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SUMMARY

SUMMARY

This thesis studies the periodic structures in graded-index multimode fibers (GRIN
MMF), including fiber Bragg grating (FBG), long period grating (LPG), and periodic
microbend. Their fabrication processes, mode coupling analyses, and applications are

investigated both theoretically and experimentally.

Multimode fiber Bragg grating (MMFBG), written with ultraviolet (UV) light, is
investigated. Mode coupling and reflection spectrum of the MMFBG are studied. The

responses of MMFBG to strain and temperature changes are examined.

It is shown that in LPG formed in GRIN MMF strong mode couplings take place
when the pitch of the grating is equal to a specific value, known as the critical spatial
period of the fiber. LPG in GRIN MMF is fabricated by deforming the geometry of
the fiber periodically with a focused CO,-laser beam. Transmission characteristic
experiments conducted on the LPG confirm the value of critical spatial period. The
responses of the fabricated gratings to the axial strain and the change in the
surrounding refractive index are measured and good sensitivities are achieved. Thus

such MMF LPGs can be used as potential physical and chemical sensors.

A theoretical analysis of the mode coupling effects at a periodic microbend along

a GRIN MMF is presented. By matching the incident and excited mode fields at the

Vi
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microbend, the coupling coefficients among the guided modes at different
microbending conditions are obtained. The theoretical results agree well with the
experimental results from near-field measurements on a GRIN MMF subject to
microbending. The applications of the theory, in explaining the behavior of microbend

based optical fiber devices, are presented.

Based on the microbend theory, a microbend sensor, consisting of a single-mode
fiber lead, a multimode sensing fiber, and a single-mode fiber Bragg grating, is
proposed for simultaneous measurement of a mechanical parameter and temperature.
The sensor is demonstrated experimentally with two demodulation schemes based on
a broadband source and a tunable laser respectively. The sensor extends the capacity
of a conventional microbend sensor and offers many additional advantages, including
higher stability, higher sensitivity, single-end access, and superior multiplexing

capability.

The spectral tuning ability of the MMFBG is exploited for implementation of
wavelength-switchable erbium-doped fiber lasers. Two effective schemes have been
demonstrated. Firstly and interestingly, the combination of a periodic microbend
theory and the MMFBG is proposed to form the wavelength-switchable fiber laser.
Secondly, a spatial excitation and filtering scheme is described to implement the laser.
The wavelength for laser operation can be selected from more than 30 discrete

wavelengths with 0.8-nm spacing over a wide wavelength range.

VII
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CHAPTER | INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1 Overview of periodic structures in SMF

Periodic structures in optical fibers investigated in this thesis fall into three categories:
short period grating (FBG), long period grating (LPG), and periodic microbend. The
operational principles of them are all based on the phase matching of mode coupling.
Formed with a period comparable to the light wavelength, an FBG leads to the mode
coupling between counter-propagating modes, while LPG or periodic microbending
structure introduces co-propagating mode coupling with a relatively large period. The
major difference in the coupling mechanism between an LPG and a periodic
micorbending structure is whether the fiber coating exists along the grating region. In
an LPG cladding modes are able to be effectively coupled with the core modes
without the absorptive fiber coating. But for the microbend structure the cladding
modes are immediately absorbed by the fiber coating, and therefore, ideally no more

cladding power can couple back into fiber core again.

Periodic structures in single-mode fiber (SMF) have been widely investigated
with extensive applications in optical communications and optical fiber sensors [1-4].

SMFs with FBG and LPG, in particular, have opened the door for a variety of optical
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fiber devices that were not previously possible.

In telecommunications, FBG has been incorporated in optical devices simply to
act as a wavelength selective reflector thereby transforming the device into a practical
component with enhanced performance. One example of such applications is the fiber
laser containing an FBG as the wavelength selection element. By using FBGs as
wavelength-selective resonator mirrors and erbium-doped fiber as the gain medium,
such cost-effective all fiber lasers can be constructed. Narrow-linewidth fiber lasers of
this kind are suitable as externally-modulated continuous wave (CW) sources for
gigabit/s transmission experiments [5, 6]. Besides, FBG serves as feedback mirrors in
wavelength-stabilized semiconductor lasers [7], reflectors for double-passing the input
signal in optical amplifications [6, 8], pump reflectors in phase conjugators [9],
isolation filters in bidirectional lightwave transmission [10], filters in wavelength
division multiplexing (WDM) multiplexers or de-multiplexers [11], and dispersion

compensators in transmission [12, 13].

Apart from applications in telecommunications, fiber Bragg grating is recognized
as a simple, intrinsic, and effective sensing element and has all the advantages
normally attributed to fiber sensors [2, 14-16]. In addition, FBG has an inherent self
referencing capability and is easily multiplexed in series along a single fiber. The
basic principle of operation commonly used in a FBG-based sensor system is to

monitor the shift in wavelength. When an FBG is subjected to strain or temperature
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variation, the shift in Bragg wavelength serves as a measure of the environment
parameters. Several FBG sensors with different Bragg wavelengths could be
interrogated by inputting a broadband spectral light thus forming a distributed sensor
network. Besides the sensing applications of a uniform FBG in strain and temperature
measurement, specially structured FBGs are also proposed as sensing elements,
including the chirped FBG and the etched FBG [2] [17], which allows the sensing of

many other parameters.

LPGs in SMF were initially developed for the use as band-rejection filters [18],
since they operates in the transmission mode. LPGs have also been used as
gain-flattening  equalizer for erbium-doped fiber amplifiers (EDFA) in
telecommunication [19]. Most importantly, LPG presents unique potential in optical
fiber sensing applications [20-25]. The center wavelength for the LPG resonance peak
depends critically on the index difference between the core and the cladding, and thus
any index variation caused by strain, temperature, or changes of the surrounding index,
can lead to large shifts in resonance wavelength. Compared with FBG based strain
and temperature sensors, LPG resonance at a given wavelength A can have a very
different sensitivity, depending on the fiber type and grating period. In addition, the
responses of two resonance bands of the same LPG usually differ in magnitude, which

makes LPG particularly useful for multi-parameter sensors [23, 26].

Periodic microbend structure in SMF has been used to form the single-mode fiber
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LPG [3, 27], by considering that it induces the co-propagating mode coupling.
Particularly, periodic microbending is effective in forming the LPG in those fibers that
are not photosensitive or in those cases where the mode coupling efficiency needs to
be tuned. Therefore, periodic microbending was proposed to implement fiber-optic
modal coupler [28] and to form the LPG in the photonic crystal fiber (PCF) [29],
where the conventional UV method is difficult to be used. In comparison with the
applications of periodic microbend in MMF as intensity based mechanical sensors,
SMF with periodic microbends is not widely used for sensing applications, because of

its limited dynamic range [30].

1.2 Motivation

While the characteristics and applications of the periodic structure in SMF are
investigated extensively, to date the only periodic structure in MMF that has been
widely studied and commercialized is the MMF with periodic microbends. Only
recently, grating structures in MMF began to receive attention and several works were

reported on these topics.

In fact, the first MMFBG was reported when the holographic UV method was
proposed for fabricating single-mode FBG [31]. As a matter of fact, MMFBG had
been overlooked due to following reasons. Firstly, it was shown that an MMFBG

displayed multiple transmission dips distributed over a wide wavelength range [31].
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Compared with the absolutely single-wavelength reflection, the downside of the
multiple reflections is that the absolute band rejection is impossible at a given
wavelength. Therefore, MMFBG can not be used as a single-wavelength filter in the
MMF transmission system. Secondly, MMFBG is difficult to be integrated with the
SMF system due to the difficulties and losses at the SMF/MMF connection, which in
a way limits the applications of the MMFBG. On the other hand, the large core of
MMEF allows the efficient coupling with other non-single-mode devices, and thus is
advantageous if the optical sensors are made in MMF. Furthermore, the multiple
reflection peaks or transmission dips in the spectrum of an MMFBG are due to the
reflections to fiber modes, and hence the spectrum could be changed by varying the
modal power distribution [32]. This interesting property allows MMFBG to be used as
tunable filters and leads to novel MMFBG based devices in telecommunication.
Therefore, by considering the current strong interest in the studies and applications of
the FBG in SMF, further studies on the MMFBG and its applications would be highly

useful.

As mentioned previously, LPGs formed in SMF [18] have been studied
extensively over the recent years owing to their many applications in optical
communications and optical fiber sensors. On the other hand, there has been little
work on the study of LPGs fabricated in MMFs [33-35]. The reason is that an MMF
LPG does not produce a useful filter response, i.e., a transmission spectrum that

exhibits distinct rejection or passing bands. Published works on theoretical analyses
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and experimental results are still fairly primitive. This is because the reported MMF
LPG for sensor applications were formed using the UV-irradiation method [33, 34],
and the mode coupling efficiency, which can be offered by a multimode fiber LPG
written by the UV-irradiation method, is likely to be low as the UV irradiation can
change only the refractive index of the fiber core [18, 33]. To get a strong mode
coupling, a periodic change in the geometric structure of the fiber is desired [36].
Recently a CO; laser was proposed as an alternative method of fabricating LPGs and
this has attracted considerable interests [37], which is capable of geometric
deformation along the MMF. To date, CO; laser fabricated MMF LPGs have not been
reported. Therefore, a study on LPGs in MMF, especially the MMF LPG fabricated

using CO; laser irradiation, is desirable, and it could lead to interesting applications.

Periodic microbend structure in MMF has been fruitfully exploited and
commercialized. The application of periodic microbending along an MMF can
introduce significant radiation loss and mode coupling in the fiber. A number of
fiber-optic sensors based on microbending loss have been developed for the
measurement of pressure and displacement [38-41]. While there have been a number
of studies on the bending and microbending effects in an optical fiber [42-47], such
studies concern mainly the calculation of the radiation loss, i.e., the amount of power
that is coupled from the guided modes to the radiation modes. Meanwhile, mode

scramblers and many other kinds of microbend-based devices are commercially
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available [6]. These applications bring forward a need for detailed theoretical analysis

on the mode coupling mechanism in a periodic microbend in MMF.

