43], a fibre grating 

[44], biconical fibre couplers [45], or a bending fibre [46], [47]. An all-fibre edge 

filter has several advantages by comparison to bulk filters, for example, ease of 

interconnection, mechanical stability, and low polarization sensitivity [48]. 

Singlemode-multimode and singlemode-multimode-singlemode (SMS) 

fibre structures have been investigated for use in several applications e.g. a fibre 

lens, a displacement sensor, a refractometer, a bandpass filter, and an edge filter 

[49]-[53]. On the basis of our previous investigation [53], this article proposes and 

demonstrates a ratiometric wavelength monitor using two edge filters consisting 

                                                 
a
 That is the resolution at a fixed wavelength, with the assumption of a linear response for the 

edge filter. 
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of SMS fibre structures with opposite slope spectral responses. This configuration 

has the advantage that it can achieve opposite slope spectral responses with a high 

discrimination range compared to a fibre bend loss edge filter [46], [47] which can 

only provide a single slope spectral response. In addition, the discrimination range 

achievable for a fibre bend loss edge filter is limited by the minimum practical 

bend radius. 

2.2 Proposed configuration and its design 

Fig. 8(a) shows the schematic configuration of a ratiometric wavelength monitor. 

It contains a splitter and two edge filter arms based on a pair of SMS fibre 

structures. The SMS edge filter structure is shown in Fig. 8(b). It is formed by 

splicing a step-index multimode fibre (MMF) between two standard singlemode 

fibres (SMF). The target spectral responses of the two arms are shown in Fig. 8(c) 

and the corresponding ratio of the two outputs over the wavelength range is 

presented in Fig. 8(d). The wavelength of an unknown input signal can be 

determined by measuring the power ratio between the two arms, assuming a 

suitable calibration has taken place. 

The operating principle of the edge filter can be described as follows: the 

light field propagating along the input SMF enters the MMF section and excites a 

number of guided modes in the MMF. Interference between the different modes 

occurs while the light field propagates through the MMF section. By choosing a 

suitable length for the MMF section, light is coupled into the output SMF in a 

wavelength dependent manner because of interference. The input-to-output 
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transmission loss is expected to increase/decrease monotonically, as the 

wavelength of the propagating light increases in a certain wavelength range. 

 

 

 

Figure 8 Schematic structure of (a) a ratiometric wavelength measurement system 

(b) an SMS fibre-based edge filter (c) the desired spectral response of the two 

edge filter arms and (d) the output ratio between the two arms 
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 A modal propagation analysis (MPA) using cylindrical coordinates as in 

[49], [50], [54] is employed to investigate the propagation of light in the MMF 

section. The input light is assumed to have a field distribution  because of 

the circular symmetry characteristic of the fundamental mode of the SMF. The 

input field can be decomposed into the eigenmodes 

 0,rE

 nmLP  of the MMF when the 

light enters the MMF section. Only the  modes can be excited because of the 

circular symmetry of the input field and assuming ideal alignment of the fibre 

axes of the SMF and the MMF 

0LP

[49], [50], [54].  Defining the field profile of  

as , (the eigenmodes of the multimode fibre are normalized as 

0LP

 rF

   



0

2
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rdrrFE 
2

0, rdrr , m,...3,2,1 , where  is the number of modes in the 

MMF)  the input field at the MMF can be written as: 
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where  is the excitation coefficient of each mode. The coefficient  can be 

calculated by an overlap integral between 
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 .                                             (2.2) 

As the light propagates in the MMF section, the field at a propagation distance 

z can be calculated by  

                                              (2.3)     



m

zjrFczrE
1

exp,


  

where   is the propagation constant of each eigenmode of the MMF.  The 

transmission loss in dB can be calculated by using overlap integral method 

between  and the eigenmode of the output SMF  zr,E  rE0  as in [51] 
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To design the SMS-based edge filter, the MMF length needs to be 

determined. Our study shows that at a re-imaging distance (the transmission loss 

will reach a peak at a self image of the input) is highly wavelength dependent.  If 

re-coupling into the SMF takes place at the re-imaging distance, then the MMF 

section of the SMS structure has by definition a length equal to the re-coupling 

distance and operates as a bandpass filter as in [52], [54]. However, for the 

purpose of designing an edge filter, the bandpass response can be considered as 

two spectral responses, on either side of a centre wavelength. Consequently, the 

device can behave as an edge filter for a selected wavelength range. Two SMS 

edge filters with opposite slope spectral responses within a given wavelength 

range (Fig. 8(c)) can be obtained by choosing two bandpass filters with 

appropriate centre wavelengths.  

To investigate the wavelength dependence at the re-imaging distance, a 

numerical calculation was carried out. A standard SMF28 was chosen as the SMF, 

for which the parameters are: the refractive index for the core and cladding is 

1.4504 and 1.4447, respectively (at a wavelength of 1550 nm), and the radius of 

core is 4.15 m. Furthermore, to illustrate the dependence of the transmission 

response on the MMF core radius, we used MMFs with core radii of 25, 52.5, 75, 

and 100 m. Fig. 9 presents the wavelength dependence of the transmission loss 

at the re-imaging distance for the different MMF cores radii. It can be seen as 

expected that the overall response is a bandpass response centred on 1550 nm. On 

either side of the centre wavelength each bandpass response can be viewed as 
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consisting of a combination of two spectral responses with opposite slopes over a 

limited wavelength range. For example from Fig. 9, for a MMF radius of 52.5 m 

and a length of 42.87 mm, a positive slope edge filter response exists between 

1530 and 1550 nm and a negative slope edge filter response exists between 1550 

and 1580 nm.  
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Figure 9 Spectral responses at re-imaging distance for different core radii and 

MMF section lengths 

 

The peak wavelength of the bandpass filter can be tuned by changing the MMF 

length as mentioned in [52], [54], and by doing so the range of wavelengths over 

which an edge filter response exists is also altered. By choosing two bandpass 

filters with appropriate center wavelengths, it is possible to arrange for an 

intersection of two edge filters with opposite slopes within a given wavelength 
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range. Also from Fig. 9, the discrimination range of the edge filters created by 

appropriate choice of centre wavelengths can be controlled by changing the MMF 

core size. The discrimination range in dB increases as the core size of the MMF 

increases, but the usable wavelength range decreases. As an example for r  = 25 

m, the discrimination range of the positive slope of edge filter is about 7 dB from 

1500 to 1550 nm by comparison to r  = 100 m, where the discrimination range is 

about 20 dB from 1538 to 1550 nm.  

2.3 Design and experimental results 

As an example to illustrate the design process, a target wavelength range for 

wavelength measurement from 1530 to 1560 nm was chosen. This range was 

chosen as it corresponds to the typical centre wavelengths for many FBG sensors. 

On the basis of the proposed configuration in Fig. 8(a) and the design approach 

abovementioned, the two SMS edge filters are designed. An MMF type 

AFS105/125Y was chosen, for which the parameters are as follows: refractive 

index for the core and cladding is 1.4446 and 1.4271, respectively, a core radius r  

= 52.5 m. This fibre type was chosen based on the results from the previous 

section where it was shown that there is a trade-off between the slope of the edge 

filter response and the usable wavelength range. A core radius r  = 52.5 m (in 

Fig. 9) can provide an edge filter response 30 nm wide with a reasonable 

discrimination rangea. As mentioned earlier, for the specified wavelength range, 

two opposite response slope edge filters (SMS-1 and SMS-2) could be obtained 

by designing two bandpass filters with peak wavelengths: 1530 nm and ≥1560 

                                                 
a
 That is, a discrimination range of > 8 dB as in [29]. 
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nm, respectively. On the basis of on our calculation for SMS-1, peak wavelengths 

from 1520 to 1530 nm correspond with the MMF length  = 43.7 to 43.4 mm, 

respectively. For SMS-2, peak wavelengths from 1560 to 1570 correspond with 

the MMF length  = 46.625 to 42.42 mm. It was founded, suitable peak 

wavelengths for the targeted wavelength range are 1523 nm and 1560 nm with the 

corresponding MMF lengths are  = 43.6 mm and  = 42.625 mm for the SMS-

1 and SMS-2, respectively. Peak wavelength values of 1523 nm and 1560 nm 

were chosen for the two SMS edge filters because their transmission loss spectral 

responses were suitably linear over the targeted wavelength range of 1530 to 1560 

nm.  The calculated transmission loss by using (2.4) for the designed SMS edge 

filters is shown in Fig. 10. As shown in Fig. 10, the calculated negative slope 

response of the SMS-1 structure 1530 to 1560 nm has a transmission loss from -

5.73 to -15.76 dB, respectively. The calculated positive slope response of the 

SMS-2 structure from 1530 to 1560 nm is -13.22 to -0.29 dB, respectively

L

L

L L

a.  

For the purpose of experimental verification of the performance of the 

edge filters the SMS structures were fabricated by using a Fujikura CT-07 cleaver 

and a Sumitomo type-36 fusion splicer. For each SMS structure the process was 

the same. First, the input SMF and the input end of the MMF were cleaved and 

spliced together. The cleaver was used again to cleave the unterminated end of the 

MMF fibre so that its length was set to the desired value. Finally, the output end 

of MMF section was spliced to the cleaved end of the output SMF.  

The spectral response of each fabricated filter was measured using a 

tunable laser and optical spectrum analyzer (OSA). The measured results are 
                                                 

a
 The calculated positive slope of SMS-2 showed a monotonically increasing response from 

1534 to 1560 nm. The measured positive slope and overall measured ratio also showed a 
monotonically increasing response within the wavelength range of 1530-1560 nm. 
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shown in Fig. 10 and show a good agreement with calculated results. For 

operation as edge filters over the wavelength range 1530 to 1560 nm the measured 

negative slope of SMS-1 and positive slope of SMS-2 are -5.09 to -15.71 dB and -

13.16 to -1.75 dB.  

 To demonstrate the use of the edge filters in a functioning wavelength 

measurement system, a ratiometric measurement system was built as shown in 

Fig. 8(a). The input signal was split into two equal intensity signals using a 3 dB 

fibre splittera. One light signal passes through SMS-1 and the other passes 

through SMS-2. A high speed dual channel power meter was placed at the ends of 

both arms. Fig. 11 shows the measured ratio of the optical power. The ratio 

measured between 1530 to 1560 nm has a linear slope with a discrimination range 

of 20.41 dB from 7.72 to -12.69 dB which is suitable for wavelength 

measurement.  
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Figure 10 Calculated and measured spectral responses of the SMS edge filters 
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Figure 11 Measured ratio 

 

ratio values as a function of sample time and the wavelength increments.  From 

Finally, the minimum detectable wavelength shift or resolution of the 

developed ratiometric system was also investigated. To investigate the resolution, 

the tunable laser was used to provide an input signal and the corresponding output 

ratio also recorded. The minimum tuning step for the laser used is 10 pm. The 

source wavelength was set to 1540 nm and was tuned by successively increasing 

increments of 10, 20 and 30 pm. The dual channel power meter was used to 

sample the SMS outputs for 6-7 s without averaging and the ratio in dB of the 

power levels is determined for each sample with a sampling rate of 50 

measurements/second. Fig. 12 shows the complete time series of the measured 
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Fig. 12, it is clear that the minimum detectable change in the wavelength is better 

(lower) than 10 pma. 
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Figure 12 Measured ratio as the wavelength is tuned 

 

2.4 Conclusion 

In this article, it has been proposed and demonstrated a ratiometric wavelength 

monitoring scheme based on a pair of SMS-fibre structures. The two opposite 

spectral response edge filters used are realised by a pair of SMS-fibre structures. 

When applied in a ratiometric wavelength measurement, a discrimination range of 

                                                 
a
 The observed fluctuation in the measured ratio is 0.003 dB, peak-to-peak. 
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20.41 dB in the wavelength range 1530 to 1560 nm and a resolution better than 10 

pm have been demonstrated.a 
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Chapter 3 

Effect of misalignment on an SMS 

fibre structure-based edge filter 

 

In Chapter 2, the demonstration of X-type edge filters based on SMS fibre 

structures and their implementation in a ratiometric wavelength measurement was 

described. The application of SMS fibre structures as edge filters for wavelength 

measurement requires further study of several issues relating to SMS structure 

design and performance, including the effect of misalignment of SMS fibre cores, 

polarization dependence and temperature dependence.  

In this chapter, the effect of misalignment of the SMS fibre cores, due to 

the fabrication process, on the spectral responses of X-type edge filters is 

investigated. Commercial fibre fusion splicers are normally used to splice SMF to 

SMF or MMF to MMF with very low lateral core offsets and therefore, very low 

loss. However, fusion splicers are not pre-programmed to deal with splicing SMF 

to MMF so that during the splicing process for SMF to MMF or vice-versa, 

significant lateral core offset errors may arise.  

In Chapter 2, an SMS fibre structure-based edge filter was analyzed by 

using the MPA based on LP0m under the assumption of an ideal core alignment. 

However, in the presence of lateral core offsets, the MPA based on LP0m cannot 
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be used. Thus, to investigate the effect of misalignment of SMS fibre cores, all 

possible modes in the MMF section, not only the LP0m modes should be taken into 

account in the MPA.  This chapter analyzes misalignment effect of SMS fibre 

cores on the edge filter spectral response. A numerical model based on the MPA 

with a set of calculated guided modes using the finite difference method (FDM) 

was developed to investigate the effect of misalignment of SMS fibre cores. It was 

found that a limit of tolerable misalignment of SMS fibre cores exists beyond 

which the spectral performance of the edge filter-based SMS fibre structure 

degrades unacceptably. The experimental verification of this result is also 

presented. 

 

Misalignment limits for a singlemode-multimode-

singlemode fibre-based edge filtera 

 

Keywords : optical fibres, multimode interference, edge filter 

 

Abstract: Misalignment effects on the spectral characteristics of edge filters 

based on singlemode-multimode-singlemode (SMS) fibre structures are 

investigated numerically and experimentally. A modal propagation analysis is 

used with a set of guided modes calculated using the finite difference method 

(FDM) to determine the transmission loss of the SMS-based edge filters. A limit 

                                                 
a A. M. Hatta, G. Farrell, P. Wang, G. Rajan, and Y. Semenova, “Misalignment limits for a 
singlemode-multimode-singlemode fibre-based edge filter,” Journal of Lightwave Technology, 
vol. 27, no. 13, pp. 2482-2488, 2009. 
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for the tolerable misalignment of the SMS fibre-based edge filter is proposed, 

beyond which the spectral performance of the SMS structure degrades 

unacceptably. The numerical results are verified experimentally with good 

agreement. 

3.1 Introduction 

Singlemode-multimode-singlemode (SMS) fibre structures have been investigated 

for use in several applications e.g. as a refractometer, a bandpass filter, and an 

edge filter [55]-[58]. An optical device based on the SMS fibre structure offers an 

all-fibre solution for optical communications and optical sensing applications with 

the advantages of simplicity of packaging and ease of inter-connection to other 

optical fibres.  

The SMS structure is fabricated by splicing a precisely dimensioned 

multimode fibre (MMF) section between two singlemode fibres (SMFs). Ideally, 

the centre axes of all the fibre cores are precisely aligned. However, in practice 

the splicing process itself, along with the manufacturing variations in core-

cladding concentricity can introduce lateral misalignment between the centres of 

the SMF-MMF-SMF cores. 

In the ref. [56], [58], and [59], the SMS fibre structure is analyzed using a 

modal propagation analysis (MPA) for the linearly polarized  (or scalar) 

modes. The input light can be assumed to have the field distribution of the 

fundamental mode of the SMF 

LP

[59]. When the light launches into the MMF, the 

input field can be decomposed into the eigenmodes  nmLP  of the MMF. Due to the 

circular symmetric nature of the input field and an ideal alignment assumption, 
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the number of guided modes of the MMF used in the modal propagation analysis 

is greatly reduced from   to  or the circular symmetry modes. This 

reduced number of modes means the calculation can be performed efficiently. In 

nmLP mLP0

[55] and [57], the SMS structure is investigated using the beam propagation 

method, where it is assumed that only the circular symmetry modes exist. With 

this assumption the optical field is simplified so that it is independent of the 

angular coordinate in a cylindrical coordinate system. However, if the centre (or 

meridional) axes of the SMS cores are misaligned relative to one another, it 

cannot be assumed circularly symmetrical modes. Thus, both approaches 

published so far cannot be used to study the effect of misalignment in an SMS 

structure.  

An MPA using a complete set of hybrid modes or vectorial form guided 

modes in the MMF has been proposed to analyze the misalignment effect [60]. In 

this approach, a complete set of guided modes in the MMF is calculated and an 

adaptive algorithm is developed to perform mode expansion of the optical field in 

the MMF.  However, the complete set of guided modes in the MMF can also be 

solved with an alternative numerical method, the finite difference method (FDM) 

[61]. The numerical approach using FDM offers simplicity of its implementation. 

In this paper, the FDM is used to calculate the complete set of guided modes in 

the MMF and then the MPA was performed to analyze the misalignment effect. 

Building on previous research on an SMS-based edge filter [57], [58], in this 

paper, the effect of fibre misalignment within an SMS-based edge filter was 

investigated both numerically and experimentally, so as to establish an upper limit 

on tolerable misalignment above which the performance of SMS structure has 
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degraded significantly. 

To put the misalignment induced performance degradation in context, the 

application chosen here for the SMS was that of an edge filter used within a 

ratiometric wavelength measurement system. A ratiometric wavelength 

measurement usually consists of a 3 dB couplera with the two outputs connected 

to an edge filter arm with a well defined spectral response and a reference arm, or 

alternatively two edge filters arms with opposite slope spectral responses can be 

used. The use of two opposite slope edge filters can increase the usable resolution 

of the ratiometric system [62]. A ratiometric wavelength measurement-based 

system on two opposite slope SMS-based edge filters was built and demonstrated 

in this paper. 

3.2 SMS-based edge filters 

A schematic structure for a ratiometric wavelength measurement consisting of two 

SMS-based edge filters is shown in Fig. 13(a). The target spectral responses in dB 

of the SMS-based edge filters are shown in the Fig. 13(b), and can have either a 

negative (P1) or a positive (P2) slope. Two key parameters for an edge filter are 

baseline loss and discrimination range. The SMS-based edge filter operates over a 

wavelength range from 1  to 2  with a progressively larger or smaller 

transmission loss as the wavelength increases from 1  to 2 , for the negative or 

positive slope, respectively. The baseline loss is defined as the transmission loss 

of the filter at 1  or 2 , for the negative and the positive slope, respectively, while 

the discrimination range is the difference between the transmission loss at 1  and 

                                                 
a 10202A-50 - 2x2 SM Coupler 
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2 . The corresponding ratio (P2-P1) of the two outputs over the wavelength range 

is presented in the Fig. 13(c). The wavelength of an input signal can be 

determined through measuring the power ratio of the output ports at the outputs of 

the two arms, assuming a suitable calibration has taken place. 

 

 

(a) 

 

(b)     (c) 

 

Figure 13 (a) Schematic configuration of a ratiometric wavelength measurement 

(b) desired spectral responses of the SMS-based edge filter, negative (solid line) 

and positive (dash line) slope versions, and (c) the output ratio between two 

output SMS-based edge filters 

 

The fibre structure under consideration consists of an input SMF, a 

sandwiched MMF section, and an output SMF, as shown in Fig. 14(a). The 
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concentric alignment and misalignment conditions in the Cartesian coordinate 

system, between the input SMF, MMF section, and output SMF cores, are shown 

in Fig. 14(b) and 14(c), respectively. The radii of SMF and MMF are denoted as 

 and , respectively. The input SMF and output SMF positions are denoted by 

the coordinates  and 

sR mR

 yxI ,   yxO , , respectively, where x  and  are in m.  y

 

 

z axis: propagating 
direction 

Singlemode Fiber 

Multimode Fiber 

Singlemode Fiber 

 

(a) 

 

(b)       (c) 

 

Figure 14 (a) Schematic configuration of the SMS fibre structure (b) concentric 

alignment (c) misalignment condition 
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3.3 Modal propagation analysis 

The MMF section can support many guided modes and the input field is 

reproduced as single image at periodic intervals along the propagation direction 

due to the interference between these guided modes. This is the so-called self-

imaging principle and the distance at which self-imaging occurs is called the re-

imaging distance. The approach used here to analyze the field distribution in the 

MMF section is a modal propagation analysis [63]. In the MMF, an MPA using a 

cylindrical coordinate system has been employed in [56], [58], and [59] based on 

a scalar approximation of the  modes. The  modes could not be used to 

investigate misalignment effects because it only consists of circularly symmetrical 

modes. To analyze misalignment it is necessary to calculate a complete set of 

guided modes in the MMF 

mLP0 mLP0

[60]. In the approach used here, the MPA is performed 

in the Cartesian coordinate system with a set of calculated guided modes using 

FDM to allow investigation of misalignment effects.  