The conventional microbend sensors [39] use a single MMF as both the sensor
lead and the sensing element and, therefore, may suffer from instability caused by the
fluctuations in the modal distribution in the MMF lead. The problem had been solved
recently by using SMFs as the input and output leads of the sensor [48]. While the use
of SMF leads reduces the output power of the sensor, it can provide higher sensitivity
and better stability [48]. In this thesis, configurations and potential applications of this
kind of microbend sensors will be investigated, because such microbend sensors,
using SMF leads at both the input and output, offer many advantages over the

conventional microbend sensors.

The mechanism of periodic microbending also shows that the micobending can
change the modal power distribution in an MMF. Therefore, the reflection spectrum of
an MMFBG can be tuned by providing microbending at the MMF input, and the
combination of the microbending and MMFBG is possible to achieve tunable filters
that allow the implementations of new photonic devices. Such applications are fully

worth considering.
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1.3 Objectives

The main objective of this thesis is to study both characteristics and applications of

the periodic structure in GRIN MMF. The reason for choosing GRIN MMF is that

such fibers are commercially available and have been widely adopted in optical
communication systems. This approach, however, can be extended to any other kind
of MMFs. The goals of this work include:

1) To study the spectral characteristics of the MMFBG. In particular, the uniform
MMFBQG as any other special FBG designs can be derived from this basic form.

2) To verify the potential applications of MMFBG in sensing and telecommunication,
where the study is focused on the spectrum-tuning ability of an MMFBG.

3) To investigate the mode-coupling mechanism in a MMF LPG The LPG fabricated,
using CO; laser irradiation, will be examined.

4) To study the sensing applications of CO, laser formed LPG in MMF.

5) To develop a microbend-induced mode coupling theory for the guided mode
coupling in an MMF that has been subjected to microbending. It would be able to
quantify the working principles of microbend based mode scramblers, the mode
converters and microbend sensors.

6) To design new microbend MMF sensors with SMF leads at both the input and

output.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 1 INTRODUCTION

1.4 Major contributions

A theoretical study on the mode coupling mechanism is presented for the LPG in
GRIN MMF. The coupling among co-propagating core modes in a GRIN MMF is
found to be wavelength-independent, and therefore does not produce distinct rejection
or passing bands. Strong mode couplings take place in the LPG when the pitch of the
grating is selected as the critical spatial period of the fiber. An analytical equation is
obtained to predict the critical spatial period. The validity of theory is confirmed by

experiments.

MMF LPGs fabricated with a CO, laser are proposed and demonstrated. The
grating is formed by exposing a GRIN MMF to a COs-laser beam point by point
along the fiber. The laser beam is intense enough to deform the fiber locally resulting
in a periodic variation in the fiber diameter (i.e., a periodic taper). The effects of the
pitch, the degree of deformation, and the number of periods on the transmission of the
grating are measured and discussed. To demonstrate the potential of the grating as an
effective physical or chemical sensor, the responses of the grating to axial strain and

surrounding refractive index are presented.

A theory to describe the microbend-induced mode coupling in a GRIN MMF is
developed. While existing theoretical studies focus on the transmission power loss of
a microbent MMF, the theory here is mainly dealing with the microbend induce core

mode coupling. By matching the incident and excited mode fields at the microbend,
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the coupling coefficients among the guided modes at different microbending
conditions are obtained. The theory suggests that the fundamental mode is selectively
coupled to a high-order mode, whose order is determined by the degree of
microbending. Near-field measurement results for a GRIN MMF subjected to
microbending and the reflection spectra of an FBG in a GRIN MMF at different
microbending conditions are presented to verify the theory. The usefulness of the
theory is demonstrated with applications in predicting the performance of microbend
sensors, quantifying the function of mode scramblers in the form of a periodic
microbend, and explaining the operational principle of the microbend based mode

converter.

Based on the microbending theory developed, a compact microbend sensor,
operating in the reflection mode, for simultaneous measurement of a mechanical
parameter and the temperature is proposed. The sensor is composed of a single-mode
fiber lead, a multimode sensing fiber, and an SMF Bragg grating, where microbending
is applied to the MMF for mechanical-parameter measurement and the grating
provides an additional signal for temperature measurement. The sensor is
demonstrated experimentally with two demodulation schemes based on a broadband
source and a tunable laser respectively. The sensor extends the capacity of a
conventional microbend sensor and offers many additional advantages, including
higher stability, higher sensitivity, single-end access, and superior multiplexing

capability.
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The spectral characteristics of MMFBG are studied, including the phase matching
of mode coupling, the locating of reflection wavelengths, the spacing of neighboring
reflections, and the tuning of the spectrum. The application of MMFBG for
implementing wavelength-switchable EDFLs is proposed. Two wavelength switching
schemes are developed. The first scheme is realized by taking advantage of the
combination of microbend-induced mode coupling theory developed and the
properties of an MMFBG. The other is accomplished by varying the alignment
position of an SMF against an MMFBG to achieve selective mode excitation and
filtering. Stable single-wavelength lasing is accomplished over a wide wavelength

range with various switchable discrete lasing lines.

1.5 Organization

This thesis is organized into 7 Chapters.

Chapter 1 is an introduction to the motivations, objectives, and major contributions of

this work presented in the thesis.

Chapter 2 provides an overview of the periodic structures in GRIN MMF, including

fundamental theories, basic concepts, and literature reviews.

11
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Chapter 3 is about FBGs in GRIN MMF, where the grating properties and responses

to strain and temperature are included.

Chapter 4 presents a study on the LPGs in GRIN MMF, addressing grating

characterizations and potential sensing applications.

Chapter 5 mainly deals with the periodic microbend structure in MMF. Firstly, a
theory is developed to study the core mode coupling in an MMF that is subjected to
periodic microbending. Secondly, based on the theory, a sensor consisting of a
microbended MMF and a SMFBG is proposed and demonstrated to enable the

simultaneous measurements of a mechanical parameter and temperature.

Chapter 6 demonstrates the applications of MMFBG in erbium-doped fiber lasers.
Two schemes to implement the MMFBG assisted wavelength switchable fiber lasers

are presented.

Chapter 7 summarizes the current work and suggests the future direction of work in

the area.
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CHAPTER 2

FUNDAMENTAL THEORIES AND
LITERATURE REVIEW

2.1 Overview

This chapter introduces the fundamental theories of the GRIN MMF and mode
coupling analysis, covering basic properties of GRIN MMF, modal behavior, and
coupled-mode theory. The grating formation, the recent interests for periodic

structures in GRIN MMF, and their current applications are also reviewed.

2.2 Graded-index multimode fiber

: Cladding '

Core

I

|

I

I

Neo

|

ncl nc i

(a) (b)

nCO

Fig. 2.1 Index profiles of (a) step-index fiber and (b) parabolic graded-index fiber
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Generally optical fibers are classified into two categories, namely, SMFs and MMFs
[49-52]. While SMFs usually have a step-index (SI) profile, among MMFs, two
subcategories, SI MMFs and GRIN MMFs, are characterized depending on its

core-refractive-index profile as shown in Fig. 2.1.

GRIN MMF was first studied in detail by Gloge in 1973 [53]. In Gloge's
approach, WKB method was used to obtain the analytical solutions for a GRIN MMF.
WKB analysis on GRIN MMF is an approximate approach, but it gives fairly accurate

results.

In general, the core refractive index profile of a GRIN MMF is often written as

[53]:

1
n(r) = nw[l—2A(r!a)":|2 for Oera’ @)

n,=n, [l = ZA]% for r>a

where n(r) is the refractive index distribution along the fiber radius direction » from
the axis of the core, n., and n. are the refractive indices of the fiber core at its axis
and cladding respectively, a is the core radius, a is the parameter describing the index

profile, and A is a scale factor describing the scale of profile change and is given as
A=(n’ —-n’)/2n . 2.2)

Obviously, unlike the ST MMF, GRIN MMF has varying core refractive index

that is a function of the radial distance r from the axis of the fiber. The important

14
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advantage of GRIN MMFs is the reduced intermodal dispersion (IMD) effect that
always limits the transmission bit rate and distance. A good example is the parabolic
index distribution (a = 2) that was predicted to nearly equalize the group velocities of
the propagating modes [54]. The reduced IMD in the parabolic GRIN MMF allows it
to be used as high bit rate and long distance transmission medium. Therefore, such
MMFs are commercially available and widely adopted in current optical data
networks. In this thesis, all studies have been conducted on the periodic structures that
have been fabricated in the MMF with a parabolic profile. The GRIN MMFs
henceforth will be referred to as the parabolic profile MMFs. Most approaches and

results in this thesis should be applicable to the applications of ST MMF.

2.3 Vector modes of parabolic-index multimode fiber

The modes in GRIN MMF can be classified into guided modes, leaky modes, and
radiation modes [46]. The following discussions focus exclusively on the guided

modes of a GRIN MMF.

From the Maxwell’s equations (see Appendix A) [49], one may derive the wave

equation

(v? +k2n2(co))( 0. (2.3)

ot
a—
Il
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Each mode is indeed a specific solution of Eq. (2.3). It satisfies the appropriate
boundary conditions and has the property that its spatial distribution does not change

with propagation.

An infinite cladded parabolic refractive-index profile is one of the few profiles
where solutions of the scalar wave equation can be found in a closed analytical form.

These solutions are also applicable to the vector wave equation where the weakly

guiding condition is satisfied [55-57]. Using scalar wave equation solution v/, ,(r)
for radial variation, in the cylindrical coordinates, the transverse components of the

electric and magnetic fields of the modes are given by [55-57]
E." (ra ¢: Z) = (nm}:] )—”2 (:Flﬁr . ﬁf) y I,V;“,(r) ' exp[_i(v¢ + ﬂ;,vz)] ' (24)

H/(r.¢,z)=n,Y,xE|. (2.5)

The scalar modes for a GRIN MMF are given by

1/2 vFl
! 1 4(u-1)! 2r e —r?
=— LY | — — |, 2.6
Vi) wo[ze,(,u~l+v:|:l)!} { W, J ‘"'{ wp e we (26)

with an axial propagation constant

B, ={m R —vE1+20u -1+ 11/ Wi}, @7

o

where wy is the spot size associated with the fundamental mode, which is given as

w; =2allk,n,(24)'"?]. (2.8)
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In the above equations,

" % d"" (exp(—x)-x"*"")
L = .
(1) exp(x)( (#_I)J[ - ] (2.9)
1, v=1
e, = , (2.10)
{2, vl av=1,23,..

, U;, and u, are unit vectors in the r, ¢, and z directions of the cylindrical

=

coordinates, Ypis the intrinsic admittance of free space, kyis the wave number in free
space, d( )/d( ) denotes the differential operation, and i = 1, 2 corresponds to the upper
(-) and lower (+) signs in the above equations. The coefficient (ng}’g,)"f2 is used to

normalize the power in the g, v mode to unity.

Transverse modes guided in an optical fiber can be classified into TE (Transverse
Electric) modes, TM (Transverse Magnetic) modes, and Hybrid modes [52, 58]. TE
modes have no electric field in the direction of propagation; TM modes have no
magnetic ﬁeld in the direction of propagation; and Hybrid modes are those which
have both electric and magnetic field components in the direction of propagation. The
Hybrid modes can be expressed as HE and EH or HG modes. In the set of HE modes,
their axial magnetic field (H.) makes a greater contribution than electric field (£.). In
the other set (EH modes), it is the axial electric field (E.) that makes the greater

contribution. In those cases where the symmetry of the optical resonator is restricted
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by polarizing elements, transverse modes with rectangular symmetry are formed,

which are given as HG modes.

Assuming that the E, component is symmetrical about some axis in the fiber input
plane through the fiber center, the imaginary part of the azimuthal variation is used to

get the HE modes (i = 1):

E, = +(n,Y,) "y, (r)cos(v$)exp(-if3, ,2). (2.11a)
E,=—(n,Y,) "y, (r)sin(v$)exp(-i3,,,2), (2.11b)
H, ==(nY,)"" v, (r)sin(vg)exp(~if3, 2), (2.11¢)
H,=-(nY,)""y, ,(r)cos(vg)exp(~if3, ). (2.11d)

For the EH modes (i = 2), a similar set of expressions is also obtained with an
interchange of the signs of Egs. (2.11a) and (2.11d). In the case where E, components
have an anti-symmetrical part, a similar set of field functions is obtained with

cos(vg) replaced by sin(v@) and sin(vg) replaced by cos(vg) .

In practice, maximum importance will be given to the linearly polarized modes.
Specifically for x-polarized modes, the fields are
E,.r,0,2)=%E, . .(r.$,2)
=(n,Yyw;) "y, (r) cos(vg)exp(-if, z), (2.12)

H,,(r.$.2)=n,Y,E (2.13)

Xy *
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As the scalar modes mentioned above are expressed in terms of
Gaussian-Laguerre functions, such modes are named as Gaussian-Laguerre modes

(HE modes). Fig. 2.2 shows the general HE mode patterns [59]

Fig. 2.2 General HE mode patterns [59]

In the Cartesian coordinates, usually the Gaussian-Hermite function are used to
express the scalar modes, and therefore one may get the scalar modal fields of

Gaussian-Hermite modes (HG modes) as follows [57, 60, 61]

vty gy | N2%) L (V2
W (%3,2) = (w227 plg!] H[ H,| =2

W, W,
-exp[-(x* + y*)/ w,’ lexp(-iB, ,2) , (2.14)
with a propagation constant
{ﬁp,q ={n g ~22p+29+2)/ w3} @.15)
p,g=0,12,...

where H,(x) denotes the n™ Hermite polynomial.
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Fig. 2.3 shows the general patterns of HG modes [59]

Fig. 2.3 General patterns of HG modes [59]

From the WKB analysis [53], the total number of modes N for a parabolic GRIN

MMF is given as

=N (2.16)

co

N= lazknzn
2
and k is the propagation vector in free space, having the form

k== 2.17)

Each mode can be also specified by a pair of numbers (g, v) for HE modes or (p,

q) for HG modes, which are obtained by counting the number of radial and azimuthal

20



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 2 FUNDAMENTAL THEORIES AND LITERATURE REVIEW

(x-axis and y-axis for HG modes) nodal surfaces in the field intensities of that mode,
respectively. The important definition of the principal mode is obtained here. An
approximate set of degeneracies exists among the propagation constants of the guided

modes, and in such case, f depends only on a principal mode number m [42].

If the interest is restricted to mode groups that are sets of mode functions having
the same axial propagation constant f, each Gaussian-Hermite mode function of a
mode group m can be expressed as a linear combination of the Gaussian-Laguerre
mode functions of the same group m (having the same propagation constant). This
means that the power distribution among different mode groups is the same whether

Gaussian-Hermite or Gaussian-Laguerre mode functions are used.

Therefore, for HE modes

m=2y+v—2, (218)

and for HG modes

m=p+q+1. (2.19)

The m™ mode group of approximately degenerate modes consists of the 2(m+1)

modes. The total number of principal mode groups M is found as

M=+N = ‘/3—‘3 akn,, . (2.20)

Based on WKB anlysis, the spectrum of the propagation constant S, of principal

21
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mode group m can be approximated by

B, =n k{1-28[m/ M)} (2.21)

2.4 Review of coupled-mode theory

The theory of mode coupling in light waveguides had been studied extensively in the
late 60s and early 70s [42, 46, 62, 63]. The coupled mode theory governing the mode

coupling in optical waveguides, in particular GRIN MMFs, is reviewed here.

Assuming that the magnetic properties of the material are those of vacuum, the
Maxwell’s equations (Appendix A) for a dielectric medium with an arbitrary index

distribution

n=n(x,y,z), (2.22)

are
Vx H =iwen’E , (2.23)
VxE =—iwuH . (2.24)

The operator V and the fields can be decomposed into its transverse and

longitudinal components:

V=V, +é, 3, (2.25)
"0z

E=E +E,, (2.26)

H=H+H.. (2:27)
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Bearing in mind that

e, x ok, =0, (2.28)
oz

e, x oH, =0. (2.29)
oz

Therefore, the curl of the field vectors can now be expressed by its transverse and

longitudinal parts:

(VxE), =V, xE, +é, x%, (2.30)
0z
(VxE),=V,xE,, (2.31)
and
(Vxﬁ),=V,xI—?,+é‘zxaH’ ; (2.32)
= 0z
(VxH),=V,xH,. (2.33)

Eqgs. (2.31) and (2.33) can be applied into Egs. (2.23) and (2.24) to obtain the z

components of Maxwell’s equations, which are written as

E, =(1/iwen’)V,x H,, (2.34)

H_ =—(/iou,)V,xE,. (2.35)
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By using Egs. (2.23), (2.24), (2.30) and (2.31) and replacing E. and H. with
the help of Egs. (2.34) and (2.35), the transverse parts of Maxwell’s equations can be

regrouped and expressed as

~(Viow,)V, xE,(V,x E, )4{@; x a;:', J: ive,n’E, (2.36)
. 2 =1.(5 _OF T
o) Y t t z - (1 i :
(1/iwe, )V x[(un )V xH]J{e X J* iou,H (2.37)
0z

As mentioned before, modes are characterized by their z dependence of

f(2)=e". (2.38)

The ideal waveguide is defined by a refractive index distribution that is

independent of z

ny =ny(x,3) . (2.39)

The modes must also satisfy Maxwell’s equations with » replaced by ny.
Therefore, from Eqgs. (2.36) and (2.37), the following equations are obtained for the
transverse electric and magnetic field vectors of the ideal normal modes:

~(1/iep,)V, x(VI X E-’p, )—iﬁp (é’z X I?p, ) = iweonjbzfp, ; (2.40)

and

(1 i00e,)V, x| (1), x 1, |~iB, (€. % By ) = —iom T, (2:41)
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where subscript p is a shorthand notation for the total number of subscripts used to

label all the modes, which include guided modes and radiation modes, and E’ » OF

H , are the transverse electric or magnetic field vectors for mode p.
By considering that the guided and radiation modes of an ideal waveguide form a
complete orthogonal set, the solutions to Egs. (2.36) and (2.37) in terms of mode field

solutions of Eqs. (2.40) and (2.41) can be expanded as follows:

N

E=)akE,, (2.42)
P

H=)bH,, (2.43)
P

where a, and b, are the amplitude coefficients. It should be noted that the summation
symbol indicates both the sum over guided modes that are discrete and the sum and
integral over radiation modes that have a combination of discrete and continuous

propagation constants spectrum. The factor (¢7#) is not included in mode field

expressions E, and H, . Also worth mentioning is the fact that the same
amplitude coefficient is used for both the x and y components of the field vector
expansion. This is justified by the fact that each mode must behave as an entity, and
all field components of each mode must change at the same rate. Indeed, the
amplitude coefficients for the electric and magnetic fields of the same mode are the

same. By substituting the field expansions Eqs.(2.42) and (2.43) into the Maxwell’s

Eqgs. (2.36) and (2.37) and using the mode Egs. (2.40) and (2.41), it yields

Z[(dbpf*dzﬂﬁpap)(é__ x f?ﬂ)—ia)uso(nz —ng)ajp,] =0, (244

P

25



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 2 FUNDAMENTAL THEORIES AND LITERATURE REVIEW

Z{(dap Jdz+if,b,)(E.x E, ) +(1/ iwye,)8,V, x[(n—z -n)(v, A, ]]} = 0.(2.45)

P

The scalar product of Eq. (2.44) with Ep‘ and Eq. (2.45) with I?p, can be
obtained, by using the orthogonality relation

[ [ -(5}, x H,, ixdy =25, B,P5,, 1|8, (2.46)

It is important to note that the longitudinal parts of the vectors do not contribute
to the left-hand side of the above expression. The symbol J,, indicates Kronecker’s
delta expression for discrete indices p and o. It stands for Dirac’s delta function if
both p and o are labels of continuum modes and is zero if one of the labels indicates a
guided mode while the other indicates a mode of the continuum. P is a real and
positive quantity. The factor s,is always 1 for guided modes and radiation modes with
real propagation constants. But for evanescent continuum modes with imaginary
value of propagation constants, in order to keep P positive, s, = 1 is required. After

integration over the infinite cross section, with the help of Eq. (2.46), it yields