The MPA procedure is as follows: the input light is assumed to have the 

field distribution  0,, yx   of the fundamental mode of the SMF. The input field 

can be decomposed into the eigenmodes of the MMF,  yx, , when the light 

enters the MMF section. The input field at the MMF can be written as: 

  


 yxcyx ,0,,                                                         (3.1) 

where  is the excitation coefficient of each mode. The coefficient  can be 

calculated by an overlap integral between 

c c

 0,, yx  and  yx, , 

   
 


dxdyyx

dxdyyxyx
cv

,

,0,,

2







.                                                 (3.2) 
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As the light propagates in the MMF section, the field at a propagation distance 

z can be calculated by  

    


  zjyxczyx exp,,,                                          (3.3) 

where   is the propagation constant of each eigenmode of the MMF. The 

transmission loss in dB can be determined by using the overlap integral method 

between  zyx ,,   and the eigenmode of the output SMF  yxo ,  

 
   

    





















 



dxdyyxdxdyzyx

dxdyyxzyx
zL

o

o

s
22

2

10

,,,

,,,
log10




.            (3.4)                           

Here  yx,   and   can be obtained by using a semi-vectorial FDM. It should be 

noted that FDM calculates a set of all possible guided modes in the MMF section, 

not just concentric circular modes, allowing the transmission loss due to 

misalignment to be calculated. Using the above equations, the light propagation in 

the whole structure can be analyzed. 

3.4 Design example and spectral response 

To investigate the effect of misalignment, in the first instance it is necessary to 

present a typical SMS structure designed to meet a target spectral response and 

calculate its ideal, perfectly aligned, spectral response.  

To design the SMS-based edge filter, the MMF length needs to be 

determined. It has been shown that the re-imaging distance is wavelength 

dependent [56], [59]. If re-coupling into the output SMF takes place at the re-

imaging distance, then the MMF section of the SMS structure has by definition a 

length equal to the re-coupling distance and operates as a bandpass filter as in [56] 
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and [59]. However, for the purpose of designing an edge filter, the bandpass 

response can be considered as two spectral responses, on the either side of a centre 

wavelength. Consequently, the device can behave as an edge filter for a selected 

wavelength range. Two SMS-based edge filters with opposite slope spectral 

responses within a given wavelength range can be obtained by choosing two 

bandpass filters with appropriate centre wavelengths [58].  

As an example, to illustrate the design process, a target wavelength range 

for wavelength measurement from 1  = 1520 nm to 2  = 1545 nm was chosen. 

This range is chosen as it corresponds to the typical centre wavelengths for many 

fibre Bragg grating (FBG) sensors. Based on the target spectral responses as in 

Fig. 13(b), the SMS-based edge filters are designed with the baseline loss > -8 dB 

and the desired discrimination range > 8 dB. A standard SMF28 fibre was chosen 

as the SMF, for which the parameters are: the refractive indices for the core and 

cladding are 1.4504 and 1.4447 respectively (at a wavelength of 1550 nm), and 

the radius of the core  = 4.15 m. An MMF type AFS105/125Y was chosen as 

the MMF section for which the parameters are: refractive indices for the core and 

cladding are 1.4446 and 1.4271, respectively, with a core radius  = 52.5 m. 

The small difference between the refractive indices of the SMF and MMF means 

that the Fresnel reflection occurring at their interface is negligible (the level of 

reflection is -54 dB or lower relative to the injected light level) and a one-way 

modal propagation analysis can be used 

SR

mR

[59]. As mentioned above, for the 

specified wavelength range, two opposite response slope edge filters (negative 

and positive slopes) can be obtained by designing two bandpass filters with peak 

wavelengths:  1520 nm and ≥ 1545 nm, respectively. From (10) in ref [59], the 
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peak wavelengths from 1500 to 1520 nm correspond to the MMF lengths  = 

44.25 to 43.66 mm, and from 1545 to 1560 nm correspond to  = 43.00 to 42.58 

mm. Suitable peak wavelengths for the targeted wavelength range are 1510 and 

1547 nm and the corresponding MMF lengths are  = 43.96 mm and  = 42.95 

mm, for the negative and positive slope edge filters, respectively. The peak 

wavelengths at 1510 and 1547 nm were chosen for the SMS-based edge filters 

because their transmission loss responses have a suitable spectral response over 

the targeted wavelength range from 1520 to 1545 nm.  The transmission loss 

responses, calculated using (3.4) for the designed SMS-based edge filter, are 

shown in Fig. 15. These responses represent the performance of the design 

example for the case of perfect alignment. It can be seen that the two opposite 

edge filter responses within the targeted wavelength range can be achieved using 

two bandpass filters. The calculated negative and positive slope responses of the 

SMS-based edge filters from 1520 to 1545 nm have a transmission loss from -7.20 

to -15.53 dB and -11.84 to -0.77 dB, respectively, and the corresponding 

discrimination ranges are 8.33 dB and 11.06 dB, respectively, suitable for use as 

edge filters.  

L

L

L L
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Figure 15 Transmission loss responses of the two SMS-based edge filters 
 

3.5 Investigation of misalignment effects for the design 

example 

To investigate the misalignment effect, the transmission loss of several positions 

of the input SMF and output SMF are calculated using (3.4). The transmission 

loss was calculated within the wavelength range 1520-1545 nm of the offset 

positions, , , where  = 0-10 m with an increment 2 m. Given the 

need to undertake experimental verification, these misalignment values are chosen 

based on the deliberate offset that can be produced by the fusion splicer used in 

the experiments described later. The calculated transmission loss responses are 

shown in Fig. 16(a) and 16(b), for the negative and positive slope edge filters, 

respectively. From Fig. 16(a), for the negative slope, it can be seen that, even with 

misalignment, the response retains a monotonically decreasing characteristic over 

the wavelength range and thus, is still suitable for use as the edge filter response. 

However, the discrimination range decreases as the offset increases, from 8.33 dB 

 0,aI  aO ,0  a
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without an offset to 8.03, 7.41, 6.64, 5.93, and 5.15 dB for an offset equal to 2, 4, 

6, 8, and 10 m, respectively. A reduced discrimination range will have a negative 

impact on measurement accuracy where the edge filter is used within a ratiometric 

wavelength measurement system. For the positive slope filter, as shown in Fig.  

16(b), the response slope changes very significantly when the offset increases. For 

an offset a  = 2, and 4 m the spectral responses are still suitable as the edge filter, 

but for larger offset values the transmission loss responses do not monotonically 

increase across the wavelength range and therefore are not suitable for use as an 

edge filter.  

The change in the negative and positive slopes due to an offset needs to be 

considered in the context of changes to the overall bandpass responses. The 

consequences of an increase in the offset on the bandpass response are a shift of 

the self-imaging position and a reduction in the maximum transmission loss at the 

peak wavelength of the bandpass filter. Such changes in the overall bandpass 

response will clearly also change the positive and negative slope responses.  

In practice, there is a significant difference between the negative and 

positive slope responses in terms of the change in the response that is induced by 

an offset. This difference can be explained as follows. From the MPA above and 

as described in [60], the presence of an offset for the input SMF increases the 

number of excitation modes (circularly symmetrical modes and azimuthal modes) 

compared to the case without an offset (circularly symmetrical modes only). 

Increasing the number of excitation modes changes the MMF field pattern 

resulting from interference in the MMF. In turn, the transmission loss which is a 

function of the overlap between the MMF field and the eigenmode of the output 
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SMF, varies with changes in the offset of the output SMF. 
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Figure 16 Calculated transmission loss response due to misalignment effect of the 

SMS-based edge filter (a) negative slope (b) positive slope 

 

 56 
 
 



 

To better understand the difference in the manner on which an offset 

affects the negative and positive slopes, the MMF field amplitude profiles for the 

cases of  = 0 µm and  = 10 µm are shown in Fig. 17 for a wavelength of 1537 

nm.  This wavelength is chosen as it corresponds to the wavelength at which the 

changes in the positive slope are most pronounced, as shown in Fig. 16. The 

MMF field amplitude profiles for the negative slope response for the case of  = 

0 µm and  = 10 µm are shown in Fig. 17(a) and 17(b), respectively. The overlap 

between the MMF field amplitude profile and the eigenmode of the output SMF is 

located at  and  in µm, for the case of  = 0 µm and  = 10 µm, 

respectively. Comparing Fig. 17(a) and 17(b), there is only a relatively small 

difference in the amplitude of the MMF field in the MMF overlap region when an 

offset is introduced. As the result, the transmission losses are not strongly 

influenced by offset

a

a

a

 ,0O

a

 0,0  O 10 a a

a.  

For the positive slope response, the MMF field amplitude profile for the 

case of  = 0 µm and  = 10 µm is shown in Fig. 17(c) and 17(d), respectively. 

Comparing these figures it can be seen that when an offset is introduced, that is  

= 10 µm, the eigenmode of the output SMF located at 

a a

a

 10,0O  overlaps a portion of 

the MMF field amplitude profile which has a very low value. The result is a very 

high transmission loss when an offset is introduced and thus, there is a strong 

dependence of the transmission loss on offset. 

To further analyze the spectral quality of the edge filter, it is necessary to 

examine the linearity of the transmission loss when misalignment occurs.  

Linearity is important for an edge filter used in wavelength measurement 

                                                 
a
 As shown in Fig. 16(a) 
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application for two reasons. First, a linear response by definition monotonically 

increases or decreases, so there can be no ambiguity in wavelength measurements. 

Second, a linear response will ensure the resolution for wavelength measurement 

is the same for all measured wavelengths.  

 

 

(a)       (b) 

 

(c)      (d) 

 

Figure 17 The MMF field amplitude profile at  = 1537 nm for the negative slope 

(a) a = 0 m, (b) a = 10 m; for the positive slope (c) a = 0 m, (d) a = 10 m 

 

The linearity can be examined by using the correlation coefficient  2R  of the 

linear regression analysis. An ideal spectral response has = 1, and a lower    

< 1 indicates a lower quality for the spectral response linearity. Fig. 18 shows 

2R

2R
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the correlation coefficient for the different offsets from 0 to 10 m with an 

increment of 1 m. It is shown that for the negative slope, the  maintains a high 

value and is almost constant with  = 0.98, 0.98, 0.99, 0.99, 0.99, and 0.99 for 

the offset  = 0, 2, 4, 6, 8, and 10 m, respectively. This means that the offset has 

little effect on the slope quality for the negative slope spectral response, but does 

reduce the discrimination range as mentioned above. For the positive slope, it is 

clear that the offset effects the slope quality. The  are 0.98, 0.99, 0.99, 0.67, 

0.28, and 0.07 for the offset of 0, 2, 4, 6, 8, and 10 m, respectively. The  value 

degrades beyond an offset value of  = 5 m, with  = 0.95, and such spectral 

responses are not suitable for use in an edge filter. Based on the calculation of the 

 value, it is suggested as a conservative guiding principle that the misalignment 

should be less than the core radius of the SMF (4.15 m in this case) to maintain 

the slope quality for the two SMS-based edge filters with opposite spectral 

responses.  

2R

2R

a

a

2R

2R

2R

2R

For the purpose of experimental verification, the two SMS-based edge 

filters were fabricated using a precision Fujikura CT-07 cleaver and a Sumitomo 

type-36 three-axis fusion splicer. For each SMS structure the process is the same. 

Firstly, the input SMF and the input end of the MMF are cleaved and spliced 

together. To deliberately introduce an offset (and thus misalignment) in this 

splice, an attenuation splicing mode, available as an option on the fusion splicer, 

is used. This splicing mode allows for the creation of a fibre splice with a preset 

optical power loss. Given a preset power loss, the fusion splicer will automatically 

perform the splice with an appropriate axial offset.  
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Figure 18 Correlation coefficient of the spectral response for different offsets 

 

The cleaver is again used to precisely cleave the un-terminated end of the 

MMF fibre so that its length is set to the desired value. Finally, the output end of 

MMF section is spliced to the cleaved end of the output SMF, again with the 

attenuation splicing option. The desired power loss is set to that corresponding to 

an offset of 3.3 m.  

The transmission loss response of each fabricated filter was measured 

using a tunable laser and optical spectrum analyzer (OSA). The measured results 

are shown in Fig. 19 for the negative and the positive slope SMS-based edge 

filters. The calculation of transmission loss using (2.4) is also shown in the Fig. 

19. The calculated and measured results show a good agreement. The discrepancy 

between the calculated and measured results due to a result of: 1) residual splicing 

insertion losses and 2) errors in the exact length of the MMF section. MMF 

section length errors, which arise during fabrication of the SMS structure, shift the 
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peak wavelength of the bandpass filter response, which in turn alters the measured 

transmission loss values over a fixed wavelength range. 
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Figure 19 Measured and calculated transmission loss with misalignment of the 

SMS-based edge filters 

 
 

Experimentally, the two edge filters with their deliberate misalignment, 

while they possess a higher insertion loss, demonstrate response slopes with an 

acceptable discrimination range of 9.47 and 8.89 dB for the negative and positive 

slopes, respectively. The misaligned edge filters are therefore still suitable for use 

as edge filters. This result verifies our assertion that as long as the misalignment 

between SMF and MMF cores is less than an offset misalignment limit equal to 

the SMF core radius then there is no significant effect on the slope quality. 

To provide confirmation a misaligned SMS-based edge filter will work as 

long as lateral misalignment in an SMS structure is less than the limit proposed, 

the edge filter described above with a 3.3 µm lateral misalignment was employed 
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in a functioning wavelength measurement system, based on the scheme described 

in Fig. 13(a). The input signal is split into two equal intensity signals using a 3 dB 

fibre splittera. One of the signals passes through the negative slope SMS-based 

edge filter and the other passes through the positive slope SMS-based edge filter. 

A dual channel power meter is placed at the ends of both arms. Fig. 20 shows the 

measured ratio of the optical power. The measured ratio between 1520 to 1545 nm 

has a linear slope with a discrimination range of 18.14 dB from 7.17 to -10.97 dB, 

which is suitable for wavelength measurementb.  
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Figure 20 Measured ratio 
 

It should be noted that for the fabrication of an SMS, it is preferable to use 

a fusion splicing machine with the capability of three-axis adjustment rather than 

a single-axis (also called a fixed V-groove) fusion splicer. Lateral misalignment 

                                                 
a 10202A-50 - 2x2 SM Coupler 
 
b The correlation coefficient using a linear regression analysis for the discrimination range is 

0.999, confirming the linearity of the slope. 
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arises in an SMS structure for two reasons. First, there is the lateral misalignment 

introduced by the fusion splicer itself, and second, there is the misalignment that 

results from the limited manufacturing tolerance of core-cladding concentricity of 

the fibres used. Using a fusion splicer with three-axis adjustment can negate the 

effect of the limited core-cladding concentricity of the fibres. This means that the 

only significant source of misalignment is the inherent alignment accuracy of the 

fusion splicer itself. Typical three-axis adjustment splicers can maintain inherent 

misalignment to less than 0.5 m in the case of identical SMF or MMF splicing 

and thus can allow the fabrication of SMS structures with repeatably low lateral 

misalignment. The use of a single-axis fusion splicer is less advisable for SMS 

fabrication as it is not possible to overcome misalignment due to limited core 

concentricity and furthermore a single-axis splicer typically has an inherent 

misalignment that is higher than a three-axis adjustment splice machine.   

3.6 Conclusion 

The effect of misalignment on the spectral response of an SMS-based edge filter 

has been investigated. An MPA with a calculated set of guided modes using FDM 

is employed to analyze the misalignment effect. It is shown that the performance 

of the SMS-based edge filter degrades when the lateral misalignment is larger 

than a misalignment limit equal to the core radius of the SMF used. The measured 

transmission loss responses show a good agreement with the numerical results. 

The SMS-based edge filter used in the experiment is found to be suitable for use 

in a wavelength measurement system. Overall, it was shown that an SMS 

structure fabricated using a fusion splicer with three axis adjustment has the 
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advantage of a useful fabrication tolerance, within which the lateral misalignment 

has no significant effect on the slope of edge filter. 
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Chapter 4 

Polarization dependence of an SMS 

fibre structure-based edge filter 

 

In the previous chapter, the effect of misalignment of SMS fibre cores due to the 

fabrication process on the edge filter spectral response was investigated using the 

MPA with a set of calculated guided modes using the FDM. In this chapter, 

polarization dependence loss (PDL) of the SMS-based edge filter is investigated. 

By using the modelling platform described in Chapter 3, the PDL due to lateral 

and rotational SMS fibre cores offsets is investigated. It is shown that core offset 

must be minimised to achieve low PDL for an SMS fibre structure-based edge 

filter. It is also proposed and demonstrated that when lateral core offsets are 

unavoidable, the PDL of an SMS fibre structure-based edge filter can still be 

minimized by introducing a rotational core offset of 900 during the splicing 

process. Supporting experimental results are also presented. 
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Polarization dependence of an edge filter based on 

singlemode-multimode-singlemode fibrea 

 

Keywords: multimode fibre, polarization dependent loss, edge filter  

 

Abstract: The polarization dependent loss (PDL) of a singlemode-multimode-

singlemode (SMS) fibre structure used as an edge filter is presented. Minor errors 

in the fabrication process for the SMS fibre structure can introduce SMS fibre 

core offsets. The PDL due to lateral and rotational core offsets is investigated 

numerically and experimentally. It is shown that small core offsets are necessary 

to achieve low PDL for an SMS fibre-based edge filter. It is also demonstrated 

that when lateral core offsets are unavoidable, the PDL of an SMS edge filter can 

still be minimized by introducing a rotational core offset of 90o. 

4.1 Introduction 

One approach to measuring optical wavelength is the use of a ratiometric all-fibre 

scheme, with the advantages of low cost, simple configuration, simple 

interconnections, and the potential for high speed measurement. An all-fibre 

ratiometric wavelength measurement scheme consists of a 3 dB coupler with the 

two coupler outputs connected to a fibre edge filter arm, with a well defined 

spectral response, and a reference arm. Alternatively, two fibre edge filters arms 

with overlapping and opposite slope spectral responses, a so-called X-type 

                                                 
a A. M. Hatta, Y. Semenova, G. Rajan and G. Farrell, ”Polarization dependence of an edge filter 
based on singlemode-multimode-singlemode fibre,” Optics & Laser Technology, in press, 
accepted on 19th January 2010. 
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spectral response, can be used. The use of an X-type spectral response can 

increase the measurement resolution of the ratiometric system [64]. Two edge 

filters for an X-type spectral response can be implemented by using step index 

singlemode-multimode-singlemode (SMS) fibre structures [65]. 

An SMS fibre structure also has been demonstrated for applications such 

as a bandpass filter, strain and temperature sensors, a wavelength encoded 

temperature sensor, and an intensity-based temperature sensor [66]-[69]. The 

SMS fibre structure is fabricated by splicing a specified length of a multimode 

fibre (MMF) between two singlemode fibres (SMF). A commercial fibre fusion 

splicer is normally used to splice SMF to SMF or MMF to MMF with a very low 

loss, which means very low lateral core offsets. However, fusion splicers are not 

pre-programmed to deal with splicing SMF to MMF so that during the splicing 

process for SMF to MMF or vice-versa, significant lateral core offset errors may 

arise. In a previous study [70], it was shown that an upper limit to lateral core 

offset is needed to ensure the edge filter spectral response stays within 

specification. 

It is well known, that individually SMF or MMF has a low polarization 

dependent loss (PDL)a, but for an SMS fibre structure, the PDL for an edge filter 

application has not been investigated. It has been previously shown that the 

polarization dependence of the edge filter based on a macro bend fibre in the all-

fibre ratiometric system has a significant effect, specifically that high PDL for an 

edge filter can significantly decrease the accuracy of wavelength measurement 

                                                 
a As in [27]. 
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[71]. In this paper, the PDL of an SMS edge filter is investigated numerically and 

experimentally, in particular the PDL induced by lateral core offsets.  

4.2 Calculation of PDL for an SMS fibre structure  

The SMS fibre structure is shown in the inset figure in Fig. 21. It is formed by 

splicing a step-index multimode fibre (MMF) between two standard singlemode 

fibres (SMF). A brief review of the design, fabrication, and characterisation of an 

SMS edge filter can be found in [65]. For a MMF length of 44.44 mm, with a 

core/cladding diameter of 9/125 m for the SMF and 105/125 m for the MMF, 

the calculated spectral response is shown in Fig. 21. A negative slope edge filter 

response can be obtained in a wavelength range of about 20 nm from 1505 to 

1525 nm. 

To investigate polarization dependent effects, a modal propagation 

analysis (MPA) was performed in the Cartesian coordinate system with a set of 

calculated guided modes using the finite difference method (FDM) [70]. It should 

be noted that FDM calculates a set of all possible guided modes and can be 

calculated for quasi TE ( ) and quasi TM ( ) modes, allowing investigation of 

polarization effects. The PDL is defined as the difference in the transmission loss 

 between the quasi TE and quasi TM modes in dB as  

xE yE

 Ls

TMTE LsLsPDL  .                  (4.1) 
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Figure 21 Schematic structure of an SMS fibre structure (inset). Calculated 

spectral response of SMS fibre structure 

 

The splicing process can introduce lateral core offsets between the SMS 

fibre cores, that is the input/output SMFs may have lateral core offsets relative to 

the centre of the MMF core. In addition the two lateral core offsets at each end of 

the MMF may also have a different orientation relative to each other, which will 

henceforth be referred to as a rotational offset. To analyze the PDL of an SMS 

fibre structure, a means to precisely describe lateral and rotational offsets is 

needed. Fig. 22(a) and 22(b) show the interfaces between the input SMF and the 

MMF section cores and the MMF section and the output SMF cores, respectively. 