(db, /dz)+if,a,=2> K _a,, (2.47)
(da,dz)+if,b, = 2pr?ﬂpbp, (2.48)
’
where
K, ={_ﬂ|£“—| [ [ (v -m)E,, E,dxdy, (2.49)
is, P p,
k, = ﬁ 'ﬁz‘ [ [ &, >{(n—2 1)V, x I-j'p‘]drdy . (2.50)
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By substituting Eq. (2.34) into Eq. (2.50), we get the transformation

E o D& |t5| n
k= A [:[1 ~n2)E,, -, dxdy . 2.51)

Because in terms of z dependence, the wave travels either in positive or in

negative z direction, one can introduce the transformation

a, =a" +a?’, (2.52)
and
b, =a-a?, (2.53)
where
a =cl" exp(-ip, z) (2.54)

represents a wave traveling in positive z direction, and

-)
aO'

=c exp(if,z) (2.55)
is a wave traveling in negative z direction. Substitution of Egs. (2.52) and (2.53) into
Egs. (2.47) and (2.48) results in
(da$? 1dz)+iB,a - | (dal) 1d2)-if,a | =23 K, (a5 +a), (2.56)
)

(da$? 1dz)+iB,a ~[ (dal 1 dz)-i,al | =23 K, (a -af?). (2.57)
fe)

Addition and subtraction of these two equations finally yields the following

system of coupled wave equations:

i nd LR FOL), o
w18 ST EE), e

with the coupling coefficients
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Kfrg”) = Eap +qi?ap

g R [,Igﬂ! BB+t L’ir Egr. E‘”’}rdy (2.60)
fS

p and q are (+) or (-) if they appear as superscripts or +1 and -1 as factors. In Eq.

(2.60), the following definitions are used

A =B, (2.61)
By ==P,, (2.62)
ES)=EW=E,_, (2.63)
EQ=-EY=-F . (2.64)

Usually, for perturbation solutions of the coupled wave equations, it is more
convenient to introduce slowly varying mode amplitudes. In the absence of coupling,

the amplitude coefficients ¢.” and ¢!’ in Egs. (2.54) and (2.55) are actually

constants. Therefore, the final form of coupled wave equations is

dc;+’fdz=z{1<<“’ Cexpli(B,-8,)z]+ K57 expi(B, + 8, )z]}, (2.65)
dcg"‘fdz=Z{K( +) (+)exp[ (ﬁ +ﬁ) :|+K‘ c expl: (ﬁa—ﬂp)z]}. (2.66)

2.5 Phase matching of mode coupling

Based on the coupled-mode theory reviewed in Section 2.4, the generalized concept
of phase matching of mode coupling for periodic structures in GRIN MMF are to be

determined in this section.

28



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 2 FUNDAMENTAL THEORIES AND LITERATURE REVIEW
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Fig. 2.4 Model for a periodic structure in a GRIN MMF

Fig. 2.4 shows a model of an arbitrary periodic structure in a GRIN MMF, where
A is the period, L denotes the length of perturbation, N defines the total number of
periods, D is the diameter of the fiber (excluding jacket), and ny,, is the surrounding
refractive index. The periodic structure is assumed to be formed by either index
modulation or geometric perturbation, appearing as the alternation of different color

sections in the fiber core in Fig. 2.4.

Two assumptions are made in the model. Firstly, the departure of the waveguide
from perfect geometry is either slight or at least low, so that the change of the slowly
varying field amplitudes, which is caused by the perturbations, is very slow compared
to the wavelength or the correlation length. Secondly, the coefficient ¢!* of the

incident mode is large compared to all other amplitudes, which yields

>> ™)

rd

(2.67)

*)
CJ'

with p#j.
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The second assumption allows one to neglect all amplitude coefficients on the

(+)
J

right-hand side of Egs. (2.65) and (2.66). The first assumption allows one to treat ¢
as approximately constant over a relatively short distance. By integrating Eqgs. (2.65)
and (2.66), the approximate solutions are obtained

c(2) =) [ K @yexp|i(B, - B, )u | du, (2.68)
and

e D)=LD) Jj K (u)exp I:—i (ﬁa +p, )u] du , (2.69)
with the initial conditions

ety (e=0) oy, (2.70)

and

=0, (z=1). @2.71)

A general feature of the coupling coefficient (2.60) is that it can always be
expressed as [62]

Ka(dy= K, - f(5) s 2.72)
with constant IE’dp determined by the mode field vectors and the parameters of the
waveguide including geometrical parameters and the refractive indices. The function
M(z) describes the actual z dependence of the index perturbation or a deformed circular

fiber core boundary. Therefore, Eqs (2.68) and (2.69) can be written in the form

c$”(0)=VLc " (O)F (B, - B, )K,,. 2.73)
and
c$(0)=—VLeV (O F (B, + B,)K,,. (2.74)
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where the Fourier transform of the deformation function f{z) can be given as

F(,-8,)=VL" [ f(z)exp[~i(B, - B,)z]dz. (2.75)

This form of the perturbation solution brings out an important point. The mode
amplitudes, c'”, are proportional to the Fourier transform of the deformation

function f{z) taken at the difference in the propagation constants of the incident and

the excited modes.

Note that, although this result is derived with the weak perturbation assumption,
the guided mode coupling in a GRIN MMF dose not rely on the assumption that the
amplitude of the incident wave remains unchanged [64]. A very important conclusion
can be drawn from Eqgs. (2.73) to (2.75): for a GRIN MMF’s distortion of length L,

two modes p and q are strongly coupled when F(Af,,) is maximized.

The condition at which two modes p and ¢ are most strongly coupled is the phase
matching of mode coupling between these two modes. Considering f{z) is periodically
deformed with the period A, based on Egs. (2.73) to (2.75) we obtain the phase
matching conditions for co-propagation modes as

BY-B =B, =, 2.76)
and counter-propagation modes as

o 2
ﬁ;}—ﬂ; }=ﬁp+ﬂq=%- 2.7
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2.6 Formation of periodic structures in GRIN MMF

The periodic structure in a GRIN MMF can be formed by either of index modulation
or the geometrical deformation, both of which are capable of realizing the phase
matching of mode coupling. The state-of-art techniques to form the periodic structures
in fibers include ultraviolet (UV) irradiation, CO; laser irradiation, and microbending.
Based on the photosensitivity of the optical fiber, sufficient UV irradiation is able to
induce permanent index change in the fiber to form a periodic index modulation. The
UV methods are capable of forming the FBG and LPG in fibers. It has been recently
proposed to use a CO, laser for fabricating LPGs, where the grating structure is
formed by either index changes or geometrical deformations. Periodic microbending
is achieved with the microbend deformer that can be tuned to different mode coupling
states. In this section, the fabrication techniques for periodic structures in the fiber are

reviewed.

2.6.1 Photosensitivity and photo-induced grating

The initial observation of photosensitivity in germanium doped fibers was made in
1978 by Hills et. al [65], showing a refractive-index change in the core was induced
to produce a permanent grating. Photosensitivity refers to a permanent change in
refractive index or opacity induced by exposure to light radiation with the internal

field playing an insignificant role [66].
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There are two basic methods for creating the photo-induced gratings in optical
fibers. One is the internal writing of the grating, which is a holographic process using
launched coherent bound modes that couple and modify the refractive index of the
waveguide core. Proposed by Lam and Garside in 1981, the first grating was
produced by launching the 488 nm wavelength of an argon-ion laser into the fiber
[67]. The second method is the external writing technique that uses a transverse
exposure of an interference pattern formed from two UV light beams on the side of
the fiber [31]. The external technique that has been widely used today is flexible

enough so that one can choose the resonant reflection wavelength.

The external holographic setup adopted in [31] is shown in Fig. 2.5. The
ultra-violet (UV) laser beam is split into two paths and then reflected using two

mirrors where the angle between the two converging beams can be controlled.

Great care must be taken in this experiment setup, which is true for many kind of
interferometric setup, because of the short coherence length of many UV sources. For
example, excimer lasers, the most widely used source for writing the fiber gratings,
typically have a coherence length of the order of 1 mm. Therefore, the beam path
difference has to be carefully adjusted. In addition, the interference pattern can be
affected by the airflow and mechanical vibrations in the environments. Thus the

fringe pattern may change over time.
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Fig. 2.5 Meltz’s holographic fiber grating fabrication setup

Sacrificing the flexibility of the wavelength selection, the external phase mask
technique, relaxes these stringent setup requirements, which exposes a spatially
modulated phase mask at normal incidence with a KrF excimer laser at 249 nm. The
diffracted light from the mask, forms a pattern that photoimprints a modulated

refractive index into the core of a photosensitive fiber that is parallel to the mask [68].
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Fig. 2.6 Schematic diagram of the phase mask method

Fig. 2.6 shows the external phase mask technique for photo-imprinting the Bragg
grating. The profile of the phase mask is chosen to produce a near-field fringe pattern
that suppresses the zero order diffracted beam (< 3 %) and maximizes the diffracted

plus and minus first-order beams [66].

Besides, standard optical fiber for FBG fabrication has to be hydrogen loaded
prior to UV irradiation, and also to be thermal annealed post to UV irradiation.
Usually the core of the standard optical fiber is doped with germanium in order to
raise the index above that of pure silica in the cladding region. The germanium also
creates a quantity of GeO (germanium monoxide) which creates oxygen deficient
centers when exposed to UV radiation. These defects cause a rise in the refractive

index. In general, this process is slow and depends on the intensity of the UV source.
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By loading the optical fiber with hydrogen, the process can be speeded up by inducing
a second photosensitive effect. The introduction of hydrogen into the core allows
the UV radiation to create Si-OH which increases the refractive index of the core.
These two effects together ensure the periodic variation of the refractive index in the
core region. The reason that annealing is necessary is that due to the influx of
hydrogen, the average refractive index of the Bragg grating is slightly elevated. The
residual hydrogen in the fiber will leak out eventually, and therefore the refractive
index will decrease causing a shift in the Bragg wavelength. To prevent this from
happening during testing, the gratings require thermal annealing after fabrication.
Usually, the annealing process is capable of stabilizing the Bragg wavelength for

many years.

The UV method based on photosensitivity can be used for the fabrications of both

short-period gratings (FBGs) and LPGs.

2.6.2 CO; laser method

Davis et. al. in 1998 first proposed the use of CO; laser (10.64 ym) to form LPG in
optical fiber [37]. Their approach used the concept that refractive index changes can
be introduced by simple thermal treatment. The CO, laser system to fabricate
long-period gratings using thermal exposure is shown in Fig. 2.7, where the beam

from a low power CO; laser was focused on a plane containing an optical fiber.

36



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 2 FUNDAMENTAL THEORIES AND LITERATURE REVIEW

CO, laser

—Lens

beam

Fiber under fabrication <K>

Fig. 2.7 CO; laser based grating fabrication system

The CO; output simply serves to increase the temperature of the fiber and hence
index changes are produced due to residual stress relaxation in the core of the optical
fiber [37, 69]. The mechanical stress can be fully relaxed by CO; laser irradiation and
the remaining stress in the core is the thermal stress that is due to a mismatch of the

thermal expansion coefficients of the fiber core and cladding [69].

The above mentioned residual stress relaxation induced refractive index change is
achieved when the CO; laser operates at a low power level. By heating the fiber with
higher power and longer duration using the CO; laser irradiation, the focused beam,
however, will lead to the taper structure in the fiber. Kakarantzas et. al reported the

LPG formed with periodic tapering structures using CO, laser method [70]. For the
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grating consisting of periodic tapers, the mode coupling along the grating region is

mainly caused by the geometrical deformation rather than index modulation.

Although CO, laser grating fabrication systems in the current stage is only
suitable for gratings with longer periods, the use of cheap CO, lasers without resorting
to UV-based lasers and amplitude masks is expected to drastically reduce the cost of
manufacturing gratings. The process can also be used to manufacture a number of
gratings on many fibers simultaneously by scanning the focused CO, laser beam

across the fibers.

2.6.3 Periodic microbending

Unlike refractive index modulations or geometrical changes induced by UV or CO,
laser irradiations in the optical fiber, periodic microbending formed in the optical
fiber is designed with tunable mode coupling efficiency. Microbending, in the
simplest term, is the mechanical perturbation of a multimode fiber waveguide and
causes a redistribution of light power among the many modes in the fiber. The

periodic microbending can be formed by a number of microbends.

The most widely used method to enhance periodic microbending effect is to

squeeze the fiber between a set of corrugated plates called deformer plates or tooth

blocks [71]. The configuration is shown in Fig. 2.8. The varying of applied force leads
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to the separation between the tooth blocks changes, and therefore the sinusoidal
amplitude of the clamped fiber changes accordingly. This allows the flexible tuning of

the coupling coefficient.

Applied force

Input light To detector

Fig. 2.8 Periodic microbending of the optical fiber achieved with deformer plates

In 1987, Oscroft described a microbend structure that is illustrated in Fig. 2.9 [72].
The periodic microbending is realized by a spiral deformer such as a stiff spring,
where the period of the spiral is A. Such spiral deformer based periodic microbend

was the first microbend deformer used commercially [40].

Spiral

>

Fiber

Fig. 2.9 Diagram of the periodic microbending achieved with spiral deformer
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Electric arcs have also been proposed to produce periodic microbends. Such
techniques have been reported in the fabrications of LPGs by Hwang et. al. in 1999
[3]. According to their report, the fabrication method is very simple and can be
applied to any type of optical fiber including conventional SMFs. The principle of the
electric arc technique is that when a local section of the fiber is heated by application
of an electric arc, the fiber is slightly deformed owing to the lateral stress, creating a
microbend. The amplitude of the microbend can be controlled by the duration of the
arc and is typically less than 1 um. The successive microbends in the optical fiber can
be created without the requirement of the microbend deformer, i. e. by translating the
electrodes according to the grating period and applying electric arcs. The periodic
microbends generated by electric arcs, however, are permanent, which are different
from those produced with the techniques using either tooth blocks or a spiral

deformer.

The techniques to form periodic structures in the optical fiber, including periodic
microbending, UV and CO; laser irradiation methods, have been reviewed (see, a
comparison among these three techniques in Table 2.1). These techniques are those
employed in this thesis. Other techniques for forming period structures in optical
fibers should also include the femtosecond laser inscription [73-75], the high-energy
ion implantation [35, 76], HF etching [77, 78]. Besides optical fibers, plastic optical
fiber (POF) has found applications in optical sensing. But its application is limited

due to the material properties [79].
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Table 2.1: A comparison among major periodic structure formation techniques

UV Technique CO; Laser Method Periodic Microbend
Fabrication = Using high power  Using high power CO, Using deformers to
ultra-violet laser laser irradiation Generate periodic
irradiation microbending
Mechanism  Based on Based on thermal effects, Based on geometrical
photosensitivity to to induce either index deformation
induce periodic change or geometrical
index modulation  deformation
Applications Capable of Only for LPG Capable of fabricating
fabricating FBG and LPG and periodic
LPG microbending with
tunable coupling
efficiency
Complexity  High Medium Low
Cost Normal Good Good
Effectiveness

2.7 Review of periodic structures in GRIN MMF

We have introduced fundamental theories and basic fabrication techniques for

periodic structures in GRIN MMF. In this section, the development and current

applications of the periodic structures in MMFs (namely, MMFBGs, MMF LPGs, and

MMF with periodic microbending) are reviewed.

2.7.1 Multimode fiber Bragg grating

The FBG (also known as short period grating) in the SMF, induced by UV laser

irradiation, has been extensively investigated since its first demonstration in 1980s
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[31], and its applications have been widely recognized in various fields of optical
communications and optoelectronics devices, including spectral filtering, dispersion

compensation, wavelength tuning, and optical fiber sensing [1].

FBG in the MMF, in fact, has been reported in the paper where the holographic
UV induced single-mode FBG was first presented [31]. The spectrum associated with
the Bragg grating in an MMF shows multiple reflection peaks or transmission dips. In
the early stages, no detailed analyses had been carried out for multimode fiber Bragg
grating (MMFBG). The reason is that such MMFBGs do not produce a single
wavelength reflection with the high reflectivity, and it can not be used as reflectors or
filters in the optical communication systems consisting of SMF. Later in 1994,
Wanser et. al. simulated the spectrum of an MMFBG and proposed its application as a
bending sensor [80]. In 2000, a more detailed work on the MMFBG was reported by
T. Mizunami et. al. [32]. They reported in detail the spectral characteristics of an FBG
written in a GRIN MMF, including the temperature and polarization characteristics,
where a theory of reflection of Bragg gratings in MMF was presented, and the
mechanism of Bragg reflection was discussed. Their work further confirmed the
multiple reflection peaks or transmission dips in an MMFBG spectrum, showing that
the mechanism of the multiple reflections arises due to the grating reflections to

different fiber modes.

MMFBG has already found applications in optical communications. The present
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problem remaining in the single-mode FBG based laser system is the low coupling
efficiency between the SMF and the laser diode. Obviously the MMFBG is
advantageous in coupling with the laser diode owing to large core size of the MMF. In
the FBG-tuned diode lasers, MMFBG were used to replace the single-mode FBG [81,
82]. The applications of the MMFBG in the vertical-cavity surface-emitting lasers
(VCSEL) and external-cavity semiconductor lasers (ECSL) have been demonstrated

experimentally [81, 82].

The use of MMFBG as optical sensors was first proposed by Wanser et. al. [80],
where a distributed sensor network to measure the fiber bend was demonstrated.
MMFBG was also described in measuring strain and temperature [83], by considering
that the MMF has the advantage of easy coupling. These applications, however, are
similar to the sensing applications of single-mode FBGs, so that it does not have

practical advantages over the FBGs in SMFs.

2.7.2 LPG in GRIN MMF

The interest on LPG in the SMFs, normally with the period of hundreds of microns,
have grown rapidly since it was first reported [18]. The applications of SMF LPGs,
have been exploited fruitfully in a number of fields, from optical communications to

optical fiber sensors [19, 20, 84].
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While single-mode LPG attracts enormous interest, LPG in MMF has not been
thoroughly investigated. Only few studies had been carried out in literature for its
sensing applications [33, 34]. Lee er. al. presented a chemical sensor based on the
transmission characteristics of a multimode fiber LPG to measure the Methylene Blue
(MB) dye concentration of the MB solutions [33]. The transmitted intensity of the
MMF LPG was found to decrease linearly with the increase of the logarithmic
concentration of the MB solution. The LPG in MMF was proposed to measure the
refractive index changes [34]. Their experimental results showed that the transmitted
power reduced when the surrounding liquid refractive index increased. Their results,
however, was only in the preliminary stage, and their results did not prove the MMF

LPG’s application as a satisfactory refractive-index sensor.

2.7.3 GRIN MMF with Periodic Microbend

Fibers can be subject to two types of bends: (a) Macrobends: macroscopic bends
having radius that are large compared with the fiber diameter. An example for such
macrobends is the fiber turning at a corner. And (b) Microbends: microscopic bends
having small-scale fluctuations in the radius of curvature of the fiber axis. According
to its forming mechanism, microbends can be classified into random microbends and
periodic microbends. Since bends will lead to radiation loss or bending loss, random
microbends need to be avoided during manufacturing of the fiber and cabling of the

fiber. Periodic microbends, however, can introduce strong mode coupling in an MMF
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as well as significant radiation loss, so that it was proposed and implemented as a kind
of effective optical fiber sensors to measure a number of environment parameters. In a

series of periodic microbends, the radiation loss (bending loss) is dominated.

The principle of microbend sensors is similar to the physical mechanism that makes
an LPG to work, as both devices depend on the co-propagation mode coupling. This
similarity has been employed to produce the LPG in an SMF using the periodic
microbend structure [3]. The amount of power coupled from the core modes to the
cladding modes can be detected as a transmission power loss. By monitoring the

variation of transmission power, the sensed parameters can be effectively obtained.