Where the lateral core offsets of the input and output SMF have the same 

orientation, the rotational core offset is defined as 0o. Rotational core offsets of 
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90o and 180o are also shown in Fig. 22(b).  

 

    

(a)                                               (b) 

 

Figure 22 Interfaces of input/output SMF core to the MMF core (a) position of 

input SMF core, and (b) position of output SMF core 

 

The PDL of an SMS edge filter due to the lateral and rotational core offset 

was calculated using (4.1). Fig. 23 shows the PDL at a wavelength of 1510 nm for 

a rotational core offset from 0 to 180o for lateral core offset values of 1, 2, 3, and 

4 m. The limit of 4 m is chosen because in [70] it was shown that the spectral 

responses of an SMS edge filter degrades significantly when the lateral core 

offsets exceeds the SMF core radius. The PDL depends on the lateral and 

rotational core offsets. Generally, a larger lateral core offset induces a higher 

PDL. However, it is clear that the PDL at the rotational core offset of 90o has the 

lowest PDL for the lateral core offsets from 1 to 4 m. 

 

 70 
 
 



 

0 45 90 135 180
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

angular core offset (deg)

P
D

L
 (

d
B

)
1 m
2 m
3 m
4 m

lateral core offset

 

 

Figure 23 Calculated PDL for several lateral core offsets at the rotational core 

offset from 0 to 180o 

 

The physical insight into the results in Fig. 23 is as follows. Assuming 

some lateral core offset of the input SMF is as in Fig. 22(a), the field profile at the 

output end of the MMF section depends on the input field polarization state of the 

quasi TE mode (x-directed) or quasi TM mode (y-directed). In turn, the 

transmission loss for each mode depends on the overlap between the field profile 

at the output end of the MMF section and the eigen-mode profile of the output 

SMF. A low PDL occurs when the overlap profiles for the TE and TM modes are 

similar. At a rotational core offset of 90o, the orientation between the input/output 

SMF and the input field direction of TE/TM are parallelized. Thus, the overlap 

between the field profile at the output end of the MMF section and the eigen-
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mode profile of the output SMF for both TE and TM modes are similar and the 

PDL is minimized.  

To illustrate this further, the field amplitude profiles at the output end of 

the MMF section when the input SMF has a lateral core offset of 4 m are shown 

in Fig. 24(a) and 24(b) for TE and TM modes, respectively.  Fig. 24(c) and 24(d) 

are the same profiles but with greater magnification, in the vicinity of the output 

SMF position. It can be seen from the magnified images that the amplitude 

profiles for the TE and TM modes are slightly different, and this difference in the 

amplitude profiles is presented in Fig. 24(e). It is clear that the difference in the 

amplitude for TE and TM modes varies significantly with the co-ordinates within 

the cross-section of the output end of the MMF. In the regions corresponding to 

90o or 270o rotational offsets the difference between TE and TM amplitudes is 

lower compared to the positions corresponding to 0 and 180o rotational offsets as 

in Fig. 23. Thus, when the output SMF is positioned so that its core centre is at the 

point of minimal difference thus, has a rotational core offset of 90o, the PDL is 

minimized. Therefore, during the fabrication of an SMS edge filter it is desirable 

to have a low lateral core offsets but should lateral offsets occur, rotating the 

output SMF relative to the input SMF by 90o can mitigate the effect on PDL of 

lateral offset. The resultant PDL of the SMS structure is minimized. 
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Figure 24 Field amplitude profile at the output end of the MMF section (a) TE 

mode, (b) TM mode; close up images: (c) TE mode, (d) TM mode, and (e) the 

difference in the amplitude profiles between TE and TM modes 
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4.3 Experimental results 

The SMS edge filter described above was fabricated using a precision Fujikura 

CT-07 cleaver and a Sumitomo type-36 three-axis fusion splicer. Four edge filters 

based on SMS structures were fabricated to investigate the PDL due to the lateral 

and rotational core offsets.  

Firstly, two edge filters, SMS-1 and SMS-2 were fabricated using an 

automatic splicing mode where there is no user control of lateral and rotational 

cores offsets. The transmission responses of the fabricated SMS edge filters were 

measured using a tunable laser TUNIC PLUS and a power meter and these results 

are shown in Fig. 25(a). It is clear that the wavelength range of 1505 to 1525 nm 

is suitable for an edge filter application. The MMF length of SMS-1 and SMS-2 is 

circa 44.4 mm  0.2 mm, corresponding to  8 nm shifts in the spectral response 

[72]. The lateral core offsets are circa 0.5 to 1 m according to the fusion splicer’s 

post splicing report.  

To measure the PDL of the SMS edge filters, a fibre polarization 

controller was used to change the polarization state of the input signal. The SMS 

fibre structures were fixed to a rigid base using super glue, to prevent bending, 

twisting and strain effects of the SMS structure. The transmission response was 

measured and the difference between the maximum and minimum transmission 

response was calculated as the PDL. The PDL of the fabricated SMS edge filters 

were measured within the wavelength range with an increment of 2.5 nm as 

shown in Fig. 25(b). The PDL of SMS-1 and SMS-2 produced using the 

automatic splicing mode shows an average PDL of 0.088 and 0.112 dB, 

respectively.  A standard deviation of the average PDL within the wavelength 
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range is  1.685x10-3 and  1.886x10-3 for SMS-1 and SMS-2, respectively. The 

measured PDL results include the inherent PDL of the system which is about 0.03 

dB. 

 

1490 1500 1510 1520 1530 1540 1550
-35

-30

-25

-20

-15

-10

-5

0

Wavelength (nm)

T
ra

n
sm

is
si

o
n

 (
d

B
)

SMS-1
SMS-2

edge filter
range

  

(a) 

1505 1510 1515 1520 1525
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Wavelength (nm)

P
D

L
 (

d
B

)

SMS-1
SMS-2

 

(b) 

 

Figure 25 Measured results of SMS edge filters using the automatic splicing 

mode (a) spectral responses, (b) PDL 
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Secondly, SMS-3 and SMS-4, with MMF lengths of about 44.4 mm were 

fabricated using an attenuation splicing mode with the same lateral core offsets as 

in the case of the auto mode, that is 3.31 m, but with different rotational core 

offsets of 90o and 180o, respectively. A given lateral offset can be achieved using 

the splice attenuation setting of the fusion splicer. A splicing attenuation of 1 dB, 

which is the minimum value, corresponds to a lateral core offset of 3.31 m. Fig. 

26 shows a screenshot in the vicinity of the output splice, using the attenuation 

splicing setting. The screenshot shows the MMF and the SMF (M-S structure) on 

the left and right side, respectively. 

To achieve different rotational offsets in our experiments the input splice 

for the SMS has a lateral core offset applied prior to fusion such that the input 

SMF is shifted in the y-axis by 3.31 m as in Fig. 22(a). Fusion is then carried out 

but before the spliced fibres are removed from the splicing machine the top of the 

input SMF is carefully marked. To splice the other end of the MMF, the S-M 

structure is again placed in the splicing machine, with a y-axis shift of 3.31 m. 

However, the rotational position is controlled by rotating the S-M structure from 

the reference marker to the desired rotational core offset.  

The transmission responses of SMS-3 and SMS-4 were measured as 

shown in Fig. 27(a). The wavelength range of 1505 to 1525 is suitable for an edge 

filter application. The measured PDL of SMS-3 and SMS-4 is shown in Fig. 

27(b). The average PDL of SMS-3 and SMS-4 for the rotational core offset of 

180o and 90o are 0.215 and 0.092 dB, respectively. The standard deviation of the 

average PDL within the wavelength range is  1.733x10-3 and  1.423x10-3 for 

SMS-3 and SMS-4, respectively. It is clear from Fig. 27(b) that the average PDL 
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of SMS edge filter decreases noticeably for the case of a rotational core offset of 

90o. It is also clear from Fig. 25(b) and Fig. 27(b), that the average PDL depends 

on the lateral offsets, where a lower lateral core offset exhibits a lower PDL. 

 

 

 

Figure 26 Screenshot of the splicing process using attenuation splicing mode 

 

It can be concluded that the main source of PDL for an SMS edge filter is 

lateral core offset. Where lateral core offsets do exist, the value of the rotational 

core offset can either increase or decrease the net PDL. Therefore, to minimize the 

PDL, it is necessary to ensure low lateral core offsets but if lateral offsets cannot 

be avoided then control of the rotational core offset is needed during the 

fabrication of an SMS edge filter. It is also preferable to use a three axis 

adjustment fibre fusion splicer instead of a single axis adjustment (a fixed V-

grove) fibre fusion splicer. Using a three axis adjustment splicer can minimize the 

lateral offsets that arise because of the limited core-cladding concentricity of the 

fibres and in turn can minimize both the overall loss and the PDL. 
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Figure 27 Measured results of SMS edge filters with the rotational core offsets of 

180o and 90o (a) spectral responses, (b) PDL 

4.4 Conclusion 

The PDL of an SMS fibre-based edge filter has been investigated. An MPA based 

on FDM was used to analyze the PDL of SMS edge filter with core offsets. It was 
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demonstrated that the PDL of the SMS edge filter depends on its lateral and 

rotational core offsets. Lateral core offsets are undesirable as they will increase 

the PDL for the SMS edge filter. However, if lateral offsets do occur, then by 

introducing a rotational core offset of 90o, the PDL can be reduced considerably.   
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Chapter 5 

Temperature dependence of an 

SMS fibre structure-based edge 

filter  

 

The effect of temperature on the optical and mechanical properties of silica means 

that the temperature changes do affect the spectral performance of edge filter 

fibre-based devices. This chapter analyzes the temperature dependence of an edge 

filter based on an SMS fibre structure numerically and experimentally. The MPA 

presented in Chapter 2 is used to investigate the temperature dependence of the 

SMS fibre structure-based edge filter. The influence of two parameters – the 

thermo optic coefficient (TOC) and the thermal expansion coefficient (TEC) on 

the temperature dependence of an SMS edge filter is investigated numerically. It 

is shown the TOC makes more significant contribution to the temperature 

dependence compared to the TEC. Experimental studies of temperature 

dependence for X-type edge filters in the ratiometric system are presented. It is 

shown that a small temperature variation can still induce a ratio variation 

significant enough to induce a wavelength measurement error. However, the 

linear relation between the ratio and temperature means that it is feasible to apply 
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calibration correction. By knowing the operating temperature, the correction 

required to the calibrated ratio response over the whole wavelength range can be 

determined. It is proposed and demonstrated that self-monitoring of temperature 

can be carried out using an expanded ratiometric scheme.  

 

Analysis of temperature dependence for a 

ratiometric wavelength measurement system using 

SMS fibre structure-based edge filtersa 

 
Keywords: temperature dependence, edge filter, multimode fibre  
 

Abstract Temperature dependence of an edge filter based on singlemode-

multimode-singlemode (SMS) fibre structure is investigated numerically and 

experimentally. The experimental results and numerical results are in good 

agreement within an operational temperature range from 10 to 40 oC. It is found 

that the thermo-optic coefficient (TOC) has a more significant effect on the 

temperature dependence of an SMS edge filter compared to the thermal expansion 

coefficient (TEC). In the ratiometric wavelength measurement using two SMS 

edge filters, a small temperature variation can induce the ratio variation and in 

turn the wavelength measurement error. It is found the SMS edge filter’s response 

to both wavelength and temperature is linear. It is proposed that self monitoring of 

temperature can be carried out using an updated ratiometric scheme. Self-

                                                 
a A. M. Hatta, Y. Semenova, G. Rajan, P. Wang, J. Zheng and G. Farrell, “Analysis of temperature 
dependence for a ratiometric wavelength measurement system using SMS fibre structure-based 
edge filters” Optics Communications, accepted for publication on 4th November 2009. 
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monitoring of the temperature reduces temperature induced wavelength error to   

± 10.7 pm at 1545 nm, regardless of the ambient temperature variation.   

5.1 Introduction 

Singlemode-multimode-singlemode (SMS) fibre structures have been 

demonstrated experimentally as an all-fibre implementation of a bandpass filter, 

an edge filter, a wavelength encoded temperature sensor, and a strain and 

temperature sensor [73]-[77]. An SMS fibre structure is fabricated by splicing a 

specified length of a multimode fibre (MMF) with two singlemode fibres (SMF) 

at the ends of MMF. This configuration offers simplicity, an all fibre 

configuration, and low cost.  

Recently, the application of SMS fibre structures as edge filters for 

wavelength monitoring [74] and on the effect of misalignment of the SMF-MMF-

SMF cores [75] were reported. Wavelength measurement is essential for a fibre-

Bragg-grating (FBG)-based sensing system. Among the available schemes, an all-

fibre ratiometric power measurement technique offers a simple configuration, 

competitive resolution, and high speed measurement compared to an active 

scanning method. A ratiometric scheme converts the input wavelength shift into a 

signal intensity measurement. An all-fibre ratiometric wavelength monitor 

consists of a 3 dB fibre couplera with two outputs to which a fibre edge filter arm 

with a well defined spectral response and a reference arm are attached. 

Alternatively, two fibre edge filter arms with overlapping opposite slope spectral 

responses can be used. The use of two edge filters can increase the resolution of 

the measurement system [78]. Two fibre edge filters with overlapping and 
                                                 

a 10202A-50 - 2x2 SM Coupler 
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opposite slope spectral responses, a so-called “X-type spectral response” based on 

SMS fibre structure have been investigated numerically and experimentally [74]. 

The effect of temperature on the optical and mechanical properties of silica 

means that temperature changes could affect the spectral performance of devices 

based on an SMS fibre structure. An investigation has been carried out previously 

[79] on the peak wavelength shift of the transmission spectral response of an SMS 

structure due to temperature change and the reduction of this peak shift to a low 

value by temperature compensation. However, in an edge filter-based ratiometric 

wavelength measurement scheme, even low values of peak wavelength shift can 

still induce sufficient ratio variation to degrade wavelength measurement accuracy 

[80]. In this paper, it is presented an analysis verified by experimental results of 

the effect of temperature on the overall transmission response of an SMS structure 

used as an edge filter. In Section 5.2, it is investigated the temperature dependence 

of an SMS-based edge filter and find that there is a linear relationship between 

temperature and wavelength. Importantly there is also a linear response to 

temperature and this suggests that self monitoring of temperature is possible to 

reduce wavelength measurement error to a minimum, using an updated 

ratiometric system. This is presented in Section 5.3. 

5.2 Temperature dependence in an SMS edge filter 

It is useful to initially consider the design of the X-type spectral response SMS 

edge filters. In order to design an SMS fibre edge filter, a modal propagation 

analysis (MPA) for linearly polarized (LP) modes was used [73], [81]. A brief 

review of the design, fabrication and measurement of the X-type SMS edge filters 
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can be found in [74]. A standard SMF type SMF28 and an MMF type 

AFS105/125Y were used with core/cladding diameters of 8.3/125 m and 

105/125 m, respectively. Two lengths of MMF were chosen to provide the X-

type SMS edge filters within a wavelength range 1530 to 1560 nm (typical for an 

FBG sensing),  = 43.57 mm and  = 42.63 mm for SMS-1 and SMS-2, 

respectively. The calculated and measured results for SMS edge filters are shown 

in Fig. 28. The measured results show a good agreement with the numerical 

results. The discrepancy between the calculated and measured results is most 

likely a consequence of splice insertion losses. 

1L 2L
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Figure 28 Calculated and measured two edge filters X-type spectral response 

 85 
 
 



 

 

It is well known that there are two parameters which characterize the 

effect of temperature on the fibre, the thermal expansion coefficient (TEC) and the 

thermo-optic coefficient (TOC). The TEC characterizes the physical expansion or 

contraction of the material’s vol., while the TOC characterizes refractive index 

change in response to temperature change. Using the TEC and TOC, the change in 

core radius , MMF length , and the refractive index  due to a 

temperature variation , can be expressed, respectively, as 

)(R )(L )(n

)( T

TRRR mmfsmfmmfsmfTmmfsmf 
0),(0),(),(      (5.1a) 

TLLL T  0)2,1(0)2,1()2,1(                                     (5.1b)  

Tnnn cladcorecladcoreTcladcore 
0),(0),(),(                     (5.1c) 

where   and   are the TEC and the TOC, respectively.  

To gain an insight into the effect of temperature changes on the 

transmission loss of an SMS-based edge filter, it was investigated experimentally 

and numerically the effect of temperature at a single wavelength. The 

experimental setup was built as shown in Fig. 29. The SMS edge filter was 

attached to a thermoelectric Peltier cooler, which was controlled by a precision 

digital temperature controller (ITC 510, Thorlabs), while a digital resistance 

thermometer sensor probe was also attached to accurately measure the 

temperature.  
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Figure 29 Schematic set-up for measuring the temperature dependence on the 

SMS edge filter transmission loss 

 

To calculate the temperature dependence of the transmission loss, on the 

basis of parameters in [79], it is assumed   = 5x10-7 /oC and   = 6.9x10-6 /oC for 

both the SMF and MMF [79]. By using an MPA the transmission loss from 1540 

to 1550 nm for the temperature of 10 and 40 oC was calculated and presented in 

Fig. 30(a). The measured results are also shown in Fig. 30(b). One can see both 

calculated and measured results for SMS-1 and SMS-2 show that an increase in 

temperature results in a spectral response shift to the higher wavelength as in [82], 

[83]. The change in transmission loss from the value at 20 oC is calculated for 

temperatures from 10 to 40 oC, at a wavelength of 1545 nm. The calculated and 

measured results for the transmission loss change over the temperature range for 

SMS-1 and SMS-2 are shown in Fig. 31. The calculated and measured results are 

in good agreement. From Fig. 31, it is also clear that the change in transmission 

loss for both SMS-1 and SMS-2 has a linear response with temperature. The 
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transmission loss difference between 10 to 40 oC is 0.171 dB for SMS-1 and 0.134 

dB for SMS-2.  
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Figure 30 Transmission loss response at the temperature of 10 and 40 oC: (a) 

calculation results (b) measurement results 
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Figure 31 Transmission loss change as a function of temperature at a wavelength 

of 1545 nm for a reference temperature of 20 oC 

 

It is useful to analyze the separate contributions to temperature dependent 

effects of the TEC and TOC. The transmission loss change, relative to 20 oC, due 

to an increase in temperature is calculated for TEC only and then for TOC only 

and is compared to the contribution of both TEC and TOC taken together. As an 

example for SMS-1 at a wavelength of 1545 nm, the calculated transmission loss 

change due to a change in temperature for the contribution of TEC and TOC 

individually, and for the contribution of TEC and TOC together are shown in Fig. 

32. It can be seen, with a change in temperature, the transmission losses for the 

TEC and TOC parameters have opposite slopes and thus induce opposite 

transmission spectral response shifts. However, the TEC has a significantly lower 
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contribution to the temperature dependence of the edge filter transmission loss 

compared to the TOC. 
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Figure 32 Calculated transmission loss change due to temperature change for 

TEC, TOC separately and also for TEC and TOC together 

5.3 Temperature dependence in the ratiometric 

wavelength measurement system 

To investigate the effect of temperature on the accuracy of wavelength 

measurement, the temperature dependence for a ratiometric wavelength 

measurement system, similar to that described in [74] using a pair of SMS 

structures as X-type filters, was studied. The input signal from a tunable laser was 
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split into two equal intensity signals using a 3 dB fibre couplera (see inset figure 

in Fig. 33). One of the signals was transmitted through SMS-1 and the other 

through SMS-2. A dual channel power meter was placed at the ends of both arms. 

The two SMS edge filters were attached to the thermoelectric Peltier cooler. The 

ratio spectral response was measured from 10 to 40 oC within the wavelength 

range 1530-1560 nm. Fig. 33 shows the measured optical power ratio spectrum 

for several temperatures. The ratio response difference between 10 and 40 oC is 

0.306 dB at a wavelength of 1545 nm (see inset graph in Fig. 33). The ratio 

change for a ± 5 oC temperature change is ± 0.051 dB. While this is a small 

change in ratio, the impact on wavelength accuracy is still significant. From the 

measured results it is estimated that a temperature variation of ± 5 oC at 20 oC 

induces a wavelength error of ± 67.4 pm at 1545 nm. This error is very significant 

as the inherent error in a ratiometric system due to noise and other non-

temperature related effects can be less than 10 pm [74].  

                                                

Therefore in order to maintain accuracy when utilizing such SMS 

structures as edge filters, there are two possible solutions: (i) use a packaging 

material for the SMS structure with a suitable TEC value which compensates for 

temperature induced changes in the SMS structure [79] or (ii) actively monitor the 

filter temperature and correct the calibration as required (active temperature 

stabilization of the filter is possible but is more complex than monitoring). For the 

solution involving the use of a packaging material, a small un-compensated 

temperature drift due to a small mismatch in the TEC value of packaging material 

and the SMS can lead to a significant wavelength measurement error. For the 

 
a 10202A-50 - 2x2 SM Coupler 
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temperature monitoring solution, from the inset graph in Fig. 33, the linear 

relation between the ratio and temperature shows that it is feasible to apply a 

calibration correction. By knowing the operating temperature, the correction 

required to the calibrated ratio response over the whole wavelength range can be 

determined.  