Periodic microbend in an MMF has been used as an optical fiber sensor since the
1980°s [38, 71, 85]. Microbend sensor, as one of the earliest optical sensors,
originated from microbend loss, the very phenomenon that needs to be avoided in the
optical communications [40]. Sensors based on microbend loss in optical fiber was
first proposed and demonstrated in 1980 [85]. Then the early interest in this kind of
sensors was for hydrophone applications [38]. Since that time, with hundreds of
studies appeared in this topic, the microbend sensors have been widely used in the
measurements of different kind of environment parameters. In 1987, Lagakos et. al.
have published an excellent analysis of microbend fiber sensors, presenting very

useful formulas for microbend modeling and design [39].
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Microbend sensor is one kind of the most cost-effective fiber sensor owing to the
intensity based measurement, which can be easily adapted without the requirement of
expensive and elaborate system design. The intensity measurement, however, in a
way limits the resolution and sensitivity of the sensor system. Therefore, the
microbend sensor is not suitable for high sensitivity applications. Another
disadvantage of the microbend sensor is the requirement of the microbend deformer,

which in most cases affects the compact packaging of such devices.

Interestingly, in 1997, a microbend fiber sensor structure using SMF leads was
proposed by Donlagic et al [48, 86]. Such sensors were configured in
SMF-MMF-SMF (SMS) as shown in Fig. 2.10. It has many advantages over
conventional microbend sensors, such as high sensitivity and good modal stability
[86]. Therefore such SMS structures allow the use of shorter microbend deformer to
achieve the same sensitivity as the conventional microbend sensors. The disadvantage

of the SMS sensor structure is the extra power loss at the MMF to SMF splicing point.

| Applied fqrce
N

Input light To detector
— >

- SMF

Fig. 2.10 SMS microbend sensor structure
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Other applications using the periodic microbend in MMF have also been
proposed. The use of a permanently microbent MMF as a chemical sensor was
reported by Lee er. al. [87], demonstrating the usefulness of a permanently microbent
fiber in measuring the properties of surrounding materials. Apart from good intensity
based sensors, microbent fibers have found applications as mode converters and mode
scramblers [28], appearing as commercialized products widely available in the

market.

Obviously, the study on periodic structures in GRIN MMF still remains in early
stages, especially for FBG and LPG in GRIN MMF. In Table 2.2, the estimated
number of current available publications for this particular area is given to our
knowledge, while that for periodic structures in SMF is also presented for

comparison.

Table 2.2: Total number of publications for different areas

FBG LPG Periodic Microbend
In SMF Hundreds of Hundreds of <20
In MMF <15 <5 > 100
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CHAPTER 3

BRAGG GRATING IN GRADED-INDEX
MULTIMODE FIBER

3.1 Overview

FBGs or short-period fiber gratings written in SMFs have been extensively studied
since 1990s with fruitful applications in optical communications and optical fiber
sensors, FBG in multimode fiber (MMF) began to attract attention only in recent

years.

This chapter is dedicated to the discussions on fabrication, analysis and
characterization of FBG in GRIN MMF. The fabrication and characteristics of the
MMFBG are described. In the experiment, MMFBG is produced by UV laser
irradiation using the phase mask technique. The MMFBG spectrum and the spectral
evolution at different mode excitation condition are examined theoretically and
experimentally. Besides, the response of an MMFBG to temperature and strain are

demonstrated.
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3.2 Fabrication

The phase mask technique is used to fabricate the MMFBGs. The setup for the FBG
fabrication system is shown in Fig. 3.1. The high power UV light is generated by a
frequency doubled Argon laser at the wavelength of 244 nm, which is directed to the
grating under fabrication via an acoustic optic modulator (AOM) and a series of UV
mirrors. The function of the AOM is to modulate the UV light into a series of pulses.
Each of the pulses corresponds to one exposure of UV light on the fiber, and leads to
the formation of hundreds of pitches in the fiber under fabrication. Focused beam
reaching the phase mask generates fringe patterns that lead to grating structure in the
fiber. The grating under fabrication is fixed on a motion-controlled stage having the
resolution of 2 nm, and thus can be controlled to motion along its z-axis. The slowly
moving fiber is translated along the pulsed interface fringes in synchrony with pulses.
The technique with a moving fiber and a fixed phase mask during the fabrication is
known as scanning fiber technique, which allows a flexible grating length by moving
the fiber along its axis. The phase mask can be tilted with a small angle to form the
tilted fiber grating by tuning a goniometer with the resolution of 0.1°. Therefore the
grating length is not limited by the length of phase mask. During fabrication, the
transmission spectrum of the grating is monitored by a C + L broadband ASE source
(Photonik) and an optical spectrum analyzer (OSA) (ANDO AQ6317B), which

provides the real time information for the FBG under fabrication.
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Fig. 3.1 Phase mask technique based FBG fabrication system [66]

A standard GRIN MMF with a parabolic profile was used to fabricate the FBG,
which has the following parameters: overall core diameter d = 62.5 um, core index n,
=1.477, and cladding index n. = 1.447. The operating wavelength is fixed at A = 1550
nm. This fiber supports 19 principal modes, which is calculated with Eq. (2.20). Prior
to the grating fabrication, the MMF had been hydrogen-loaded under a pressure of
110 bar and a temperature of 80 °C for 7 days. A phase mask with the period of
1058.04nm was used for fabricating the 20mm long MMFBG. A fter the grating
fabrication, annealing at a temperature of 100 °C for 24 hours was performed, which

stabilized the grating performance.

Mode
Scrambler
“ MMFBG
Tunable OSA

Laser Source

Fig. 3.2 Experimental setup for measuring the spectral responses of an MMFBG
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The MMFBG transmission spectra at different modal power distributions were
measured using a tunable laser source (ANDO AQ4321D) and an OSA (ANDO
AQ6317B), as shown in Fig. 3.2. The modal power distribution was modified by
tuning a mode scrambler (Newport) at the input of the MMF. Fig. 3.3 shows the
transmission spectra of the MMFBG measured at different mode excitation

conditions.

The results presented in Fig. 3.3 confirmed that the MMFBG spectrum relies on
the modal power distribution in the MMF. In Fig. 3.3 (a), the tunable laser source has
been launched into the MMF via a center-connected SMF pigtail. With the mode
scrambler remaining in a few-mode excitation state, only few lower order modes were
preferentially excited at the input of the MMF, which correspond to those
transmission dips at longer wavelengths. In the result shown in Fig. 3.3 (b) and (c),
the mode scrambler applied to the MMF was tuned to a medium and a highly mode
excitation states, respectively, resulting in different mode excitations. It can be seen
that, compared to Fig. 3.2 (a), there are many transmission dips associated with

different fiber modes with considerable transmission loss.
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Fig. 3.3 Transmission spectra of a uniform MMFBG for (a) few-mode excitation, (b)
medium-mode excitation, and (c) highly-mode excitation

3.3 Spectral analysis

From the coupled mode theory [62] and the analyses in Section 2.5, it is known that
counter-propagating mode coupling dominates in the presence of short period grating
structures. For a uniform MMFBG, counter-propagating mode coupling takes place
not only between the forward and the reverse waves of an identical core mode but
also between the forward and the reverse waves of core modes in different orders,
where the phase matching condition is given as

BO- B0 =P+ =2, 6.

B is the propagation constant; superscripts (+) and (—) denote the mode traveling in the

(+) and (-) directions along the fiber z-axis; and subscripts » and m refer to mode

53



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 3 BRAGG GRATING IN GRADED-INDEX MULTIMODE FIBER

orders, which could be in either the same or distinct values, describing the forward

and reversed mode coupling between an identical mode or modes in different orders.
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Fig. 3.4 Phase matching of mode coupling in terms of principal modes for a uniform
MMFBG

According to Section 2.4, the core modes guided in the MMF fall into the
category of the principal mode groups corresponding to their respective propagation
constants. Thus in Eq. (3.1), £ is indeed the propagation constant for the principal
mode groups, and therefore is calculated using Eq. (2.21). Fig. 3.4 shows the
propagation constants as a function of the wavelength from 1530 nm to 1565 nm,
which explains spectral response of an MMFBG. Tilted lines are the variations of the
propagation constants with wavelength for principal mode groups that have a discrete

distribution from n = 1 to 19. The horizontal line denotes the grating with the period
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529.02 nm (formed using the 1058.04 nm phase mask). Crosses indicate the
wavelengths where the phase matching conditions are satisfied for the coupling
between the forward and reverse waves of the identical principal mode groups, while
the circles denote the wavelengths where the phase matching conditions are satisfied
for the coupling between the principal mode groups with different orders. Since the
grating period is fixed at 529.02 nm (the horizontal line), all the reflections are
confined in the horizontal line in the figure. The GRIN MMF supports 19 principal
modes at the wavelengths around 1550-nm. Therefore the crosses in the figure show
the wavelengths for phase matching at which the reflections to the identical mode
occur. In the meantime, the reflections of the mode groups in different orders are also
considered, since counter-propagating modes in distinct orders can satisfy the phase
matching condition (Eq. (3.1)) as well. Those reflections of the mode groups with
different orders can be recognized easily in Fig. 3.4, given by open circles. For
simplicity, the reflection wavelengths are expressed in terms of n from the long

wavelength to short wavelength as 4, (n can be one of the numbers from 1 to 37).

Therefore, by considering the reflections taking place for the identical mode and
the modes in different orders separately, the phase matching conditions in an

MMFBG can be given in the form

2ﬁ,,(%,,-.)=3f. (3.2)

2

ﬂn(ﬂ'mm—])-" ﬂm(’ln-rm—l) = T : (33)

35



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 3 BRAGG GRATING IN GRADED-INDEX MULTIMODE FIBER

Now Egs. (3.2) and (3.3) are obtained, and they are very important conclusions
showing every possible phase matching in an MMFBG. Eq. (3.2) is the phase
matching condition for the coupling between the forward and reverse waves of an
arbitrary identical mode, while Eq. (3.3) expresses the phase matching condition for
the mode coupling between the forward and reverse waves of the principal modes
with different orders, where f is given as a function of 4,. Given two principal modes
with orders » and m, the wavelength 4, where the coupling takes place between these
two modes, can be identified easily with the help of Eq. (3.3). And the wavelength
where the mode coupling occurs within an identical mode can be predicted using Eq.