 

 

 

Figure 33 Measured ratio at different temperatures within the wavelength range. 

Schematic configuration of ratiometric wavelength measurement (inset figure). 

Temperature response at 1545 nm (inset graph) 

 

The linearity of the SMS edge filter’s response to both wavelength and 

temperature potentially allows one to use the SMS structure to monitor its own 

temperature, with the added advantage that simultaneous measurement of the 
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wavelength and temperature is possible if required. To implement a self-

monitoring approach an updated ratiometric scheme is proposed as in Fig. 34. A 3 

dB coupler and a power meter are added to the existing ratiometric scheme as in 

the inset figure in Fig. 33. The ratio 11 PPR ref   and 22 PPR ref   in dB are 

measured. The wavelength change,  , and temperature change, T ,  to the ratio 

change  and  can be expressed as: 1R 2R
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where 2,1  and 2,1  are the matrix coefficients of M  that correspond to the 

wavelength and temperature slopes respectively, which can be determined 
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where 1M  is the inverse matrix of M . The resolution of wavelength and 

temperature measurement can be determined from: 
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where )( 2,1R  is the uncertainty in ratio measurement.  

To determine the wavelength and temperature coefficients, pre-determined 

wavelength and temperature changes were applied separately to the ratiometric 

system. It was measured, the ratio  and  in the wavelength range of 1540 to 

1550 nm at a fixed temperature of 10 oC as shown in Fig. 35(a). A smaller 

wavelength range is chosen to ensure a piece-wise linear response. The 

wavelength was then fixed at 1540 nm and the temperature was changed. Fig. 

1R 2R
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35(b) shows the ratio  and  with the respect to temperature changes at the 

wavelength 1540 nm. The measured ratios  and  have a good linear response

1R 2R

1R 2R a 

with variations in wavelength and temperature. The coefficients 2,1  and 2,1  can 

be obtained as a ratio slope with 1  = -0.4588 dB/nm, 2  = 0.331 dB/nm,           

1  = 0.0016 dB/oC, and  2  = -0.0076 dB/oC. Assuming an uncertainty in ratio 

measurement of 0.003 dB, the estimated measurement resolution for wavelength 

and temperature are 9.8 pm and 0.8 oC, respectively. Without temperature self 

monitoring the temperature induced wavelength error will be high, eg. ± 67.4 pm 

for a 5 oC temperature variation. In practice much higher worst case ambient 

temperature variations could occur and induce even larger errors. Self monitoring 

of the temperature reduces the worst case temperature induced wavelength error to 

± 10.7 pm at 1545 nm, regardless of ambient temperature variations, a value 

comparable to errors induced by noise and other sources. 

 

 

Figure 34 Updated schematic ratiometric system to allow self-monitoring of 

temperature 

                                                 
a The correlation coefficients from a linear regression analysis of the wavelength responses 

(shown in Fig. 35(a)) are 0.994 and 0.996, and for the temperature responses (shown in Fig. 35(b)) 
are 0.99 and 0.996, for the ratios R1 and R2, respectively.  
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Figure 35 (a) wavelength coefficients at the temperature of 10 oC, and (b) 

temperature coefficients at the wavelength of 1540 nm 
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It should be noted that the estimated wavelength error above is based on the 

matrix coefficients   and   at a fixed temperature of 10 oC and a fixed 

wavelength of 1540 nm, respectively. However, detailed experimental results 

have shown that there is a variation of matrix coefficients  and   with 

temperature and wavelength. For the temperature range from 10 to 40 oC and a 

wavelength range from 1540 to 1550 nm the measured matrix coefficients 

variations are  1  = -0.46 ± 3.19x10-4 dB/nm, 2  = 0.33 ± 1.42x10-3 dB/nm,       

1  = 1.68x10-3 ± 1.42x10-4 dB/oC, and  2  = -7.63x10-3 ± 7.48x10-4 dB/oC. The 

calculated results are comparable with matrix coefficient variations thus:            

1  = -0.51 ± 1.66x10-3 dB/nm, 2  = 0.34 ± 2.16x10-3 dB/nm, 1  = 3.24x10-3        

± 9.77x10-4 dB/oC, and 2  = -5.08x10-3 ± 9.74x10-4 dB/oC. The measured and 

calculated matrix coefficients show a good agreementa. Discrepancies could be 

attributed to the small wavelength dependent response of the 3 dB couplers used 

in the measurement and the accuracy of TEC and TOC coefficients used in the 

calculation. These matrix coefficients variations can increase the error 

measurement as described in [84]. Self temperature monitoring is still feasible if 

an artificial neural network (ANN) approach as in [85]-[87] is used rather than the 

inverse matrix approach above. The ANN can model the nonlinear or linear 

relationship between the input and output data using several neurons with 

nonlinear transfer functions. By using sufficient neurons, the ANN can learn the 

relationship between the input and output data. Therefore, the relationship 

between  T ,  and   can be modelled more accurately by using an ANN 21, RR

                                                 
a The agreement between the measured and calculated values is 90.2%, 97.1%, 51.8%, and   

66.6 % for the matrix coefficients 1, 2, 1, and 2, respectively. 
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and it has been reported that the use of ANN can increase the measurement 

accuracy compared to the inverse matrix approach above [85]-[87].  

5.4 Conclusion 

An analysis of the temperature dependence of a ratiometric wavelength 

measurement scheme using SMS fibre structure-based edge filters has been 

carried out. It has been investigated numerically and experimentally, the effects of 

temperature on the transmission loss of a dual SMS edge filter. The experimental 

results are in good agreement with the numerical resultsa. It is found that the TOC 

makes a more significant contribution to the temperature dependence of an SMS 

edge filter compared to the TEC.  The linearity of the SMS edge filter’s response 

to both wavelength and temperature potentially allows one to use the SMS 

structure to monitor its own temperature using an updated ratiometric scheme, 

with the additional advantage of simultaneous measurement of the wavelength 

and temperature if required. It was demonstrated a self-monitoring of the 

temperature reduces temperature induced wavelength error to ± 10.7 pm 

regardless of the ambient temperature variationb. It was also noted that using an 

artificial neural network could improve accuracy still furtherc. 
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a As in Fig. 31, the measured and calculated discrimination ranges for SMS-1 are 0.141 and 

0.134 dB and for SMS-2 are 0.171 and 0.172 dB, respectively. 
b Over a temperature range from 10 to 40 oC. 
c According to [85], the use of ANN model can improve accuracy by a factor of 12-13 times 

compared to the use of an inverse matrix approach. 
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Chapter 6 

New standalone sensors based on 

an SMS fibre structure  

 

In the previous chapters SMS fibre structures have been implemented as a new 

type of edge filter for ratiometric wavelength measurement. Several aspects of 

SMS fibre-based edge filters have been investigated including the effect of 

misalignment of SMS fibre cores, polarization dependence and temperature 

dependence.  

 The second primary objective of this research is to investigate the use of 

SMS fibre structures as novel standalone optical fibre sensors. As an alternative to 

FBG-based sensors, SMS fibre structures can be used as sensors with the 

advantages of low cost and simple fabrication by comparison to FBGs or other 

optical fibre sensors. In this chapter, SMS fibre structure sensors are interrogated 

using an intensity-based measurement system, offering low cost, simple 

configuration, and the potential for high speed measurement compared to an 

interrogation technique that tracks a peak or a dip in a spectral response using an 

OSA. 

 In Chapter 5, the temperature dependence of the SMS fibre structure-based 

edge filter was described. The existence of strong temperature dependence for the 
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SMS spectrum and the linear nature suggests that an SMS fibre structure can be 

utilized as a temperature sensor.  In this chapter, the new application of an SMS 

fibre structure as a standalone sensor of temperature using interrogation based on 

intensity measurement is investigated numerically and experimentally. The SMS 

fibre structure is optimized to provide a strong temperature dependence that can 

be utilized as a temperature sensor. A temperature measurement range of 50 to 

200 oC with a potential resolution of better than 0.2 oC is demonstrated. The 

sensor is simpler and can provide a competitive resolution when compared to an 

FBG-based temperature sensor. As a demonstration of the competitive resolution, 

an equivalent FBG-based temperature sensor can resolve a temperature change of 

~ 0.1 oC, but requires high wavelength resolution measurement of ~ 1 pm [12]. 

The proposed sensor can be used for temperature monitoring in industrial process, 

automotive and aeronautical engines, and other applications. 

 Another potential application of an SMS fibre structure presented in this 

chapter is a voltage measurement based on utilizing the strain effect. As a starting 

point the strain effect in an SMS fibre structure is investigated. For use as a 

voltage sensor, to transfer the voltage into the strain, a piezoelectric transducer 

(PZT) is proposed. The SMS fibre structure, attached to the PZT, is utilized in a 

ratiometric power measurement scheme and is investigated and demonstrated both 

numerically and experimentally. A DC voltage measurement range from 0 to 100 

V with a resolution of about 0.5 V or 0.5% of full scale measurement is 

demonstrated. The proposed sensor offers a simple configuration, a fast 

measurement capability, and the potential for kilovolt measurements with a 

suitable choice of PZT.  As a comparison using an FBG alternative, a voltage 
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measurement range from 0 to 5 kV using an FBG and a suitable PZT can provide 

a measurement resolution of 3% of full scalea, significantly worse than that which 

can be achieved by the proposed SMS sensor. 

6.1 SMS fibre structure for temperature measurement 

using a simple intensity-based interrogation systemb 

 

Keywords: fibre optic sensor, temperature measurement 

 

Abstract: A singlemode-multimode-singlemode (SMS) fibre structure for 

temperature measurement that utilises a simple intensity-based interrogation 

system is proposed. The temperature dependence of the SMS fibre structure 

utilised as a sensor is investigated numerically and experimentally. It is found that 

a strong temperature dependence for the SMS fibre structure exists at selected 

wavelengths. The temperature characteristic at such wavelengths is linear in 

nature and can be used for temperature measurements. The proposed temperature 

sensor offers a high resolution and accuracy and also benefits from a simple 

configuration and low cost when compared to other fibre-optic temperature 

sensors. 

                                                 
a M. Pacheco, F. M. Santoyo, A. M´endez, and L. A. Zenteno, “Piezoelectric-modulated optical 
fibre Bragg grating high-voltage sensor,” Meas. Sci. Technol., vol. 10, pp. 777–782, 1999. 

 
b
 A. M. Hatta, G. Rajan, Y. Semenova and G. Farrell, “SMS fibre structure for temperature 

measurement using a simple intensity-based interrogation system,” Electronics Letters, vol. 45, no. 
21, pp. 1069-1071, 2009. 
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6.1.1 Introduction 

Singlemode-multimode-singlemode (SMS) fibre structures have been 

demonstrated for use as a bandpass filter, an edge filter, and a wavelength 

encoded temperature sensor [88]-[90]. Multimode interference (MMI) is the basic 

operating mechanism of such SMS fibre devices, where interference between 

modes in the multimode fibre (MMF) occurs along the MMF length. The SMS 

structure can generate minimum or maximum interference at specific MMF 

lengths. By precisely optimising the MMF length, different device functions can 

be implemented.   

SMS structures demonstrate temperature dependence and previous 

investigations have shown that the effect of temperature on the wavelength 

response of an SMS fibre device can be compensated for by using a suitable 

packaging material [91]. It is also possible to exploit this temperature dependence 

to implement a temperature sensor. However, to date the temperature information 

has been extracted by measuring the temperature-induced shift in the peak 

wavelength of the SMS spectrum [90], which will involve a complex and 

expensive interrogation system. Other established methods to measure 

temperature using fibre optic sensors include a singlemode-multimode (SM) fibre 

structure [92], FBG sensors, interferometric sensors, etc. However, these 

techniques also require complex interrogation units to extract the temperature 

information. Therefore, a simple and reliable fibre temperature sensor is needed, 

which can be interrogated using a simple intensity-based system. Our recent 

studies demonstrated that SMS structures can be used for intensity-based 

wavelength measurements in a ratiometric scheme with very low temperature 
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dependency. However, by properly utilising the temperature properties of an SMS 

fibre structure used as an edge filter it is possible to implement a temperature 

sensor that utilises a simple intensity-based interrogation technique. In this Letter, 

we propose such a temperature sensor based on an SMS fibre structure, which has 

high temperature dependence at selected wavelengths. Theoretical simulation of 

the temperature dependence of the SMS structure is presented together with 

experimental validation.  

6.1.2 SMS fibre structure 

A schematic of an SMS fibre structure is shown in the inset in Fig. 36. The SMS 

fibre structure is fabricated by splicing a specified length of MMF between two 

singlemode fibres (SMF). To design an SMS fibre structure device, a modal 

propagation analysis (MPA) for linearly polarized (LP) modes was used [88], 

[93]. It was shown that at a re-imaging distance, the SMS fibre structure is highly 

wavelength dependent and operates as a bandpass filter [88], [93]. The peak 

wavelength of the bandpass filter response can be tuned by varying the MMF 

length [93]. For example, based on the fibre parameters in [88], [93], an SMS 

structure with the length of MMF L = 44.12 mm has a bandpass response with a 

peak wavelength at 1502 nm, as shown in Fig. 36. To investigate the application 

of this SMS structure as a temperature sensor, the structure was fabricated and the 

impact of temperature on the spectral response was studied to determine which 

portion of the response is most sensitive to temperature. 

The SMS fibre structure was fabricated using a Fujikura CT-07 cleaver 

and a Sumitomo type-36 fusion splicer. The spectral response of the SMS fibre 

structure was measured using a tunable laser and an optical power meter. The 
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measured result is presented in Fig. 36. The measured result shows a good 

agreement with the calculated resultsa. The discrepancy between the calculated 

and measured results due to a consequence of splice insertion losses and a result 

from small fibre core offsets [94]. 
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Figure 36 Calculated and measured of SMS fibre structure spectral response 

(Inset: a schematic structure of an SMS fibre structure) 

6.1.3 Temperature dependence 

It is well known that the effect of temperature on the fibre can be expressed using 

two parameters: the thermal expansion coefficient (TEC) and the thermo-optic 

                                                 
a For the calculated and measured responses the peak wavelength of the bandpass response is 

1503 and 1503.5 nm with corresponding transmission values of -0.266 and -1.381 dB, 
respectively. 
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coefficient (TOC)a. The TEC characterises the physical expansion or contraction 

of the material’s vol., while the TOC characterises refractive index change in 

response to temperature change. Using the TEC and TOC it is possible to 

determine the change in the core diameter of fibres, MMF length, and refractive 

indices due to a temperature variation. 

To calculate the temperature dependence (TD) of the transmission (T) 

response, we assumed TEC = 5x10-7 /oC and TOC = 6.9x10-6 /oC for both the 

SMF and MMF [90], [92]. For example, within a temperature range 50-200 oC, a 

TD can be defined as TD = T(200 oC) - T(50 oC) in dB. Fig. 37 presents the TD of 

the designed SMS fibre structure. It can be seen from the Figure that within the 

edge filter wavelength range TD is low. For example, at the wavelength of 1530 

nm the TD is 0.62 dB over 150 oC temperature range. However, significantly 

higher TDs can be obtained outside the edge filter wavelength range. For 

example, at the wavelength A = 1509.5 nm and B = 1554 nm, the TD is 1.79 and -

7.43 dB, respectively. 

For experimental verification the SMS fibre structure was attached to an 

integrated temperature controller IKA RCT. A tunable laser and optical power 

meter were used to measure the TD. A schematic of the measurement set-up is 

shown in inset Fig. 37. The measured TD shows a good agreement with the 

calculated result and is shown in Fig. 37.  

The temperature dependence of the transmission at the wavelengths A and 

B are presented in Fig. 38. The transmission values were measured in the 

temperature range 50-200 oC with an increment of 10 oC. The measured and 

                                                 
a As in [90], [92]. 
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calculated results show a good agreementa. Discrepancies are most likely a result 

of fusion splice loss, core offset errors and marginal differences between the 

designed length of the MMF section (used in the calculations) and the actual 

fabricated length. The slopes of the temperature dependencies were measured 

approximately as 0.0122 dB/oC and -0.0508 dB/oC for the wavelength A = 1509.5 

and B = 1554 nm, respectively, providing potential temperature sensor resolutions 

of ~1oC and ~0.2 oC (assuming the accuracy of a typical commercial optical 

power meter is 0.01 dB). This confirms that the high TD of an SMS fibre structure 

at selected wavelengths can be utilised as an intensity-based temperature sensor. 

To avoid the effect of source signal power variation, an all-fibre 

ratiometric power measurement technique can be used. A ratiometric system 

consists of an optical source, a fibre splitter the two arms of which are connected 

to the SMS fibre structure (temperature sensor arm) and a reference arm. The 

output powers of the two arms are monitored by two optical power meters. The 

temperature can be determined by measuring the ratio of two output powers, 

assuming a suitable calibration has taken place. 

 

 

 

 

 

                                                 
a The calculated and measured discrimination range for the temperature range 50 to 200 oC for 

wavelength A is 1.787 and 1.835 dB, while for wavelength B it is 7.434 and 7.558 dB, 
respectively. 
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Figure 37 Temperature dependence of SMS fibre structure (Inset: schematic of 

the measurement set-up) 
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Figure 38 Transmission of the SMS structure against temperature at the 

wavelengths of 1509.5 nm and 1554 nm 
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6.1.4 Conclusion 

The temperature dependence of an SMS fibre structure has been investigated and 

proposed as an intensity-based temperature sensor at selected wavelengths. The 

sensor has a temperature range 50-200 oC and a high temperature resolution of 0.2 

oCa. The proposed sensor can utilise a simple interrogation technique and can 

provide high speed measurementb for a range of temperature sensor applicationsc. 
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6.2 A voltage sensor based on a Singlemode-Multimode-

Singlemode fibre structurea 

 

Keywords: multimode interference, fibre optic sensor, voltage measurement 

 

Abstract: A voltage sensor based on a singlemode-multimode-singlemode (SMS) 

fibre structure, attached to a piezoelectric (PZT), utilized in a ratiometric optical 

power measurement scheme is proposed. The elongation of the PZT due to an 

applied voltage induces a strain on the SMS fibre structure and in turn results in a 

change in the transmission loss response of the SMS fibre structure. It is found 

that at selected wavelengths, a strong voltage dependence for the transmission loss 

of the SMS fibre structure can be achieved. The voltage information can be 

obtained from the power ratio of the system, assuming the system is calibrated. 

The proposed voltage sensor offers a simpler configuration when compared to 

other fibre optic voltage sensors.  

6.2.1 Introduction 

Optical fibre voltage sensors have a number of advantages over conventional 

voltage sensors such as resistance to electromagnetic interference, low weight, 

compactness, fast response, and are also suitable for remote operation [95]. In 

some optical fibre voltage sensors, piezoelectric (PZT) devices have been utilized 

as transducers. The optical fibre sensor is securely attached to the PZT so that a 

                                                 
a A. M. Hatta, G. Rajan, Y. Semenova and G. Farrell, “A voltage sensor based on a singlemode-
multimode-singlemode fibre structure,” Microwave and Optical Technology Letters, (under 
review). 
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voltage applied to the PZT induces a strain in the PZT and thus, in the optical 

fibre sensor. By using the fibre to sense the strain, voltage can be measured. The 

fibre sensor could be a singlemode fibre [96], a hollow fibre [97], or a fibre-Bragg 

grating (FBG) [98]. Depending on the fibre sensor used, the measurement of 

strain and thus, voltage can be carried out using an interferometeric measurement 

system [96], [97] or by measuring reflected wavelength [98]. Both of these 

measurement schemes are complex and expensive to implement. 

A singlemode-multimode-singlemode (SMS) fibre structure has been used 

to sense strain [99]. The characteristics of the wavelength shift of the SMS 

spectral response due to the strain applied to SMS fibre structure have been 

investigated previously in [99], [100]. In this paper, by utilizing the effect of strain 

on the SMS fibre structure, we present for the first time a simple method to 

measure DC voltage using an SMS fibre structure attached to a PZT stack, while 

employing a simple ratiometric power measurement scheme. The specific 

advantages of utilizing an SMS fibre structure over the FBG or hollow fibre PZT-

based voltage sensors are ease of fabrication, low cost and simplicity of 

interrogation. A DC voltage sensor is demonstrated with a range of 0 to 100 V 

which is suitable for remote voltage monitoring. The sensor is connected to the 

measurement system only by fibre and thus, has the advantages that the sensor 

requires no local electrical power source and is furthermore electrically isolated. 

Possible applications include voltage monitoring in areas with high electrical field 

strengths. Moreover, it has the potential to be applied to high voltage sensor 

applications with a suitable choice of PZT. 
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6.2.2 Strain dependence of SMS fibre structure 

Strain and consequent elongation is produced in a PZT when a voltage is applied. 

The voltage sensor is fabricated by securely bonding an SMS fibre structure to the 

PZT stack, as shown in Fig. 39. Two ends of the PZT stack are bonded between a 

solid fixed platform and a light weight bracket. The two ends of the SMS fibre 

structure are glued to the platform and the bracket. The elongation of the PZT, 

when voltage is applied, will induce an axial strain in the SMS fibre structure. It is 

shown in [99], [100] that the spectral response of an SMS fibre structure shifts to 

a lower wavelength due to applied strain. As a result if the transmission loss of the 

SMS fibre structure is measured at a fixed wavelength, the loss will be 

proportional to the strain and thus the voltage.  

 

 

 

Figure 39 Schematic configuration of SMS fibre structure voltage sensor system 
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Fig. 39 shows a schematic configuration of the voltage sensor using a 

ratiometric power measurement system. The optical input signal is divided into 

two equal power signals, one goes to the reference arm and the other one goes to 

the SMS fibre structure. Two photodiodes and associated electronics are used to 

measure the optical output power ratio from the two arms. A ratiometric scheme is 

used to ensure independence from input signal power variations improving the 

stability and accuracy of the measurement system. An unknown applied voltage 

can be measured by measuring the ratio of the photodiode outputs, assuming the 

system is calibrated.  

 To optimize an SMS fibre structure and to select an operating wavelength, 

it is useful to initially investigate the strain dependence of the spectral response of 

an SMS fibre structure. A modal propagation analysis (MPA) for linearly 

polarized (LP) modes can be used to investigate light propagation in the SMS 

fibre structure [101]. It is known that an applied strain    induces a change in the 

length  and the core radius  L   a  of an SMS fibre structure employing a step 

index MMF and also change the refractive index  n  of the SMF and MMF 

sectionsa. For an applied strain   , the change in MMF length, the core radius 

and refractive index can be expressed as [100]: 

LL                            (6.1a) 

aa       (6.1b) 

    e
i

i pppp
n

n  121112

2

2
    (6.1c) 

                                                 
a As in [100]. 
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where  is the length of MMF,  is the core radius of SMF/MMF,  represents 

the refractive index of the core and cladding of the SMF/MMF,  and  are 

strain-optic coefficients for fused silica,  is the effective strain-optic coefficient, 

and 

L a in

11p 12p

ep

  is the Poisson ratio. 

In this paper, the core/cladding diameter of the SMF is 9/125 m and of 

the MMF is 105/125 m, while an MMF length of 43.93 mm are used for 

calculation. MMF lengths from 44.19 to 41.54 mm provide a bandpass spectral 

response with a peak bandpass wavelength from 1500 to 1600 nm, respectively 

[101]. The spectral response of the SMS fibre structure is calculated using the 

MPA and it is shown in Fig. 40 for the case without an applied strain,   = 0 . 

The bandpass spectral response is shown with the peak bandpass wavelength of 

1510 nm.  
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Figure 40 Transmission loss response of the SMS fibre structure. SDL of the 

SMS fibre structure (inset figure) 
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To determine which wavelength of the response is most sensitive to strain, 

a strain dependent loss (SDL) of the response is investigated. The SDL is defined 

as the transmission loss difference between with- and without- applied strain. A 

commercial PZT stack AE0505D18 (from Thorlabs) was used as the strain 

transducer. It has a length of 20 mm and cross sectional dimensions of 5 x 5 mm. 

The maximum elongation is 15 m at a maximum DC voltage of 100 V. For the 

LSMS = 50 mm, the SDL due to the maximum elongation which corresponds to   

= 300  is calculated. The strain related coefficient of  = 0.22 and ep   = 0.16 

were used as in [100]. In Fig. 40, the calculated spectral response is shown at   

= 300 , while the inset figure in Fig. 40 shows the SDL of SMS fibre structure. 

It is clear that at certain wavelengths, the sensitivity to strain is much higher and 

such wavelengths are therefore suitable operating wavelengths for voltage 

measurement. A wavelength of 1556.8 nm, is a good example of a suitable 

wavelength due to its high SDL value which improves strain sensitivity and thus 

voltage sensitivity. In Fig. 41, the transmission loss response, at 1556.8 nm, due to 

the applied strain from 0 to 300  is shown with a monotonically decreasing 

response and a discrimination range of -4.378 dB. This is equivalent to a strain 

sensitivity of 0.0146 dB/ and thus a voltage sensitivity of 0.0438 dB/V. 
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Figure 41 Transmission loss vs applied strain to the SMS fibre structure at a 

wavelength of 1556.8 nm 

6.2.3 Experimental results 

The SMS fibre structure described above was fabricated using a Fujikura CT-07 

cleaver and a Sumitomo type-36 fusion splicer. As shown in Fig. 39, the SMS 

fibre structure was glueda to the platform and the bracket at two fixed points, with 

a total length between the fixed points of about 50 mm. The PZT stack 

AE0505D18 was used as the transducer. 

A tunable laser TUNICS-PLUS was used as the input signal source. 

Initially, to select the appropriate wavelength, two spectral ratio responses were 

measured at voltages of 0 and 100 V. A single channel piezo controller 

MDT694A (Thorlabs) was used to supply DC voltages from 0 to 100 V. The 

                                                 
a Using a LOCTITE superglue 
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measured spectral ratio responses at 0 V and 100 V for a wavelength range of 

1500 to 1600 nm with an increment of 0.1 nm are shown in Fig. 42. It can be seen 

that the spectral response of the SMS fibre structure is shifted to a lower 

wavelength region when the voltage was applied.  This spectral response shift to 

the lower wavelength region confirms the strain effect on the SMS fibre structure 

as in [99], [100]. 
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Figure 42 Measured ratio spectral response at 0 V and 100 V (inset: ratio 

difference) 

 

For the purpose of ratiometric power-based measurement, it is necessary 

to select the optimal operating wavelength. The ratio difference at 100 V and 0 V 

is presented in the inset in Fig. 42.  A wavelength of 1556.8 nm shows the largest 

ratio difference of -1.95 dB between 0 V and 100 V and thus is selected as the 

operational wavelength. The measured ratio response due to an applied voltage 
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from 0 to 100 V with an increment of 5 V at the operational wavelength of 1556.8 

nm is presented in Fig. 43. A monotonic decrease in the ratio response with 

applied voltage is demonstrated with a sensitivity of 0.0195 dB/V. The 

experimental sensitivity is lower than that predicted but this discrepancy can be 

attributed to small length errors in the fabricated SMS structure and the accuracy 

of the coefficient strain values used in the calculations. Assuming a power 

measurement resolution of 0.005 dB is possible, then the voltage measurement 

resolution should be better than 0.5 V.   
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Figure 43 Ratio response of system against voltage at the operational wavelength 

1556.8 nm (inset: variation in ratio for a step change of 0.5 V) 

 

To check the voltage measurement resolution of the system, a step change 

of 0.5 V from 50 to 52 V, with a time interval of 5 seconds was applied to the 

SMS fibre structure sensor. The measured ratio variation was shown in the inset 
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of Fig. 43. It is clear that the resolution of the voltage sensing system is better than 

0.5 V, confirming that the SMS fibre structure, together with a PZT, is suitable as 

a voltage sensor for DC voltage measurements from 0 to 100 volts.  

It is well known that the PZT exhibits the hysteresis in strain to voltage 

response and therefore, we also observed the hysteresis in measured ratio response 

against the voltage. However, hysteresis can be minimized by the selection of an 

appropriate PZT material [102] or by applying numerical techniques to 

compensate for the hysteresis [103]. 

For a given fixed signal source wavelength, the MMF length will need to 

be optimized to achieve the highest ratio (and thus voltage) dependence. It is 

shown in [101], that the peak wavelength of a bandpass filter can be tuned by 

selecting a suitable MMF length. It is also possible to use the SMS fibre structure 

for high voltage measurements. The operating voltage depends on the PZT’s 

strain-voltage characteristic. In [98], an FBG is attached to a PZT as a high 

voltage sensor. The PZT in [98] can be operated over a voltage range from 0 to 5 

kV with a maximum PZT elongation of about 19 m which is similar to the 

maximum PZT elongation used in this paper. The maximum PZT elongation 

should be within the strength limits of the SMS fibre structure, which is 

approximately 100 m in the present case.  

6.2.4 Conclusion 

The SMS fibre structure attached to the PZT transducer is proposed as a voltage 

sensor employed in a ratiometric power measurement scheme.a A DC voltage 

                                                 
a With Lmmf = 43.93 mm at an operating wavelength of 1556.8 nm. 
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sensor from 0 to 100 V with a resolution about 0.5 V is demonstrateda. The 

proposed sensor requires no electrical power source and is electrically isolated. It 

utilizes a simple ratiometric power measurement system, offering a fast 

measurement capabilityb with the potential for kilovolt measurement with a 

suitable choice of PZT.  
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Chapter 7 

Strain sensor based on an SMS 

fibre structure and its temperature 

compensation 

 

The previous chapter described the use of an SMS fibre structure as an intensity-

based temperature sensor and a voltage sensor based on strain. It is well known 

that temperature can induce a strain measurement error in fibre optics-based strain 

sensors [104]-[106]. In this Chapter, strain and temperature effects on an SMS 

fibre structure configured as a strain sensor are investigated in depth.  The 

application of an SMS fibre structure as a strain sensor with very low temperature 

induced strain measurement error is investigated. For this purpose two SMS fibre 

structures are proposed and demonstrated in a ratiometric power measurement 

scheme, one SMS structure acts as the strain sensor and the other SMS structure 

acts as the temperature monitor and is not subject to the strain. The use of this 

configuration can minimize the temperature induced strain measurement error. It 

is demonstrated that for strain measurement from 0 to 1000  within the 

temperature range from 10 to 40 oC, the proposed configuration can provide a 
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strain and temperature resolution of 0.34  and 0.14 oC, respectively, with a 

temperature induced strain measurement error as low as 0.39 . 

Strain sensor based on a pair of singlemode-

multimode-singlemode fibre structures in a 

ratiometric power measurement schemea  

 

Keywords: fibre optic sensor, strain sensor, temperature dependence 

 

Abstract: The strain and temperature dependencies of a step index singlemode-

multimode-singlemode (SMS) fibre structure are investigated numerically and 

experimentally. For intensity-based strain measurement using a single SMS fibre 

structure, at a selected wavelength, it is found that there is a high strain 

dependence, but also a temperature dependence that will induce strain 

measurement error. To minimise the temperature induced strain measurement 

error, two SMS fibre structures are proposed and demonstrated in a ratiometric 

power measurement scheme, one SMS structure acts as the strain sensor and the 

other SMS structure acts as the temperature monitor. The extracted temperature 

information is used to determine a strain value based on a suitable calibration of 

strain responses with temperature variations. It is demonstrated that for strain 

measurement from 0 to 1000  within the temperature range from 10 to 40 oC, 

the proposed configuration can provide a strain and temperature resolution of 0.34 

                                                 
a A. M. Hatta, Y. Semenova, Q. Wu and G. Farrell, ” Strain sensor based on a pair of singlemode-
multimode-singlemode fibre structures in a ratiometric power measurement scheme,” Applied 
Optics, vol. 49, no. 3, pp. 536-541. 
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 and 0.14 oC, respectively, with a temperature-induced strain measurement error 

as low as 0.39 . 

7. 1 Introduction 

Fibre optic sensors are widely used for strain measurement in structural health 

monitoringa. It is well known that temperature can induce a strain measurement 

error for fibre optics-based strain sensorsb. Therefore, many techniques have been 

proposed to compensate for temperature dependence or to simultaneously 

measure strain and temperature, most commonly based on a fibre Bragg grating 

(FBG) [104]-[106]. In FBG-based sensor, techniques employing an optical 

spectrum analyzer (OSA) are commonly used to extract wavelength information 

due to strain or temperature variation. 

Recently, a singlemode-multimode-singlemode (SMS) fibre structure has 

been investigated for various applications because of its low cost and ease of 

fabrication. Several applications of an SMS have been demonstrated, including a 

refractometer, filters, and temperature sensors [106]-[111]. The characteristics of 

the wavelength shift of the SMS spectral response due to strain and temperature 

applied to a step index SMS fibre structure were investigated previously in [112]. 

In [113], an SMS fibre structure employing a graded index MMF was studied in 

regard to the sensing applications of wavelength shift due to strain and 

temperature. In [114], an SMS fibre structure combined with a FBG is utilized to 

enhance the sensitivity of strain measurement. A FBG combined with an SMS 

fibre structure has also been reported for simultaneous strain and temperature 

                                                 
a As in [2]-[5] 
b As in [104]-[106] 
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measurement [115]. However, all of these strain measurement techniques, with or 

without temperature determination, require the use of an OSA.  

In addition to the disadvantage of needing an OSA, in an SMS fibre 

structure the wavelength shift in the spectral response due to increases in strain or 

temperature are in opposite directions, shifting to a lower or higher wavelength, 

respectively, as in [112], [113]. Therefore, when using a single SMS fibre 

structure as a strain sensor where there are ambient temperature variations, 

accurate strain measurement can be carried out only when temperature 

information is known. In this paper, the use of a pair of SMS fibre structures is 

proposed and demonstrated as a strain sensor with self-temperature monitoring. 

Additionally, an intensity-based measurement scheme rather than an OSA is used. 

Two SMS fibre structures are used; one as a strain sensor and the other one as a 

temperature monitor located in the same thermal environment. A ratiometric 

power measurement scheme is used which offers low cost, simple configuration 

and the potential for high speed measurement compared to the techniques which 

employ an OSA.  

7.2 Strain and temperature dependence of a step index 

SMS fibre structure 

AN SMS fibre structure as shown in Fig. 44(a) is formed by splicing a step-index 

multimode fibre (MMF) between two standard singlemode fibres (SMFs). Fig. 

44(b) shows the schematic of a system utilizing a pair of SMS fibre structures for 

strain sensor with self-temperature monitoring in a ratiometric power 

measurement technique. The input signal is divided into two paths and connected 
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to a pair of SMS fibre structures and a single reference arm. Both of the SMS 

fibre structures, SMS-1 and SMS-2, are located close togethera and therefore 

experience the same ambient temperature. The strain is only applied to the    

SMS-1. At a chosen fixed input wavelength, strain applied to SMS-1 changes the 

output power ratio R1, where R1 = P1 – Pref in dB. The output power ratio R1 

variation tracks the variation in strain. SMS-2 is used as a temperature monitor, so 

that the variation in the output power ratio R2, where R2 = P2 – Pref in dB, tracks 

temperature variations. However, the presence of a temperature fluctuation also 

affects SMS-1 and changes the output power P1 and thus R1. To determine the 

applied strain accurately with ambient temperature variations, the strain 

independent temperature information obtained from R2 is used to accurately 

extract the value of applied strain on its own, even in presence of temperature-

induced variations in R1. This assumes that a suitable calibration of R1 to account 

for the effect of strain and temperature has taken place.  

To optimize an SMS fibre structure for the application described here and 

to select a suitable operating wavelength, it is useful to initially investigate the 

strain and temperature dependence of the spectral response of a single SMS fibre 

structure as in Fig. 44(a). A modal propagation analysis for linearly polarized (LP) 

modes can be used to investigate light propagation in the SMS fibre structure 

[116]. It is known that an applied strain    and a temperature variation  T  

induce a change in the length  L  and the core radius  a  of the step index MMF 

section of the SMS fibre structure as well as a change in the refractive index  n  

of the SMF and MMF sections.  

                                                 
a The separation distance between SMS-2 and SMS-2 is less than 1 cm. 
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Figure 44 (a) Single SMS fibre structure (b) Schematic structure of strain 

measurement with a self-temperature monitoring in a ratiometric power 

measurement scheme using a pair of SMS fibre structures  

 

For an applied strain   , the change in MMF length, core radius, and refractive 

index can be expressed as [112]: 

LL       (7.1a) 

    MMFSMFMMFSMF aa ,,      (7.1b) 

 
      e

iMMFSMF
iMMFSMF pppp

n
n  121112

3
,

, 2
   (7.1c) 

where  is the length of the MMF section,  is the core radius, represents the 

refractive index of the core and cladding of the MMF,  and are the strain-

optic coefficients for fused silica,  is the effective strain-optic coefficient, and 

L a in

12p11p

ep
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  is the Poisson ratio. The change in length for the MMF, core radius, and 

refractive index due to the temperature can be expressed as [112] 

TLL         (7.2a) 

    Taa MMFSMFMMFSMF  ,,       (7.2b) 

    Tnn iMMFSMFiMMFSMF  ,,       (7.2c) 

where   is a thermal expansion coefficient and   is a thermo-optic coefficient. 

The combined effect of strain and temperature on the length of the MMF, its core 

radius, and the refractive index are 

TLLL        (7.3a) 

      Taaa MMFSMFMMFSMFMMFSMF  ,,,    (7.3b) 

    Tnpn
iMMFSMFeiMMFSMF  ,,  .    (7.3c) 

In this paper, the core/cladding diameter of the SMF is 9/125 m and of 

the MMF is 105/125 m. It is known that MMF lengths from 44.53 to 42.45 mm 

provide a bandpass spectral response with a peak bandpass wavelength that 

depends on the length, ranging from 1490 to 1560 nm, respectively [116]. In this 

investigation a MMF length of 44.38 mm is chosen to provide an operating 

wavelength for the sensor in the region of 1490-1560 nm. The spectral response of 

the SMS fibre structure is calculated using modal propagation analysis and is 

shown in the inset figure in Fig. 45. To determine which wavelength is most 

sensitive to strain and temperature, the strain-dependent loss (SDL) and 

temperature-dependent loss (TDL) are calculated from 1490 to 1560 nm. The 

SDL is calculated at   = 1000  and the TDL at T  = 30 oC. The strain- and 

temperature-related coefficient values  = 0.22, ep   = 0.16,   = 5x10-7 /oC, and 
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  = 6.9x10-6 /oC are used as in [112]. Fig. 45 shows the SDL and TDL of the 

SMS fibre structure, from which it is clear that some wavelengths are much more 

sensitive to strain and temperature, especially at the dip (1535-1545 nm) region of 

the bandpass response.  
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Figure 45 SDL and TDL of the SMS fibre structure (Inset, spectral response) 

 

Given that a fixed wavelength ratiometric power measurement system is 

used for interrogation, the transmission losses responses due to strain and 

temperature are calculated at an operating wavelength of 1539 nm. This 

wavelength is chosen due to their high SDL value, which will improve strain 

sensitivity. In Fig. 46(a), the transmission loss responses due to an applied strain 

from 0 to 1000  at T = 0, 10, 20, and 30 oC are shown.  It is clear that the 

response to strain is monotonically decreasing but that the presence of a 
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temperature variation changes the transmission loss response to strain. At T = 0 

oC, the discrimination range is -10.389 dB which is equivalent to strain sensitivity 

of 10.389x10-3 dB/. To further illustrate the effect of temperature, the 

transmission loss response at 500  due to a temperature variation from 0 oC to 

30 oC is shown in Fig. 46(b). A temperature change of 30 oC alters the 

transmission loss response by 1.21 dB at 500 . Such a change in the 

transmission loss due to temperature is equivalent to a strain measurement error of 

116.4 . It is clear from this result that the magnitude of transmission loss 

change, due to variations in temperature, is substantial and of the same order of 

magnitude as that due to the strain itself. Ambient temperature variations can thus 

significantly reduce the strain measurement accuracy if only one SMS fibre 

structure is used. 

An SMS fibre structure when used as a strain sensor is clearly temperature 

sensitive. However, it is apparent from Fig. 46(a) that the transmission loss 

monotonically decreases for a decrease in temperature. This means that, by 

monitoring the system temperature, it is feasible to apply a calibration correction 

factor to minimize the temperature-induced strain measurement error. 

Furthermore, the monotonically decreasing transmission loss response with 

temperature means that by using two identical SMS fibre structures, one as the 

strain sensor and the other one as a temperature monitor, a strain sensor with a 

self-temperature monitoring can be implemented as presented in Fig. 44(b).  
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(b) 

Figure 46 Transmission loss responses at the operating wavelength of 1539 nm 

(a) strain responses at different ambient temperatures, (b) temperature response 

for an applied strain of 500  
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7.3 Experimental results  

The SMS fibre structure described above was fabricated using a precision 

Fujikura CT-07 cleaver and a Sumitomo type-36 three-axis fusion splicer. Two 

such SMS fibre structures were fabricated with a MMF length of 44.38 mm. The 

lengths of the two MMFs were carefully controlled and cleaved in order to 

minimise length differences. The transmission loss responses of the fabricated 

SMS fibre structures were measured using a tunable laser TUNIC PLUS and a 

power meter and the result of this is shown in Fig. 47. The measured results show 

a good agreement with the calculated result by comparison with the inset in Fig. 

45. The measured results for the spectral responses of the two fabricated SMS 

structures are most identical. The small discrepancy between two measured 

spectral responses is most likely caused by residual MMF length errorsa and also 

fibre core splice offsets, occurring during the fabrication process [117]. 
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Figure 47 Measured spectral response of two SMS fibre structures 

                                                 
a Estimated to be circa  0.05 mm which induces a peak wavelength bandpass response shift of 
2 pm. 
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The two SMS fibre structures were utilised in a ratiometric measurement 

scheme as shown in Fig. 44(b).  The input signal from the tunable laser was split 

into two equal intensity signals using a 3 dB fibre couplera. One of the signals was 

transmitted through the reference arm and the other via a second 3 dB fibre 

coupler to arms containing the pair of SMS fibre structures SMS-1 and SMS-2. 