(3.2).

It can be noted that in Fig. 3.4 the excited lowest order mode is much broader
than other modes. The reason is considered as below. Each transmission dip in the
figure corresponds to a principal mode group, which consists of several modes. These
modes in a principal mode group have similar but slightly different propagation
constants. The propagation constants involved in the lowest order principal mode may
have a relatively larger difference than other principal mode groups. Therefore, when
the modes in the lowest principal mode group are excited sufficiently, a relatively

broad spectrum is observed for the first transmission dip.
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The spectra analyses carried out in this section, in particular Egs. (3.2) and (3.3),
find good agreement with the measured transmission spectra shown in Fig. 3.3. In Fig.
3.3 (c), it can be seen that the reflections spread over a wide wavelength range in the
highly mode excitation condition. This is as what was predicted by the theoretical
analyses. It should be also noted that, the wavelengths, where the particular
reflections take place in the measurement, are not exactly the wavelengths that are
shown by the theoretical calculations. The reason is that the reflection wavelength
might be affected by the strain applied on the fiber and environment temperature, and
furthermore the refractive index profile used in the calculation might slightly differ
from the actual profile of the MMF used in the experiment. In Fig. 3.3 (b), the
reflection to the higher-order modes can hardly be observed, as the higher order

modes near cut off will easily transfer their power to cladding modes.

The above analysis is carried out in the 1550nm wavelength region, because such
a region is most commonly used for data transmission. The phase matching of mode
coupling given in Eqgs. (3.2) and (3.3), however, should be applicable to other
wavelength regions. In order to verify this, the calculated propagation constants, as a
function of wavelength at 850-nm region and 1310-nm region, are shown in Fig. 3.5.
The fiber parameters used in the calculations are assumed to be the same as those at
1550-nm region. There are 34 and 22 principal modes for the propagation constants at
850-nm and 1310-nm respectively, which would lead to the 67 and 43 reflections in

the MMFBG spectra including the coupling of forward and reverse waves of an
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identical mode and forward and reverse waves of adjacent modes. It can be seen that
the propagation constants of different principal mode groups are like parallel lines
over a wide wavelength range. The results shown in Fig. 3.5 are similar to the
propagation constants calculated by others [32, 88]. It is because that when the WKB
method is used to calculate mode propagation constants of a GRIN MMF the effect of
material dispersion is neglected and the particular interest is in the intermodal
dispersion. This approximation is valid as the material dispersion is negligible

compared with the intermodal dispersion.

0
L .
E 1.095
=
& 1.09
@
5 1.085]
(2]
& 1.08
(& ]
5 1.075F =
®
& 1.07
(=N
2
0. .0B8 ks s s e S e AR e s T
1.0 i
45 850 855

Wavelength (nm)
(a)

58



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 3 BRAGG GRATING IN GRADED-INDEX MULTIMODE FIBER

N
-
(¢}
—~

il
—

N
o
(5

Propagation Constants (rad/m)

6.8 i i 1 i |
1300 1305 1310 1315 1320 1325 1330
Wavelength (nm)

(b)

Fig. 3.5 Calculated propagation constants of principal modes as a function of
wavelength at (a) 850nm region (n = 1 to 34), and (b) 1310nm region (n =1 to 22).

The wavelength separation between two adjacent reflections can also be
estimated based on the WKB analysis mentioned in Chapter 2, as the reflections are
determined by the propagation constants of the principal mode groups. The
wavelength separation between the reflections of two adjacent principal mode groups

can be given as
A4, ,=2-Ang-A, 34
and the wavelength separation of adjacent reflections is estimated as

Ad="Cmn A A, (3.5)
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where An,z is the difference in effective indices between two adjacent principal mode

groups and is given by

(3.6)

Ap is known as the difference between propagation constants of two adjacent

principal modes, with the analytical expression:

Jz—A g

a

AB = 3.7

With the help of Egs. (3.5)- (3.7), the wavelength separation of two adjacent
reflections is calculated as ~0.84 nm using the GRIN MMF parameters at A = 1550
nm, overall core diameter d = 62.5 um, core index n., = 1.477 and cladding index n.
= 1.447. The calculated figure fits the experimental results very well, which is very

close to the wavelength separation observed in Fig. 3.3.

3.4 Mode Coupling in an MMFBG

To identify the reflection strength in the MMFBG spectrum is a far more complicated
mission than to locate wavelengths for those reflections, as the calculation requires
the understanding of the exact refractive index profile along the MMFBG.

Nevertheless, it is possible to propose a method to analyze the mode coupling in an
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MMFBG, and this section is focused on the derivation of equations for mode coupling

and coupling coefficients in an MMFBG.

From the coupled mode theory reviewed in Chapter 2, the coupling coefficient for

two modes » and m can be given as [89, 90]
Kin(2)=2 [ do [ raras(r. D Ey(r.0)E5 .9, (3.8)

where the superscript ¢ denotes the transverse vector components only, Ae(r.z)
describes the UV-induced index perturbation, which is assumed to be independent of
¢, E is the transverse component of the mode field, w is the angular frequency of
light, and symbol * denotes the conjugation operation. The longitudinal coupling
coefficient K, is neglected here, since it is generally 2-4 orders of magnitude smaller

than K, .

Eq. (3.8) suggests that the calculation of coupling coefficient K requires the
understanding of the index profiles of the fiber after UV irradiation. It is reasonable to
assume that the UV-induced grating only exists in the fiber core, changing the core

index to n..(r, z) but leaving the cladding index unchanged.

Unlike the SMF subjected to UV irradiation, the UV-induced index change in an
MMF includes two major perturbations, namely the index change along fiber axis and
the index change in fiber radial direction. The latter one is usually neglected in the

case when SMF is considered.
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A. Axial perturbation

In the analysis here, it is assumed that when an FBG is induced in MMF, it exists only
in the fiber core, changing the core index ton,(r,z), and leaving the cladding index
unchanged. The axial index perturbation of an MMFBG, which is similar to the FBG

in SMF, can be given as follows [89, 90]:

n,(r.z)=n_(r){l+o(z)[1 +mcos(2% 2)]}. (3.9

Here n.,(r) is the unperturbed core index, A is the grating period, m is the
induced-index fringe modulation, where 0 < m < 1, and o(2) is the slowly varying
envelope of the grating. Thus the peak induced index change is a(z)n.,(r)(1+m), while
the minimum index change is a(z)n.(r)(1-m). The product o(z)n.,(r) describes the
profile of dc induced index change, averaged over a grating period. Essentially,
a(z)n.(r) can be arbitrarily shaped, such as the uniform distribution or the Gaussian
distribution. For the Gaussian grating,

o‘(z)=a‘exp(—4ln2(zsz2)), (3.10)

where w is the full width a half-maximum (FWHM) of the grating profile.
Fig. 3.6 is an illustration of the axial index perturbation (Gaussian distribution)

for an MMFBG at r = 0, where the grating period relative to the length w has been

exaggerated for clarity.
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n,(z)

Fig. 3.6 Axial index perturbation at (» = 0) with a Gaussian distribution for the
MMFBG (The grating period (A) relative to the grating width (w) has been
exaggerated for clarity)

B. Radial perturbation
In an optical fiber, the guided modes form an orthogonal set and any overlapping
integral between two modes has zero value. Hence the radial perturbation is essential

for the mode coupling taking place between modes in different orders.

The existence of radial perturbation along the grating region (which is whether
the refractive-index index change of the MMFBG along the cross section of the MMF
is homogeneous or inhomogeneous) was confirmed by experimental results, since the
mode coupling between the counter-propagating modes with different orders was
observable and had significant efficiency in the reflection spectra shown in Fig. 3.3.

This should be the results of varying Germanium concentrations on the radial
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direction of GRIN MMF. The radial index perturbation, however, is a much more
complicated problem than the axial perturbation, as it is distributed non-uniformly and
always depends on both fiber properties and grating fabrication technique. Therefore,
to find the exact radial perturbed index profile can be recommended for future work

of this thesis.

The general coupled-mode equations that describe changes in the forward and
reverse amplitudes of a mode m that results from the presence of other modes have
been given in Chapter 2. As the FBG only induces the counter-propagating mode

coupling, the coupled mode equations are simplified as follows [89, 90]:

dc 1dz ="y K, expli(B, +B,)z], (3.11)

dc 1dz =7 K,c'* exp[-i(B, +p,)z]. (3.12)

where two approximations have already been made to Eq. (3.11) and Eq. (3.12). The
first approximation is to neglect the longitudinal coupling coefficients, because they
are substantially smaller than the transverse coefficients, as is mentioned before. A
second approximation is to ignore the coupling among cladding modes, including the
coupling between the core mode and the cladding mode, and the coupling among the

cladding modes.

In order to calculate the spectral response of an MMFBG, further simplification

can be made for the mode coupling, by taking into account the phase matching
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conditions shown in Eqgs. (3.2) and Eq. (3.3). Therefore, in practice, only the nearly

phase matched or phase matched coupling are kept for further calculations.

3.5 Sensitivity characteristics of an MMFBG

From the spectral analyses carried out in Section 3.4, one knows that the MMFBG
effectively encodes the light in a particular mode by the Bragg wavelength condition
for that mode. This is a unique and novel property which could lead to a range of new
sensing concepts. The sensing application of an MMFBG was first proposed by
Wanser [80], where the mode interference is proposed to monitor many environment
parameters. This section is to describe the response of different fiber modes in a

uniform MMFBG to temperature and strain.

Most of the work on FBG sensors has focused on the use of these devices to
provide effective sensing of temperature and strain [2, 15]. The temperature response
arises due to the inherent thermal expansion of the fiber material and the temperature
dependence of the refractive index, whereas the strain response arises due to both the
physical elongation of the sensor, and the change in fiber index due to photoelastic
effects. For an SMFBG, the shift in Bragg wavelength with temperature and strain can

be expressed using

AZ, =2nA([a+lgﬁ]AT+{l—(§J[ﬁz —v(B, +1:;2)]}5J, (3.13)

n at
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where A/ is the wavelength shift, AT is the temperature change, ¢ is the applied strain,
P;; coefficients are the Pockel’s (piezo) coefficients of the stress-optic tensor, v is the
Poisson’s ratio, and a is the coefficient of thermal expansion (CTE) of the fiber

material.