Power meters were placed at the ends of all three arms. Axial strain was applied to 

SMS-1, and both of the SMS fibre structures were attached to the same 

thermoelectric Peltier cooler. At the selected wavelength of 1539 nm, the ratio 

response due to the applied strain was measured from 0 to 1000  with an 

increment of 100  at the temperature of 10 oC, 20 oC, 30 oC and 40 oC. The 

measured ratio R1, as defined in Fig. 44(b), is presented in Fig. 48 (a). Fig. 48(b) 

shows the calculated ratio responses from 0 to 1000   at the temperature of 10 

oC, 20 oC, 30 oC and 40 oC, with 3 dB coupler loss consideration. The strain 

measurement sensitivity at 10 oC is 8.732x10-3 dB/ which is approximately 

equal to the calculated strain sensitivity of 9.463x10-3 dB/ from Fig. 48(b).  The 

measured and calculated ratio responses for strain with temperature variations also 

show a good agreementb. Discrepancies can be attributed to splicing loss during 

fabrication and the accuracy of the strain and temperature coefficient values used 

in the calculations. 

In the previous section it was found that temperature can significantly 

degrade the strain measurement accuracy of a single SMS fibre structure. It is 

shown in Fig. 48(a) that the ratio variation due to a temperature change from      

                                                 
a  10202A-50 - 2x2 SM Coupler 
b At an applied strain of 500 , the ratio variation due to a temperature variation for the 

measured and calculated values is 0.736 and 1.120 dB, respectively. 
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10 oC to 40 oC is 0.736 dB at 500 . This ratio variation induces a strain 

measurement error of 84.3 . 
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Figure 48 Ratio of SMS-1 as a function of strain with temperature variation at an 

operating wavelength of 1539 nm: (a) measured (b) calculated 
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To minimise the temperature-induced strain measurement error, self-

temperature monitoring can be carried out by employing SMS-2. The measured 

and calculated ratio responses due to a temperature variation from 10 oC to 40 oC 

are shown in Fig. 49(a) and Fig. 49(b), respectively. The ratio response is 

monotonically increasing, with an acceptable discrimination range of 0.623 dB 

(calculated value is 0.533 dB) which is suitable for the temperature monitoring. 

Discrepancies between the measured and the calculated values can be attributed to 

insertion loss, such as splice loss, the accuracy of the strain and temperature 

coefficient values used in the calculations, and, most important, residual MMF 

length errors. 

To analyse the effect of residual MMF length errors on the temperature 

response, Fig. 50 shows the calculated ratio responses due to temperature 

variation from 10 to 40 oC with MMF length errors of Lmmf =  -20, 0, 20, and 

40 m. It is clear that both the insertion loss and the discrimination range of the 

calculated ratio response are influenced by length errors in the MMF section. The 

discrimination ranges are 0.195, 0.533, 0.995, and 1.792 dB, respectively. The 

linearity of the calculated ratio response also depends on the length of the MMF. 

The calculated linear regression correlation coefficients for the various length 

errors in Fig. 50 are 0.993, 0.998, 0.999, and 0.996, respectively. By comparison 

the linear regression correlation coefficient of the measured ratio response is 

0.975 as in Fig. 49(a). 

From the measured results as in Fig. 48, it was estimated that a strain 

measurement resolution of 0.34  is possible, assuming the uncertainty in the 

measured power ratio is 0.003 dB [118].  
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Figure 49 Ratio response of SMS-2 due to temperature variation at an operating 

wavelength of 1539 nm: (a) measured (b) calculated 
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From Fig. 49, the temperature measurement resolution was estimated as 0.14 oC. 

From the extracted temperature information, an accurate strain value can be 

determined based on a suitable calibration of strain responses with temperature 

variations. The temperature-induced strain measurement error at 500  can be 

reduced from 84.3  to as low as 0.39 . 
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Figure 50 Calculated ratio response of SMS-2 with MMF length errors due to 

temperature variation at an operating wavelength of 1539 nm 

 

For a given fixed signal source wavelength, the length of the MMF 

sections of SMS-1 and SMS-2 need to be optimized to achieve the highest strain 

and temperature dependence, respectively. It is shown in [116], that the peak 

wavelength of a bandpass filter can be tuned by selecting a suitable MMF length. 

It should be noted, that to achieve high sensitivity for strain measurement with 

low temperature-induced errors with a fixed wavelength source, the MMF lengths 
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of SMS-1 and SMS-2 need to be optimised in such a way that the edge of a dip of 

the SMS transmission spectrum coincides exactly with the operating wavelength. 

In a ratiometric power measurement, the influence of the signal-to-noise 

ratio of the laser source can degrade the measurement resolution [119], as well as 

the sensitivity of the sensor itself. According to [119], measurement resolution can 

be maintained if the signal-to-noise ratio of laser source is higher than 40 dB for a 

typical sensor response with a minimum ratio response of -35 dB. In this 

ratiometric system, the signal-to-noise ratio of the laser source used is 55 dB and 

the minimum measured ratio response of R1 and R2 is higher than -35 dB as in 

Fig. 48(a) and Fig. 49(a), to maintain the measurement resolution.  

7. 4 Conclusions 

The strain and temperature dependence of an SMS fibre structure has been 

investigated numerically and experimentally. It was found that a single SMS fibre 

structure for an intensity-based measurement strain sensor exhibits substantial 

strain error measurement due to temperature variations. It has also been 

demonstrated that strain measurement using a pair of SMS fibre structures within 

a ratiometric power measurement scheme can minimize temperature induced 

strain measurement error. At an operating wavelength of 1539 nm, for strain 

measurement from 0 to 1000  within a temperature range from 10 to 40 oC, the 

proposed configuration can provide strain and temperature measurement 

resolutions of 0.34  and 0.14 oC, with temperature induced strain measurement 

error as low as 0.39 . 
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Chapter 8 

Conclusions and future research 

 

This chapter presents achievements and conclusions from across the thesis. Future 

research as an extension of this PhD thesis is also discussed. 

8.1 Conclusions from the research 

 
The core aim of this research as stated in Chapter 1 was to investigate all-fibre 

multimode interference devices based on a step index singlemode-multimode-

singlemode fibre structure for use as (A) a new type of edge filter for a ratiometric 

wavelength measurement system and as (B) novel stand alone sensors.  

 In this thesis, a new type of edge filter using a pair of SMS fibre structures 

with an X-type spectral response, has for the first time been proposed, designed, 

and demonstrated as an approach to improving the performance of a ratiometric 

wavelength measurement system. Several aspects of an SMS fibre structure edge 

filter have been investigated including the effect of misalignment of the SMS fibre 

cores during fabrication along with polarization and temperature dependence. 

 Novel SMS-based fibre sensors for temperature and strain measurements 

using an intensity-based measurement system have also been investigated. Three 

novel applications of SMS fibre structures have been proposed and demonstrated 

as a temperature sensor, a voltage sensor utilizing the strain effect, and a strain 
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sensor with self-temperature monitoring. For each of the research strands in this 

thesis, the key conclusions are summarized below, followed in each case by the 

research outcomes: 

8.1.1. Multimode interference in an SMS fibre structure for an edge 

filter application 

A numerical model for an edge filter was presented by using an MPA based on 

the LP0m. Two SMS fibre structures were designed to provide an X-type edge 

filters spectral response as an alternative to the conventional single filter 

ratiometric wavelength measurement. The experimental results were presented 

and ratiometric wavelength measurement was demonstrated. For ratiometric 

wavelength measurement a discrimination range of 20.41 dB in the wavelength 

range 1530 to 1560 nm and a resolution better than 10 pm have been 

demonstrated. In addition, a comparison of performance between the use of a 

single edge filter and the X-type edge filters in a ratiometric wavelength 

measurement system was also investigated. It was shown that the use of X-type 

edge filters can increase measurement resolution and accuracy. 

From these studies, it can be concluded that: 

 An MPA based on LP0m can be used successfully to investigate and 

design an SMS fibre structure-based edge filter. 

 SMS fibre structures are suitable as X-type edge filters for a ratiometric 

wavelength measurement system. 

 The use of X-type SMS-based edge filters can improve wavelength 

measurement resolution and accuracy compared to the use of a single 
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edge filter. At a wavelength of 1545 nm, the measurement resolution for 

the use of X-type and single edge filter is 4 and 8 pm, respectively; while 

the accuracy due to the PDL induced wavelength measurement error is 

0.105 and 0.204 nm, respectively. 

 The system proposed here provides a significantly better measurement 

sensitivity of 0.68 dB/nm compared to the sensitivity of 0.16 dB/nm 

reported for an the all-fibre ratiometric wavelength measurement system 

based on macro bending fibre-based edge filter as in [46]. 

8.1.2. The effect of misalignment in an SMS fibre structure on the 

spectral response of an edge filter 

The effect of misalignment of SMS fibre cores due to the fabrication process on 

the spectral responses of X-type edge filters was investigated. When lateral core 

offsets exist, the use of an MPA based on LP0m is not possible. As an alternative a 

numerical model based on an MPA with a set of calculated guided modes using 

the finite difference method (FDM) was developed to investigate the effect of 

misalignment of SMS fibre cores. It was proposed that a limit is needed on the 

tolerable misalignment of the SMS fibre cores in order to maintain the spectral 

performance of the edge filter. An experimental verification was also presented.  

The conclusions from these studies are: 

 The proposed MPA based on a set of all possible calculated modes using 

the FDM is a useful tool for investigating the effect of misalignment of 

SMS fibre cores.  
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 The misalignment of SMS fibre cores can affect the spectral 

performance of an edge filter based on an SMS fibre structure. A 

tolerable misalignment limit for the SMF core centre of 4 m is 

proposed beyond which the spectral performance degrades unacceptably.  

 While fabricating the SMS fibre structure, it is recommended that a 

fusion splicer with three axis adjustment is used to minimize 

misalignment. 

 The numerical model used here, based on MPA using FDM, offers 

simplicity in its implementation compared to alternative models such as 

an MPA using a complete set of hybrid modes [60]. 

8.1.3. Polarization dependence of an SMS fibre structure-based edge 

filter  

Polarization dependence in fibre optic devices can degrade measurement 

accuracy. The polarization dependence of an SMS fibre structure has not been 

investigated previously. In this thesis, the polarization dependent loss of an SMS 

fibre structure used as an edge filter was investigated using an MPA based on 

FDM. The PDL due to lateral and rotational core offsets was investigated 

numerically and experimentally. It was shown that the PDL of the SMS edge filter 

depends on its lateral and rotational core offsets. It was demonstrated that the core 

offset must be minimised to achieve low PDL for an SMS fibre structure-based 

edge filter. It was proposed that when lateral core offsets are unavoidable, the 

PDL of an SMS edge filter can still be minimized by introducing a rotational core 

offset of 90o. Supporting experimental results were also presented. 
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From the studies, it can be concluded that: 

 The main source of PDL in an SMS fibre structure is SMS core offset. 

 The PDL of an SMS edge filter depends on its lateral and rotational 

cores offsets. 

 Lateral core offsets are undesirable as they will increase the PDL for the 

SMS edge filter. However, if lateral offsets do occur, then by 

introducing a deliberate rotational core offset of 90o, the PDL can be 

minimized considerably. The average PDL of SMS edge filter in the 

edge filter wavelength range can be reduced from 0.215 to 0.092 dB 

with a rotational core offset of 90o. This PDL is competitive with other 

filter implementations, for example for a macro-bending fibre edge filter, 

the average PDL within the wavelength range is about 0.2 dB [71]. 

8.1.4. Temperature dependence of an SMS fibre structure-based 

edge filter  

The temperature dependence of an edge filter based on an SMS fibre structure was 

investigated numerically and experimentally. An MPA based on the LP0m was 

used to investigate the temperature dependence of an SMS fibre structure-based 

edge filter. The influence of two parameters – the thermo optic coefficient (TOC) 

and the thermal expansion coefficient (TEC) on the temperature dependence of an 

SMS edge filter was investigated numerically. It was shown that the TOC makes a 

more significant contribution to the temperature dependence compared to the 

TEC. For ratiometric wavelength measurement using X-type edge filters based on 

SMS fibre structures, a small temperature variation can induce a ratio variation 
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and in turn a wavelength measurement error. It was proposed and demonstrated 

that self-monitoring of temperature can be carried out using an expanded 

ratiometric scheme. It was shown that self-monitoring of the temperature reduces 

temperature induced wavelength error to ± 10.7 pm at 1545.  

The conclusions from these studies are: 

 The TOC makes a more significant contribution to the temperature 

dependence of an SMS edge filter compared to the TEC. 

 The linearity of the SMS edge filter’s response to both wavelength and 

temperature potentially allows the use of the SMS structure to monitor 

its own temperature using an expanded ratiometric scheme. 

8.1.5. Novel standalone sensors based on an SMS fibre structure 

As an alternative to the FBG-based sensors, an SMS fibre structure is proposed as 

a novel stand alone sensor with the advantages of low cost and simple fabrication 

by comparison to FBGs. Furthermore, in this thesis, SMS fibre structure sensors 

are interrogated using an intensity-based measurement system, offering low cost, 

a simple configuration and the potential for high speed measurement compared to 

interrogation techniques that tracks a peak or a dip in a spectral response using an 

OSA. Three novel applications of the SMS fibre structure were investigated in 

this thesis as: 

a) A temperature sensor.; An SMS fibre structure as a standalone sensor for 

temperature using interrogation based on intensity measurement was investigated 

numerically and experimentally. The SMS fibre structure was optimized to 

provide a strong temperature dependence that can be utilized as a temperature 

sensor. A temperature measurement range of 50 to 200 oC with a potential 
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resolution of 0.2 oC is demonstrated. It is simpler and can provide competitive 

resolution when compared to the FBG-based temperature sensor. In the FBG-

based temperature sensor, to resolve a temperature change of ~ 0.1 oC requires a 

high wavelength resolution measurement of ~ 1 pm [12].  

b) A voltage sensor; The application of an SMS fibre structure for voltage 

measurements based on utilizing the strain effect was investigated. Typical 

applications are voltage measurement in an area of high EM fields or at high 

voltages when dielectric breakdown must be avoided. For use as a voltage sensor, 

voltage was converted into a strain to be measured by an SMS structure, using a 

piezoelectric (PZT) transducer. The SMS fibre structure, attached to the PZT, was 

utilized in a ratiometric power measurement scheme. The sensor was investigated 

and demonstrated both numerically and experimentally. A DC voltage 

measurement range from 0 to 100 V with a resolution of about 0.5 V or 0.5% of 

full scale measurement was demonstrated. The proposed sensor offers a simple 

configuration, fast measurement capability, and the potential for kilovolt 

measurement with a suitable choice of PZT. For comparison for voltage 

measurement over the range from 0 to 5 kV using an FBG and a suitable PZT, a 

measurement resolution of 3% of full scale has been achieved, which is lower 

than the resolution achieved in this thesis [102]. 

c) A strain sensor; A strain sensor with a very low temperature induced strain 

measurement error was investigated. For this purpose two SMS fibre structures 

were proposed and demonstrated in a ratiometric power measurement scheme, one 

SMS structure acts as the strain sensor and the other SMS structure acts as a 

temperature monitor. The use of this configuration allows minimization of the 
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temperature induced strain measurement error. It was demonstrated that for strain 

measurement from 0 to 1000  within the temperature range 10 to 40 oC, the 

proposed configuration can provide a strain and temperature resolution of 0.34  

and 0.14 oC, respectively, with a corresponding temperature induced strain 

measurement error as low as 0.39 . 

From the studies, it can be concluded that: 

 A linear relationship between intensity transmitted by the SMS structure 

at a fixed wavelength and temperature can be achieved by optimizing the 

length of the MMF and the operating wavelength. This effect can be 

utilized as a temperature sensor which can be used with a simple 

interrogation scheme and high speed measurement for a range of 

temperature sensor applications.  

 It is also shown that a linear relationship between the transmitted 

intensity and strain applied to the SMS fibre structure can be achieved 

by optimizing the length of the MMF section and operating wavelength. 

Based on the strain effect, the SMS fibre structure attached to a PZT can 

be used for voltage measurement in a ratiometric power measurement 

scheme which offers a simple configuration, a fast measurement 

capability of 1 kHz measurement speed can be achieved, and the 

potential for kilovolt measurement with a suitable choice of PZT.  

 The SMS fibre structure is sensitive to both strain and temperature. In a 

strain sensor application, the use of two SMS fibre structures in an 

expanded ratiometric power measurement system can effectively reduce 
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temperature induced strain measurement error from 84.3  to 0.39  at 

the strain of 500 . 

8.2 Overall conclusions from the research 

An SMS fibre structure is suitable as an edge filter and can be implemented as X-

type edge filters in an all-fibre ratiometric wavelength measurement system for an 

interrogation of FBG-based sensors which are among the most common fibre 

sensors. Several aspects that can impair the performance of an SMS structure-

based edge filter have been investigated, including the effect of misalignment of 

the SMS fibre cores (due to fabrication tolerances), polarization dependence, and 

temperature dependence. Several approaches have been proposed and 

demonstrated to achieve high performance for wavelength measurement. For the 

first time, a limit of 4 m or lower on the maximum core offsets for an SMS 

structure has been shown to be required to ensure the desired spectral performance 

achieved. It is found, that the PDL of an SMS fibre edge filter depends on the 

lateral and rotational cores offsets. To achieve low PDL, the cores offset also must 

be reduced. If the lateral offsets do occur the PDL can be reduced considerably by 

introducing a rotational core offset of 90o during splicing. The temperature 

dependence of X-type edge filters based on SMS fibre structures can be 

minimized by using self-temperature monitoring in an expanded ratiometric 

wavelength measurement system. 

An SMS fibre structure is also suitable for stand alone sensors using an 

intensity-based measurement system as an alternative to the FBG-based sensors. 

Based on studies of temperature and strain effects, an SMS fibre structure can be 
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utilized as a temperature sensor and a voltage sensor. The proposed sensors 

provide competitive resolution with the advantages of low cost, a simple 

fabrication process, and simple interrogation technique, compared to the FBG-

based sensors. The cross sensitivity of the temperature and strain response, 

commonly found with an FBG sensor is also present for sensor based on an SMS 

fibre structure. The temperature induced strain measurement error for an SMS 

strain sensor can be minimized by using two SMS fibre structures in an expanded 

ratiometric power measurement system. 

An SMS fibre structure has been shown to be an effective approach for 

both the interrogation of FBG sensor and for the development of new sensor 

types. By comparison to other edge filter for use in an interrogation system for an 

FBG, several advantages have been demonstrated such as the ability to implement 

X-type edge filters responses. Several successful sensors implementations have 

also been demonstrated and the potential exists for other sensing applications, for 

example for vibration sensing, bend sensing, and refractive index sensing or bio-

sensing. Finally, the use of MMI for sensing has been proved which potentially 

expands the range of applications for other photonic devices that are based on 

MMI. Overall, the work has expanded and improved understanding and 

knowledge of optical sensing, for a diverse range of potential applications, 

including structural health monitoring, industrial processes and power system 

measurement. 
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8.3 Future research 

This thesis has described numerical and experimental investigation of SMS fibre 

structure as a new type of edge filter and as novel stand alone sensors. There 

remain a number of unanswered research questions and challenges, such as: 

8.3.1. Implementation of ANN for self temperature monitoring 

Temperature dependence does affect the performance of an SMS fibre structure-

based edge filter. An expanded ratiometric utilizing two SMS fibre structures-

based the X-type edge filters has been proposed. An inverse matrix approach can 

be used to extract the wavelength and temperature information. However, the 

measurement accuracy is limited due to the matrix coefficient variations on the 

wavelength and temperature responses. To increase the measurement accuracy, an 

artificial neural network (ANN) approach will be used. The ANN can model the 

nonlinear or linear relationship between the input and output data. The ANN 

architectures and their parameters will be investigated to achieve a high 

measurement accuracy.  

8.3.2. Bending and vibration in an SMS fibre structure 

In this thesis, a straight SMS fibre structure has been investigated numerically and 

experimentally. An MPA based on LP0m or based on FDM has been successfully 

used to investigate the light propagation in SMS fibre structures. For future 

research, bending and vibration effects in the SMS fibre structure will be 

investigated. A theoretical model based on MPA will be extended or a suitable 

modelling platform such as a beam propagation method (BPM) will be considered 
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to simulate the light behaviour in a bending or vibrating SMS fibre structure. 

Potential applications such as an airflow sensor and a vibration sensor based on 

this effect will be investigated. 

8.3.3. Novel fibre hetero structure of SMMS fibre structure 

A new type of a fibre hetero-structure, a singlemode-multimode-multimode-

singlemode (SMMS) fibre structure, with two different types of MMF fibres, will 

be investigated in future research. A theoretical model will be developed to 

simulate the light behaviour in the SMMS fibre structure. Since the two MMF 

sections of SMMS fibre structure will have a different refractive index profile, 

core radius and length, the effect of strain and temperature will be different 

compared to the SMS fibre structure. There is a cross sensitivity of strain and 

temperature response in an SMS fibre structure. The cross sensitivity of strain and 

temperature in a SMMS fibre structure will be investigated theoretically and 

experimentally. Preliminary experimental results suggest that this new structure 

may allow for temperature independent strain detection.  

8.3.4. Development of integrated ratiometric wavelength monitor 

In this thesis, the all-fibre ratiometric wavelength measurement system utilizing 

an X-type SMS fibre structure edge filter based on MMI have been demonstrated. 

An integrated optic version of a ratiometric wavelength monitor will be developed 

as a part of future research. Introductory theoretical modelling and design for an 

integrated version of the X-type edge filter based on MMI have been carried out 

earlier. Two designs are presented in Appendix C and Appendix D. In Appendix 

C, a Y-branch and two MMIs based on planar lightwave circuit (PLC) of silica on 
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silicon buried channel waveguides were designed and optimized to provide the X-

type spectral response. In Appendix D, a simple configuration for an integrated 

ratiometric wavelength monitor with the X-type spectral response based on a 

single MMI structure has been proposed and presented. The fabrication and 

characterization of an integrated ratiometric wavelength monitor will be carried 

out with the support of Science Foundation Ireland (SFI) under the National 

Access Programme (NAP) at Tyndall National Institute, Cork, Ireland.  
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Appendix B 

Ratiometric wavelength monitor 

based on “X-type spectral 

response” using two edge filtersa 

 
Keywords: fibre optics, multimode interference, edge filter, wavelength monitor 
 

Abstract: The performance of an all-fibre ratiometric wavelength measurement 

system is compared for the case of two edge filters and the case of one edge filter. 

The two fibre edge filters are used with overlapping and opposite slope spectral 

responses, a so called “X-type spectral response”, each based on singlemode-

multimode-singlemode (SMS) fibre structures. Noise and polarization dependent 

loss (PDL) are the two parameters that determine the resolution and an accuracy 

of the system. It is demonstrated that the use of two SMS edge filters for a 

ratiometric wavelength measurement system can increase the resolution and the 

accuracy when compared with a system using only one edge filter.  

                                                 
a A. M. Hatta, G. Rajan, G. Farrell and Y. Semenova, “Ratiometric wavelength monitor based on 
X-type spectral response using two edge filters,” Optical Sensors 2009, Proceeding of SPIE, 7356, 
73561N, 2009. 
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B.1 Introduction 

A wavelength monitor is a key component for a fibre-Bragg-grating (FBG) 

sensing system. An FBG-based optical sensing system requires a wavelength 

demodulation system to detect the wavelength shift of reflected light from the 

FBG elements induced by strain or temperature changes. There are several 

different schemes for wavelength measurement/monitoring. Among the available 

schemes, an all-fibre ratiometric power measurement technique offers a simple 

configuration, an easy connection all-fibre configuration, the potential for high-

speed measurement, and the absence of mechanical movement compared to 

wavelength-scanning-based active measurement schemes. A ratiometric scheme 

converts a wavelength measurement into a signal intensity measurement. A 

ratiometric wavelength monitor usually consists of a splitter with two outputs to 

which are attached an edge filter arm with a well defined spectral response and a 

reference arm. Alternatively, two edge filters arms with overlapping opposite 

slope spectral responses [120], a so-called “X-type spectral response”, can be used 

to increase the resolution of the measurement system. The main element of the all-

fibre ratiometric scheme, the edge filter, can be implemented by biconical fibre 

couplers [121], bending fibre [122], and singlemode-multimode-singlemode 

(SMS) fibre structure [123].  

A resolution and an accuracy of wavelength measurement of ratiometric 

system need to be considered. In a previous study, it is shown that the resolution 

of wavelength measurement of ratiometric system is determined by the signal-to-

noise ratio of the input signal and the noise of the photodetectors associated with 

optical-to-electronic conversion [124]. It is also shown in [125], that the 
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polarization dependent loss (PDL) of a ratiometric system determines the 

accuracy of wavelength measurement. In [124] and [125], the ratiometric system 

utilized one edge filter based on a macrobend fibre. In this paper, further 

investigation on the resolution due to the noise and the accuracy induced by PDL 

of ratiometric wavelength measurement based on “X-type spectral response” 

using two edge filters is carried out. The two edge filters are based on SMS fibre 

structure [123]. The performance of ratiometric measurement system is compared 

for the case of two edge filters and the one edge filter case.  

B.2 Ratiometric wavelength measurement 

Fig. 51(a) and 51(b) show the schematic configuration of an all-fibre 

configuration of a ratiometric wavelength measurement system either employing 

two edge filters with X-type spectral response or one edge filter, respectively. The 

input signal is divided into two signals, one passes through the edge filter 1 (E1) 

arm and the other passes through the edge filter 2 (E2) arm or reference (ref) arm. 

Two photodetectors are placed at the ends of both arms. The target spectral 

responses in a wavelength range from L  to U  of the edge filters and the 

reference are shown in the Fig. 51(c). The corresponding ratios of the two outputs 

over the wavelength range are presented in Fig. 51(d) for the use of two edge 

filters and one edge filter. In both cases the wavelength of an unknown input 

signal can be determined by measuring the ratio of the electrical outputs of the 

two photodetectors, assuming a suitable calibration has been carried out. In this 

investigation the edge filters are based on singlemode-multimode-singlemode 

(SMS) fibre structures as shown in Fig. 51(e). The SMS fibre edge filter is 
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fabricated by splicing a specified length of a multimode fibre (MMF) with two 

singlemode fibres (SMF) at the ends of MMF. 

         

(a)                                                                                       (b) 

       

(c)      (d) 

 

Singlemode Fiber 

Multimode Fiber 

Singlemode Fiber 

 

(e) 

Figure 51 Schematic configuration of the proposed MMI ratiometric wavelength 

monitor (a) using two edge filters (b) using one edge filter, (c) Desired spectral 

response of two edge filter arms and (d) The output ratio between two arms (e) 

SMS fibre edge filter 
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It useful to initially consider the design of the SMS edge filter(s). In order 

to design an SMS fibre edge filter, a modal propagation analysis (MPA) for 

linearly polarized (LP) modes is used [126], [127]. A brief review of the design, 

fabrication and measurement of the SMS edge filter(s) can be found in [123]. A 

target wavelength range for wavelength measurement from 1530 to 1560 nm is 

chosen. This range is chosen as it corresponds to the typical centre wavelengths 

for many FBG sensors. The calculated and measured results of SMS edge filters, 

as described in [123], E1 and E2, are shown in Fig. 52. The measured results 

show a good agreement with the numerical results. The discrepancy between the 

calculated and measured results is most likely a consequence of splice insertion 

losses. 
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Figure 52 Calculated and measured two SMS fibre edge filters X-type spectral 

response 
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To demonstrate the use of the two SMS fibre edge filters in a functioning 

wavelength measurement system a ratiometric measurement system is built as 

shown in Fig. 51(a). The input signal is split into two equal intensity signals using 

a 3 dB fibre splitter. One signal passes through E1 and the other passes through 

E2. A high speed dual channel power meter is placed at the ends of both arms. 

Fig. 53 shows the measured ratio of the optical power. The ratio measured 

between 1530 to 1560 nm has a linear slope with a discrimination range of 25.37 

dB from 10.13 to -15.25 dB which is suitable for wavelength measurement. As a 

comparison, the ratio response for the case of one SMS fibre edge filter as in Fig. 

51(b) is also presented in Fig. 53. The use of two edge filters compared to the one 

edge filter increases the slope of ratio response, from 0.40 dB/nm to 0.84 dB/nm. 
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Figure 53 Measured ratio response for the use of two edge filters and one edge 

filter 
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B.3 Resolution and accuracy investigation 

B.3.1 Resolution 

The minimum wavelength shift or resolution of wavelength measurement due to 

the noise in ratiometric system is investigated. The output ratio at wavelength 0  

for a ratiometric system [124], utilizing two edge filters as in Fig. 51(a) is 
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and for the ratiometric system using one edge filter as in Fig. 51(b) is 
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where  1C  and  2C  are the outputs of the 3db fibre coupler which for an ideal 

case it is assumed wavelength independent and thus     5.021   CC  in 

measurable wavelength range.   2,1E  is the transmission loss response of the 

edge filter, and  0
I  is the spectrum of the input signal.  is the output from 

each arm.  The spectrum of the input signal, 

2,1P

 0
I , also takes account of the 

limited signal–to-noise-ratio (SNR) of the source as described in [128].  As in 

[124], taking into account of the noise generated by the photodetectors and the 

electronic circuitry, the output ratio is modelled with a random number value 

within the resolution range as: 

    MrRRRatio  00      (B.2) 

where  is the range of variation of the output ratio, and MR r  is a Gaussian random 

number produced for each measurement. Gaussian statistics are used as they 
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closely approximate the statistical nature of the noise arising from optoelectronic 

conversion. 

A numerical example is presented to illustrate the resolution of ratiometric 

system. The input signal from the tunable laser is assumed to have an SNR of 50 

dB at 0  = 1545 nm within the wavelength range and the corresponding variation 

 due to the photodetectors’ noise is 0.003 dB MR [124]. The calculated ratio for 

the ratiometric system using two edge filters is shown in Fig. 54(a) as the 

wavelength is tuned from 0  = 1545 nm by successively increasing increments of 

2, 4, 6, 8 and 10 pm.  It is shown that the minimum wavelength shift or resolution 

of this ratiometric is about 4 pm. To compare the resolution of a ratiometric 

system utilizing one edge filter, the calculated ratio is shown in Fig. 54(b) with a 

minimum resolution is about 8 pm.  

To experimentally confirm the resolution performance of the ratiometric 

system, the tunable laser was used to provide an input signal and the 

corresponding output ratio was recorded. The minimum tuning step for the 

available laser used is 10 pm. The source wavelength is set to 1545 nm and is 

tuned by successively increasing increments of 10, 20 and 30 pm. The dual 

channel power meter is used to sample the SMS outputs for 4-6 s and the ratio in 

dB of the power levels is determined for each sample with a sampling rate of 50 

measurements/second. Fig. 55 shows the complete time series of the measured 

ratio values as a function of sample time and the wavelength increments.  Fig. 

55(a) and 55(b) show the measured ratio for the ratiometric system with two edge 

filters and one edge filter, respectively. From Fig. 55, one can see that the use of 
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two edge filters can resolve wavelength increments with greater significantly 

greater success than the use of one edge filter.  

 

0 100 200 300 400 500 600
-3.81

-3.805

-3.8

-3.795

-3.79

-3.785

-3.78

-3.775

-3.77

-3.765

-3.76

times

R
at

io
 (

dB
)

start  = 1545 nm

2 pm

4 pm

6 pm

8 pm

10 pm

 

(a) 

0 100 200 300 400 500 600
-11.92

-11.915

-11.91

-11.905

-11.9

-11.895

-11.89

-11.885

-11.88

-11.875

-11.87

times

R
at

io
 (

dB
)

start  = 1545 nm

2 pm
4 pm

6 pm

8 pm

10 pm

 

(b)  

Figure 54 Calculated ratio with tuning increment from 2 to 10 pm (a) two edge 

filters, (b) one edge filter 
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Figure 55 Measured ratio with tuning increment from 10 to 30 pm (a) two edge 

filters, (b) one edge filter 
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B.3.2 Accuracy and the effect of Polarization Dependent Loss 

The polarization dependent loss (PDL) of an edge filter(s) is known to have a 

serious impact on the accuracy of a ratiometric wavelength measurement system 

[125]. To experimentally compare the influence of PDL on the wavelength 

accuracy of a system based on the use of one or two edge filters, a polarization 

controller was used to change the input polarization state of the input light. The 

systems were calibrated at a fixed polarization state. The polarization state is 

changed over the measurable wavelength range so as to induce the maximum 

variation in the measured value by comparison to the calibrated value for both the 

measured ratio and wavelength shift [125]. Fig. 56 presents the measured 

variation in ratio and variation in wavelength. The measured variation in 

wavelength is obtained from the calibrated ratio response. It is shown in Fig. 

56(a), the use of two edge filters increases slightly the variation in ratio induced 

by PDL. 

However, the use of two edge filters can reduce the PDL induced 

wavelength variation, as shown in Fig. 56(b). This occurs because of the higher 

slope of the ratio response as in Fig. 53. The wavelength variation or a wavelength 

error at 1545 nm is 0.105 and 0.240 nm for the use of two edge filters and one 

edge filter, respectively. Thus the use of two SMS fibre edge filters can increase 

the accuracy even when the input polarization state changes. 
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Figure 56 Measured variation in ratio (a) and wavelength (b) due to the PDL of 

the system for the use of two edge filters and one edge filter 
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B.4 Conclusion 

The performance of an all-fibre ratiometric wavelength measurement based on 

SMS edge filter(s) has been investigated. The resolution due to the noise in a 

ratiometric system and the accuracy induced by PDL is demonstrated. It is shown 

the ratiometric wavelength measurement system using two SMS fibre edge filters 

with the X-type spectral response can increase the resolution and the accuracy 

compared to the use of one SMS edge filter.   
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Appendix C 

Design of the optical core of an 

integrated ratiometric wavelength 

monitora 

 

Abstract: The optical core of an integrated ratiometric wavelength monitor which 

consists of a Y-branch and two edge filters, with opposite spectral responses, 

based on a pair of symmetrical multimode interference (MMI) structures is 

proposed. The designed ratiometric structure demonstrates a suitable spectral 

response, with potentially a 20 pm resolution over a 100 nm wavelength range. 

C.1 Introduction 

Wavelength monitoring and measurement is required in many optical systems 

such as multi-channel dense wavelength-division multiplexing optical 

communication systems and fibre-Bragg-grating-based optical sensing systems. In 

one wavelength monitoring scheme, the so-called a ratiometric detection scheme, 

the wavelength of an input signal is determined by the measurement of the ratio of 

two signal powers. It has a simple configuration and offers the potential for high-
                                                 
a A. M. Hatta, G. Farrell, Q. Wang and J. Zheng, ”Design of the optical core of an integrated 
ratiometric wavelength monitor,” Proceeding of 14th European Conference on Integrated Optics 
(ECIO), ECIO’08, pp. 273-276, 2008. 
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speed measurement as compared with wavelength-scanning-based active 

measurement schemes. A ratiometric wavelength measurement scheme can be 

implemented with bulk devices, an all-fibre-based configuration or integrated 

optical circuits. Integrated wavelength monitors have a compact size, a fast 

response, are more robust and have a low fabrication cost compared to bulk 

optical devices. Examples of the designed and developed integrated wavelength 

monitors include multimode interference (MMI) couplers, a Y-branch with an S-

bend structure, and a Y-branch with an MMI structure [129]-[131]. 

In [129], the wavelength monitor consists of a central MMI waveguide, 

two output waveguides, and one input waveguide. For wavelength measurement it 

offers a 100 nm range and 200 pm resolution. Previously, in [131], we have 

shown that an MMI structure can be used as an edge filter for a ratiometric 

wavelength monitor. In [131], the length and width of the multimode section, and 

the positions of the input and output waveguides are optimised according to a 

desired spectral response by using the global optimisation algorithm-adaptive 

simulated annealing.  We propose here a further improvement, with a ratiometric 

scheme which employs two opposite slope edge filters offering a higher resolution 

compared with the ratiometric scheme with one edge filter and one reference arm 

[132]. In this paper, two edge filters with opposite slope spectral responses based 

on a symmetrical MMI are designed and can be used for high resolution 

wavelength monitoring. 
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C.2 Proposed configuration and design method 

Fig. 57(a) shows a schematic configuration of an integrated ratiometric structure. 

It contains a Y-branch splitter and two edge filter arms, containing symmetrical 

MMI structures. The desired spectral responses of the two arms are shown in Fig. 

57(b), while the corresponding ratio of the two outputs over a wavelength range is 

presented in Fig. 57(c). The wavelength of an input signal can be determined 

through measuring the power ratio of the output ports at the outputs of the two 

arms, assuming a suitable calibration has taken place. 

 

(a) 

 

                                         (b)                                            (c) 

 

Figure 57 (a) Schematic configuration of ratiometric structure with two edge 

filter arms with MMI structures (b) Desired spectral response of two edge filter 

arms and (c) The output ratio between two arms 
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The design steps for each MMI structure are identical. To optimise an 

individual MMI structure for an edge filter application, the width (W) and length 

(L) of the MMI are adjusted. The transmission response of the MMI is calculated 

for each W and L of MMI. A modal propagation analysis (MPA) can be used to 

calculate the transmission response in the multimode waveguide [133]. It is 

known that the desired edge filter corresponds to either an increasing or 

decreasing transmission as the wavelength increases over the wavelength range. 

Therefore, it is necessary to calculate the transmission response between the lower 

and upper limits [ 1 and 2 ] of the desired wavelength range over a range the W 

and L values for the MMI. For each W of the each MMI, we scan the length L in 

increments of 0.01 (where is the beat length) and determine the transmission 

value at 1, 2 as P(1),  P(2) and then calculate the corresponding discrimination 

range 

L L

   21 PPD   (thus P(1) and P(2) should be in dB). A symmetrical 

MMI produces a self image at a distance LL 4
3 , so we can set the scanning 

range of L as  14
30 LL 2 . 

After calculating P(1) and  P(2) for each W and L for an MMI we select 

some structures as possible candidates. We select the structures based on the 

constraints that the discrimination, D, should be better than 10 dB and that the 

baseline loss (either P(1) and  P(2) depending on whether the slope is negative 

or positive) should also be less than 8 dB. Then we calculate the spectral response 

for each selected structures. An ideal response for the edge filter should give a 

linear dependence for wavelength versus transmission. We can use a linear curve 

fitting and get a slope (m) of linear function   cmT    and a norm residual 
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(nxr) from a QR decomposition of the Vandermonde matrix [134], as the 

parameters to choose the best spectral response. The ideal spectral response has 

high m and low nxr. The optimal edge filter with positive or negative slope is 

chosen based on a figure of merit: 
























mc

nxrc
F

m

nexp            (C.1) 

where  and  are weighting coefficients. The best edge filter occurs when 

 and the worst when

nc mc

1F 0F . 

C.3 Numerical example and discrimination 

demonstration 

As a numerical example, a buried silica-on-silicon waveguide is chosen where the 

refractive index of the core and cladding is 1.4553 and 1.4444, respectively. The 

waveguide cross section is 5.5 m x 5.5 m and the multimode section thickness 

is 5.5 m. The effective index method is used to simplify the calculation. The 

wavelength range for this example is taken to be 1500 – 1600 nm. The width of 

the MMI is chosen to be in the range 30 – 50 m and the length  14
320 L . 

Based on the above procedure, the optimal edge filters are found to have the 

dimensions W = 45 m, L = 3478 m and W = 46 m, L = 3250 m for the 

positive slope MMI (PI) and the negative slope MMI (PII), respectively. The 

spectral responses are plotted in Fig. 58(a) from which it is clear that the 

discrimination range (from 1500 to 1600 nm) is 10.97 dB, while the baseline loss 

is 6.57 dB for the positive slope edge filter. For the negative slope edge filter the 

 173 
 
 



 

discrimination range is 11.39 dB with a baseline loss of 5.96 dB. To calculate the 

ratio of the whole integrated ratiometric structure, a Pade (1,1) beam propagation 

method with a GD scheme is used [135] below [135] below. The ratio of the 

spectral response is from –10.91 to 11.49 dB and is shown in Fig. 59.   

 

 

(a)      (b) 

 

Figure 58 (a) Spectral response of optimised edge filters with opposite slopes (b) 

Spectral response of the ratiometric 

 

To confirm the wavelength discrimination capability of the designed 

structure, the ratiometric wavelength measurement process is modelled 

numerically [136] belowby taking account of the optical noise of the source signal 

and the electrical noise of the photodetectors. Assuming the SNR of the input 

signal is about 55 dB, the best resolution achievable for power measurement is 

0.001 dB and the noise generated by photodetectors and electronic circuitry is 

equivalent to an uncertainty in the ratio measurement of 0.002 dB. The source 

wavelength is set to 1550 nm. This wavelength is changed by successively 
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increasing increments of 5, 10, 15 and 20 pm. The photodetector outputs are 

sampled 100 times and the ratio of the photodetectors outputs is calculated for 

each wavelength. The wavelength is incremented again and the process of 

sampling is repeated. Fig. 59 shows the complete time series of the calculated 

ratio values as a function of sample time and the wavelength increments.  From 

Fig. 59, it is clear that the detectable ratio due to the wavelength tuning has a 

potential resolution at least better than 20 pm. 

 

 

 

Figure 59 Output ratio as the wavelength is tuned  

C.4 Conclusion 

An integrated ratiometric wavelength monitor based on a pair of MMI structures 

with symmetrical responses has been presented.  The width and length of the two 

MMI edge filters with opposite slope spectral responses are optimised based on a 

defined figure of merit. The wavelength discrimination of the designed ratiometric 
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structure has been demonstrated numerically and shows a competitive resolution 

(20 pm) for wavelength measurement.  
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Appendix D 

A simple integrated ratiometric 

wavelength monitor based on 

multimode interference structurea  

 

Keywords: Integrated optics, multimode interference, wavelength monitor 
 

Abstract: Wavelength measurement or monitoring can be implemented using a 

ratiometric power measurement technique. A ratiometric wavelength monitor 

normally consists of a Y-branch splitter with two arms:  an edge filter arm with a 

well defined spectral response and a reference arm or alternatively, two edge 

filters arms with opposite slope spectral responses. In this paper, a simple 

configuration for an integrated ratiometric wavelength monitor based on a single 

multimode interference structure is proposed. By optimizing the length of the 

MMI and the two output port positions, opposite spectral responses for the two 

output ports can be achieved. The designed structure demonstrates a spectral 

                                                 
a A. M. Hatta, G. Farrell and Q. Wang, “A simple integrated ratiometric wavelength monitor based 
on multimode interference structure,” Optical Design and Engineering III, Proceeding of SPIE 
7100, 710023, 2008. 
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response suitable for wavelength measurement with potentially a 10 pm resolution 

over a 100 nm wavelength range.   

D.1 Introduction 

A measurement of unknown wavelength is essential for many systems such as 

multi-channel dense wavelength-division multiplexing (DWDM) optical 

communication systems and Fibre Bragg Grating (FBG)-based optical sensing 

systems. As an example, an FBG-based optical sensing system requires a 

wavelength demodulation system to detect the wavelength shift of reflected light 

from the FBG elements induced by strain or temperature changes. There are 

different schemes of wavelength measurement/monitoring. A ratiometric 

wavelength monitoring has a simple configuration, the potential for high-speed 

measurement and the absence of mechanical movement compared to wavelength-

scanning-based active measurement schemes. A ratiometric wavelength monitor 

converts the wavelength measurement into a signal intensity measurement. The 

ratiometric wavelength monitor usually consists of a splitter with two arms:  an 

edge filter arm with a well defined spectral response and a reference arm or 

alternatively, two edge-filters arms with opposite slope spectral responses. It has 

been shown that the use of two opposite slope edge filters can increase the 

resolution of a ratiometric system [137]. The main element of the ratiometric 

scheme, the edge filter, can be implemented by a bulk thin filter [137], biconical 

fibre couplers [138], bending fibre [139], [140], integrated optics based on 

multimode interference [141], [142], an S-bend waveguide [143], and directional 

coupler [144]. Compared to bulk optical devices and fibre-based edge filters, 
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integrated wavelength monitors have a compact size, high scalability, and also 

benefit from a fast response and physical robustness.  

MMI structures have been utilized as edge filters [141], [142] and a 

wavelength monitor [145]. Depending on the position of the input port on the 

MMI section, there are three interference mechanisms: paired, symmetrical, and 

general interference mechanisms, as described in the modal propagation analysis 

in [146]. In [145], a MMI wavelength monitor based on a paired interference 

mechanism has been proposed which offers a 100 nm range and 200 pm 

resolution. Previously, in [141], we have shown that an MMI structure can be 

used as an edge filter for a ratiometric wavelength monitor. In [141], the length 

and width of the MMI section, and the positions of the input and output 

waveguides, are optimized according to a desired spectral response by using the 

global optimisation algorithm-adaptive simulated annealing. A further 

improvement [142] has been proposed, in which the ratiometric scheme employs 

two opposite slope MMI edge filters based on symmetrical interference 

mechanism and which offers a 100 nm range and 15 pm resolution. In this paper, 

a single MMI structure with one input and two output ports based on a general 

interference mechanism is proposed as the ratiometric wavelength monitor. The 

two output ports have opposite spectral response slopes. This structure is simpler 

and more compact than the conventional ratiometric scheme which utilizes a Y-

branch splitter and separate edge filter(s).  
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D.2 Proposed structure and design method 

Fig. 60(a) shows the schematic configuration of an integrated ratiometric structure 

utilizing the general interference mechanism of a MMI structure. It contains an 

input port, an MMI section, and two output ports. The input port and the two 

output ports positions are denoted as , , and . The width and the length of 

MMI section are  and respectively and the thickness of the waveguide is . 

The desired spectral responses of the two arms are shown in Fig. 60(b), while the 

corresponding ratio of the two outputs over a wavelength range is presented in 

Fig. 60(c). The wavelength of an input signal can be determined by measuring the 

power ratio of the output ports at the outputs of the two arms, assuming a suitable 

calibration has taken place.  

0x 1x 2x

mW mL h

To design such an MMI-based device, a modal propagation analysis 

(MPA) is used [146]. The procedure for an MPA is as follows:  the input light is 

assumed to have the field distribution  0,x  of the fundamental mode of the input 

port. The input field can be decomposed into the eigenmodes of the MMI section, 

 x , when the light enters the MMI section. The input field to the MMI can be 

written as: 

  





1

0

,0,
m

yxcx


      (D.1)                            

where  is the number of eigenmodes and  is the excitation coefficient of each 

mode. 

m c
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Figure 60 Schematic configuration of the proposed MMI ratiometric wavelength 

monitor (b) Desired spectral response of two edge filter arms and (c) The output 

ratio between two arms 
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The coefficient  can be calculated by an overlap integral between c  0,x   and 

 x  

   
 

 


dxx

dxxx
cv
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0,








.               (D.2)                             

As the light propagates in the MMI section, the field at a propagation distance 

z can be calculated by  

      





1

0
0exp,

m

zjxczx


                   (D.3) 

where   is the propagation constant of each eigenmode of the MMI. The 

transmission loss in dB can be determined by using the overlap integral method 

between  zx,   and the eigenmode of the output port of  or , 1x 2x  x2,1 : 
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.        (D.4) 

To optimise the MMI structure as a ratiometric wavelength monitor, for a 

certain , the of the MMI and the output port positions,  and , are 

adjusted. The transmission response of the each port position is calculated for 

each  of MMI. The desired spectral response of the overall structure is such that 

the two output ports have opposite slope transmission responses (eg., one 

increasing and one decreasing) as the wavelength increases over the wavelength 

range as shown in Fig. 60(b). Therefore, it is necessary to calculate the 

transmission response between the lower and upper limits [

mW mL 1x 2x

mL

L  and U  ] of the 

desired wavelength range over a range the  values for the MMI. For each , 

we scan the output positions across the width of MMI,  and  and determine 

mL mL

1x 2x
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the transmission value at L , U   as  LP 2,1 ,  UP 2,1 , respectively, then calculate 

the corresponding discrimination range    ULP 2,1  P 2,1D 2,1  .  

 LP 2,1  UP 2,1After calculating  and  for each ,  and , we select 

some structures as possible candidates. We select the structures based on the 

constraints that the discrimination, D, should be better than 10 dB and that the 

baseline loss (either 

mL 1x 2x

P L2,1  and  P U2,1 depending on whether the slope is negative 

or positive) should be less than 8 dB [139], [140]. Then, we calculate the spectral 

response for each selected structures. An ideal response for the output port should 

give a quasi linear dependence for wavelength versus transmission. We can use a 

linear curve fitting and get a slope  a  of linear function   ba P    and a norm 

residual  from a QR decomposition of the Vandermonde matrix, as the 

parameters used to choose the best spectral response. The ideal spectral response 

has a high slope and low nx

nxr

a r . The optimal structure with opposite spectral 

response slopes of the two output ports is chosen based on a figure of merit 













































a

nxr
F exp5






exp 















a

nxr
 .0        (D.5) 

where the subscript + and – indicates the positive and negative slope of the output 

port spectral response, respectively. The best structure occurs when 1F  and the 

worst when 0F . 

The design procedure can be summarized as follow: 

1. Calculate  LP 2,1 ,  UP 2,1 , and 2,1D  for the range of mL . 
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2. Choose the appropriate structures with a parameter set of mL ,  1x  and 2x , 

subject to the constraints: i) 2,1D  > 10 dB, ii) the baseline loss (either 

 LP 2,1  and  UP 2,1 ) < 8 dB. 

3. Choose the optimal structure: mL , 1x , and 2x  based on maximising the 

value of F . 

D.3 Numerical Example 

To demonstrate the design method and performance achieved, we present here a 

numerical example. The refractive indices of the core and the cladding for a 

buried silica-on-silicon waveguide are  = 1.4553 and  = 1.4444, 

respectively. The height of the waveguide is 5.5 m and the width of the 

input/output port is 5.5 m. We set  = 55 m (this value allows for an output 

port spacing that avoids unwanted coupling between the ports) and the input port 

is positioned at the lateral end side of the MMI, i.e = 0 m. The wavelength 

range is 

con cln

mW

0x

L  = 1500 nm to U  = 1600 nm. The MPA and an effective index method 

are used to simplify the calculation of 3D into 2D which can reduce significantly 

the computational time. Undertaking the first step in the design procedure, we 

choose the range of  to be calculated as mL  LLmL5.0 5.1  (
10 


 


L ) at L  = 

1500 nm is the coupling length of the two lower modes of the MMI), with an 

increment . Following the above procedure, after the second step, some 

appropriate structures with the parameter set of 

L01.0

 2x1,, xLm can be selected. Based on 

the third step, the figure of merit of the appropriate structures with the parameter 

set is depicted in Fig. 61. It is shown that the highest figure of merit, , is 71.0F
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the optimal structure with  = 1.04  = 4538 m,  = 10 m,  = 35 m.  

The corresponding spectral response is shown in Fig. 62. The positive (P1) and 

negative (P2) slope spectral response of the output ports in the wavelength range 

1500 to 1600 nm are 7.16 to17.28 dB and 20.96 to 6.59 dB, respectively.  

mL L 1x 2x

To calculate the ratio of the whole integrated ratiometric structure as in 

Fig. 60(a), with = 2000 m; the effective index method and a Pade (1,1) beam 

propagation method (BPM) with a GD scheme 

sL

[147] are used. The output port 

spectral responses P1 and P2 are 7.36 to 17.72 dB and 20.55 to 6.47 dB, 

respectively, and the corresponding ratio is from –13.19 to 11.25 dB and is shown 

in Fig. 63.  There are slight differences in the spectral responses resulting from the 

MPA and BPM calculations. It is should be noted that the BPM calculation is 

intrinsically more accurate in that it considers the all the radiation modes, 

compared to the MPA which only considers the guided modes. Furthermore, the 

BPM calculations apply to the whole structure while the MPA calculations apply 

only to the MMI section. However, the MPA is computationally faster in than the 

BPM and suitable for scanning and optimization of parameters, while the BPM 

can be used as a verification tool to check the accuracy of results.  

To validate the wavelength discrimination ability of the designed structure, 

the ratiometric wavelength measurement process is modeled numerically using 

the method in ref. [148] by taking account of the optical noise of the source signal 

and the electrical noise of the photodetectors. Assuming the SNR of the input 

signal is about 55 dB, the best resolution achievable for power measurement is 

0.001 dB and the noise generated by the photodetectors and electronic circuitry is 

equivalent to an uncertainty in the ratio measurement of 0.002 dB. The source 
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wavelength is set to 1550 nm. This wavelength is changed by successively 

increasing increments of 2.5, 5, 7.5, 10, 12.5, 15, and 17.5 pm. The photodetector 

outputs are sampled 100 times and the ratio of the photodetectors outputs is 

calculated for each wavelength. The wavelength is incremented again and the 

process of sampling is repeated. Fig. 64 shows the complete time series of the 

calculated ratio values as a function of sample time and the wavelength 

increments. From Fig. 64, it is clear that the detectable ratio due to the wavelength 

tuning has a potential resolution of 10 pm. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

[0
.9

3,
20

,3
9]

[1
.0

1,
18

,4
3]

[1
.0

2,
11

,3
2]

[1
.0

3,
11

,3
0]

[1
.0

4,
10

,3
5]

[1
.0

5,
8,

35
]

[1
.1

5,
6,

24
]

[1
.2

,8
,2

3]

[1
.2

1,
23

,3
2]

[1
.2

6,
8,

42
]

[1
.2

7,
9,

43
]

[1
.3

6,
30

,4
6]

[1
.3

7,
30

,4
4]

[1
.3

8,
1,

29
]

[1
.3

9,
1,

26
]

[Lm,x1,x2]

F
ig

u
re

 o
f 

m
er

it
 (

F
)

 

Figure 61 Figure of merit of the appropriate structures with a set of parameter 

[Lm, x1, x2] 
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Figure 62 Spectral responses of the output ports of the optimal structure 
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Figure 63 The output ratio calculated using BPM 
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Figure 64 Output ratio as the wavelength is tuned 

D.4 Conclusion 

An integrated wavelength monitor based on an MMI structure has been presented. 

This integrated ratiometric monitor offers a simpler structural configuration 

compared to the conventional one that includes a Y-branch structure and two 

opposite slope edge filters. The length of the MMI and the position of the output 

ports are optimized based on the defined figure of merit. The wavelength 

discrimination of the simple ratiometric structure has been demonstrated 

numerically and shows a viable resolution (10 pm) for wavelength measurement.   
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Appendix E 

Flowchart of the Modal 

Propagation Analysis  

Input parameters: 
Wavelength (); refractive index (ncore, ncladding); core diameter (asmf, ammf); 

length of MMF (Lmmf); grid size (dr or (dx, dy)) 

 
 
 
 
 
 

Calculate: 

normalized frequency: 22
,,

2
claddingcoremmfsmfmmfsmf nnaV

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

number of modes: Vm   

Solving eigenvalues and eigenmodes equation: 
Based on LP0m 

Or Based on FDM 

Calculate the excitation coefficients: 
Using (2.2) 

Or using (3.2) 

Calculate field profile at Lmmf : 
Using (2.3) 

Or using (3.3) 

Calculate transmission loss: 
Using (2.4) 

Or using (3.4) 
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% =========================================== 
% Main program 
% Modal Propagation Analysis Based on LP0m 
% The DIT-PRC 
% =========================================== 
  
%Parameters 
% ======================================= 
%Input wavelength (in mikrometer) 
lambda =1.55; 
% Referactive index (ncore, ncladding) 
% SMF 
ncosmf=1.4504;nclsmf=1.4447; 
%MMF 
ncommf=1.4446;nclmmf=1.4271; 
% core radius, a (in mikrometer) 
% SMF 
as=4.15; 
% MMF 
am=52.5; 
% Length of MMF (in mikrometer) 
Lmmf = 44818; 
% grid size 
dr=0.05; 
% ======================================= 
  
% Calculate (normalized frequency, number of modes) 
% ======================================= 
k=2*pi/lambda; 
Vsmf=k*asmf*sqrt(ncosmf^2-nclsmf^2); 
Vmmf=k*ammf*sqrt(ncommf^2-nclmmf^2); 
modes=fix(v/pi); 
% ======================================= 
  
% Solving eigenvalue and eigenmode equation 
% ======================================= 
% MMF 
[betam,phim]=modesolvermmf(ncommf,nclmmf,ammf,dr,k,Vmmf,modes); 
% SMF 
[betas,phis]=modesolversmf(ncosmf,nclsmf,asmf,dr,k,Vsmf); 
% ======================================= 
  
%Calculated the excitation coefficient 
% ======================================= 
[Cm]=excitationcoeff(phis,phim,dr); 
% ======================================= 
  
%Calculate field profile at Lmmf 
% ======================================= 
[phiz]=fieldprofile(Cm,betam,Lmmf); 
% ======================================= 
  
% Calculate transmission loss 
% ======================================= 
[Pout]=transmissionloss(phis,phiz,dr); 
% ======================================= 
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% =========================================== 
% Main program 
% Modal Propagation Analysis Based on FDM 
% The DIT-PRC 
% =========================================== 
  
%Parameters 
% ======================================= 
%Input wavelength (in mikrometer) 
lambda =1.55; 
% Referactive index (ncore, ncladding) 
% SMF 
ncosmf=1.4504;nclsmf=1.4447; 
%MMF 
ncommf=1.4446;nclmmf=1.4271; 
% core radius, a (in mikrometer) 
% SMF 
as=4.5; 
% MMF 
am=52.5; 
% Length of MMF (in mikrometer) 
Lmmf = 44818; 
% grid size 
dx=0.25;dy=0.25; 
% ======================================= 
  
% Calculate (normalized frequency) 
% ======================================= 
k=2*pi/lambda; 
Vsmf=k*asmf*sqrt(ncosmf^2-nclsmf^2); 
Vmmf=k*ammf*sqrt(ncommf^2-nclmmf^2); 
% ======================================= 
  
% Solving eigenvalue and eigenmode equation 
% ======================================= 
% MMF 
[betam,phim]=modesolvermmfFDM(ncommf,nclmmf,ammf,dx,dy,k,Vmmf,nmodes); 
% SMF 
[betas,phis]=modesolversmfFDM(ncosmf,nclsmf,asmf,dr,k,Vsmf); 
% ======================================= 
  
%Calculated the excitation coefficient 
% ======================================= 
[Cm]=excitationcoeff(phis,phim,dx,dy) 
% ======================================= 
  
%Calculate field profile at Lmmf 
% ======================================= 
[phiz]=fieldprofile(Cm,betam,Lmmf) 
% ======================================= 
  
% Calculate transmission loss 
% ======================================= 
[Pout]=transmissionloss(phis,phiz,dx,dy) 
% =======================================  
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Appendix F 

Equipment and accessories 

The details of main equipment and accessories used in the experimental work 

presented in this thesis are described in this appendix. Important specification and 

operational characteristics of fibre fusion splicer, the tunable laser source, optical 

spectrum analyzer, power meters, polarization controller, temperature controller,.. 

are described in this section. 

 

Sumitomo Type 36 Fusion Splicer 

A Sumitomo Type 36 Fusion Splicer was used to splicing fibres together. The 

splicer can handle fibre types such as, singlemode, multimode, dispersion shifted, 

dispersion compensated, cut off shifted and Er doped fibres. A fibre cladding 

diameter of 125 microns is preferable for the splicer. A precision CCD camera 

examines the fibre from the X and Y view and precisely aligns the fibres, before 

doing the arc splicing. After splicing, high resolution direct core monitoring 

image processing software incorporated into the 180 splicer calculates the 

estimated splice loss. There are two main splicing modes: automatic mode and 

attenuation mode. By using automatic mode, typical splice loss for singlemode 

fibres is less than 0.05 dB. By using attenuation mode, a pre-setting of 1 dB 

attenuation correspond core offset of 3.3 m.  
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Nettest OSICS ECL Tunable Laser 

The Nettest OSICS tunable laser system is designed for fibre optic component 

testing, particularly for DWDM. It is a fully integrated system with onboard 

hardware and software. The OSICS system may be remotely operated via standard 

RS232 and IEEE-488 interfaces. The main specifications of the OSICS ECL 

tunable laser are listed below: 

Wavelength range : 1500 nm - 1620 nm 

Output Power range: -5 dBm - +7dBm 

Wavelength resolution: 0.0l nm 

Wavelength accuracy: 0.01nm 

Tuning speed: 10nm/s 

Power stability: 0.01dB 

Side mode suppression ratio: 45 dB 

Relative intensity noise: 145 dB/Hz 

 

Agilent Optical Spectrum Analyzer 

The key specifications of the Agilent 86140B Optical Spectrum analyzer are 

given below: 

Wavelength range: 600 nm to 1700 nm 

Wavelength accuracy: 0.01 nm 

FWHM: 0.06 nm 

Sensitivity: -90 dB in the wavelength range 1250 nm -1610 nm 

Maximum safe power: 30 dBm 

Polarization dependence: 0.3 dB in the range 1250 nm -1650 nm 
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Optical Fiber Power Meters 

Two dual channel power meters are used to measure power in the experiments: 

PXIT 306 dual channel fiber optic power meter, and a custom made power meter 

with a dual channel amplifier board and two photodiodes. The PXIT 306 is a high 

performance dual channel power meter compatible with the PXI format. Its two 

channels were independent and high speed data acquisition is possible when used 

in the sequence mode. The power meter was able to measure power level up to      

-70 dBm.  

 

Temperature Controller 

A Thermoelectric cooler (Marlow Industries DT12-8 driven by a temperature 

controller was used for the temperature studies. The Thorlabs ITC 510 Laser 

Diode Current and TEC Controller provide current and temperature control in one 

unit. The instruments provide a maximum laser drive current range of pm1 A, and 

a TEC drive current of up to pm4A (32W). The ITC 510 Current Controller 

exhibits exceptionally low current noise and low temperature drift, making this 

instrument one of the best performing combination controller. The key 

specifications of the TEC controller of ITC 510 are listed below: 

Control range: -4A to -4A 

Maximum output power: 32 W 

Thermistor: 2k/20 K 
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Other Equipment 

Other main equipments used in this thesis were Thorlabs FPC560 manual 

polarization controller, PZT stack AE0505D18, a single channel piezo controller 

MDT694A (Thorlabs), etc. The polarization controller utilizes stress induced 

birefringence to alter the polarization in a single-mode fiber. The loop diameter of 

the paddle was 2.2”. The PZT stack translates the DC voltage of 0 to 100 V into 

displacement of 0 to 19 m.  A single channel piezo controller MDT694A 

(Thorlabs) was used to supply DC voltages from 0 to 100 V.  
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