Although in an MMFBG response to temperature and strain arise due to the same
mechanisms as in a single-mode FBG, the response to different reflections has to take
into account the properties of different modes. The temperature or strain dependence
of reflections of an FBG in GRIN MMF can be evaluated with the help of Eq. (2.21).
For simplicity, it is assumed that the second term in the square root of Eq. (2.21) is
much smaller than unity and that the numerical aperture is approximated

by NA=n_-2A, yielding

dl’" = ’l"'l d_'{\.+ /?'mz — ;“im(:”"c: _znm) dnco
dc  2n,A' dx |2 A 2zan’, \/an (n,—n,) | dx
Alm dn,
+ )
2man,,\2n,(n, —n,) dx

(3.14)

where 4, is the Bragg wavelength for the reflection of m™ principal mode group, x is
either the temperature or strain. Thus di,/dx is the variation of Bragg wavelength
corresponding to either temperature or strain. The terms dn../dx and dn./dx for silica
are almost the same value and are very small [32, 91]. Therefore, for these small
values, the increase of m from 1 to maximum (the fiber used here has the maximum m
= 19) is insignificant to the total wavelength shift di,/dx. As a result, theoretically the

reflection peaks in the MMFBG spectrum have almost the same temperature or strain
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dependence for all m.
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Fig. 3.7 Experimental setups for measuring (a) temperature, and (b) strain response of
a uniform MMFBG

Fig. 3.7 (a) illustrates the experimental configuration for measuring temperature
response of a uniform MMFBG. The MMFBG, written using the phase mask
technique at the period of 529.02 nm, was placed in a temperature-controlled chamber,
where the temperature reading can be taken easily. The Optical Sensing Interrogator
(Micron Optics SI425), consisting of a broadband source and demodulation system,
served as the light source and the detector to demodulate the wavelength information
from the reflected light. A mode scrambler (Newport) was used to excite more
high-order modes. Index-matching gel was applied to eliminate unwanted reflection at
the other end of the grating. In the strain response measurement, the configuration

shown in Fig. 3.7 (b) was employed, which is similar to the temperature measurement,

67



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 3 BRAGG GRATING IN GRADED-INDEX MULTIMODE FIBER

except that the temperature-controlled chamber was replaced by a strain-controlled

stage
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Fig. 3.8 Response of the first 4 reflections in the MMFBG spectra to (a) temperature,
and (b) strain
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Fig. 3.8 shows the experimental results of the MMFBG response to temperature
and strain for different reflections in the spectrum. 4, denotes the n" reflection in the
MMFBG spectrum (according to Section 3.3). The first 4 reflection peaks had the
same response to temperature and strain, and therefore, in Fig. 3.8, are displayed as
parallel lines. The discussion made above based on Eq. (3.14) suggests that different
reflections of an MMFBG have the similar responses to temperature and strain, and
therefore agrees with the experimental results in Fig.3.9. The sensitivities of our
MMFBG to temperature and strain are 11.4pm/°C and 0.8pm/u-strain, respectively,
for all reflections. Thus each reflection peak in the MMFBG spectrum can be used as
an independent sensing channel for either temperature or strain measurement. The

dynamical range of the MMFBG is similar to single-mode FBG.

Usually a limitation of the UV-induced FBGs for high-temperature sensing
applications is that operation of sensor at elevated temperature results in the erasure of
the UV-induced index modulation of the grating. In order to implement
high-temperature FBG sensors, an FBG fabricated in a sapphire fiber is used as the
sensing element, achieving a temperature as high as 1500 °C without observed

degradation of grating strength [92].

3.6 Conclusions

MMFBG, fabricated using high-power UV exposure, has a tunable spectral response

that could lead to interesting applications. A detailed spectral analysis and a mode
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coupling study were carried out for the MMFBG, enabling the recognition of
reflections to different principal mode groups in the grating spectrum. The response of
different reflection peaks at the grating spectrum to the temperature and strain were
examined, showing that each peak was capable of strain and temperature sensing

applications.
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CHAPTER 4

LONG PERIOD GRATING IN GRADED-INDEX
MULTIMODE FIBER

4.1 Overview

This chapter studies the LPG in GRIN MMF formed with CO; laser irradiation,
covering the grating fabrication, mode coupling, properties, and potential in sensing

applications.

Long-period gratings (LPGs) formed in single-mode fibers (SMFs) have been
studied extensively over the recent years owing to their many applications in optical
communications and fiber optical sensors [18, 19]. On the other hand, there has been
little work on the study of LPGs fabricated in multimode fibers [33-35]. The reason is
that a multimode fiber LPG does not produce a band-rejection filter response, i.e., a
transmission spectrum that exhibits distinct rejection or passing bands. In experiment,
both UV and CO, laser fabrication techniques are used to form multimode fiber LPG
with a range of grating periods. However, there is no rejection band observed in their
transmission spectra. This explains why only little work on multimode fiber LPG was
reported so far. In the meantime, it should be recognized that the large amount of

early works on microbend sensors constructed by applying periodic microbending
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along multimode fibers (see, for example, [39, 85]). A microbend sensor can be
considered as a mechanically induced LPG in a multimode fiber, albeit a temporary
one depending on the presence of microbending. Therefore, it is expected that
multimode fiber LPGs in general should find applications as intensity-based sensors.
However, the strain sensitivity that can be offered by a multimode fiber LPG written
by the UV-irradiation method is likely to be low, as the UV irradiation can change
only the refractive index of the fiber core [18, 33, 34]. To offer a high strain sensitivity,

a periodic change in the geometric structure of the fiber is desired [77, 78].

In this chapter, the long period grating, formed by exposing a GRIN MMF to a
CO;-laser beam point by point along the fiber, is presented. The laser beam is intense
enough to deform the fiber locally, so that a periodic variation in the fiber diameter
(i.e., a periodic taper) is achieved. Firstly, the mode coupling, in a long period grating
written in GRIN MMEF, is analyzed, where the coupling equations, coupling
coefficients and coupling periodicity are investigated. Then the multimode fiber LPGs
fabricated with a CO; laser are demonstrated. The effects of the pitch, the degree of
deformation, and the number of periods on the transmission of the grating are
measured and discussed. To demonstrate the potential of the grating as an effective
physical or chemical sensor, the responses of the grating to axial strain and

surrounding refractive index are measured.
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4.2 Fabrication

As discussed in Chapter 2, the state-of-art techniques for fabricating the long period
grating (LPG) include: UV laser or CO; laser irradiations. The CO, laser fabrication

technique is cost-effective and easy to implement.

& Focused CO2
laser beam

Translation —
stage B weight 4.2
Monitor system

Broadband
ASE source Power meter m

Fig. 4.1 Schematic of CO; laser based LPG fabrication system

SMF

Fig. 4.1 illustrates the point-by-point CO,-laser irradiation system implemented
for the fabrication of LPGs. The CO, laser (Synrad J48-1, 2.5-W full power)
incorporated a galvanometer that directed and focused the laser beam to a Gaussian
spot of ~180 um at the focal point on the fiber under laser irradiation. One end of the
fiber was fixed on a motion-controlled translation stage and the other end was
attached to a ~4.2-g weight so that the fiber was subject to constant tension during
laser irradiation. Two CCD cameras were employed to monitor the irradiation process.
To form a grating with a pitch A, the fiber was made to translate a constant distance A

in the axial direction after each exposure. The fiber used here was a standard GRIN
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MMF with a parabolic index profile having the following nominal parameters: overall
diameter 125 um, core diameter = 62.5 um, core index 1.477, and cladding index
1.447 (at the wavelength 1550 nm). The jacket of the fiber section under irradiation
was removed. As shown in Fig. 4.1, to measure the transmission characteristics of the
fabricated LPG, light from a C+L broadband ASE source (Photonik) was launched
into the fabricated LPG via a short SMF pigtail and the output power from the grating
was measured with a power meter (Agilent 81634B, pigtailed with a ~1-m long

MMEF).

The physical characteristics of the fabricated grating depend on both the
COs-laser irradiation power and the exposure duration. A weak CO;-laser dose can
only cause axial residual stress relaxation around the irradiated area and hence a
change in the refractive index [69]. When the laser irradiation is sufficiently intense,
however, fiber deformation can occur [70]. In the present study, LPGs produced with
intense CO,-laser irradiation are investigated. Fig. 4.2(a) shows an image captured for
a single period of a fabricated LPG (CO,-laser power: 425-mw; exposure duration:
400-ms). And in Fig. 4.1(b), it is the image captured for a single period fabricated
using a higher laser power (CO,-laser power: 500-mw; exposure duration: 400-ms).
As shown in Fig. 4.2(a), the fiber deformation results in a biconical taper around the
exposed area, which is characterized with a taper angle #. The fabricated LPG thus

consisted of a number of equally separated tapers along the fiber. A large number of
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LPGs were fabricated with different taper angles, different pitches, and different

numbers of periods by controlling the CO,-laser irradiation conditions.

)

Fig. 4.2 Images of fiber tapers produced by the CO,-laser beam and the schematic
diagram defining the pitch and the taper angle of the LPG, with (a) CO,-laser power:
425-mw; exposure duration: 400-ms, and (b) CO,-laser power: 525-mw; exposure
duration: 400-ms
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4.3 Mode coupling

This section studies the co-propagating mode coupling in a multimode fiber LPG
formed using CO; laser irradiation. The analyses presented here, however, should be
applicable for an arbitrary LPG in GRIN MMF produced by either geometric
deformation or index modulation. Firstly, equations for calculating coupling
coefficients of the proposed LPG are derived. Secondly, the critical spatial period for
co-propagating core mode coupling is found to be wavelength-independent, and is

obtained based on the phase matching condition.

L=NA

Fig. 4.3 A model for a deformed LPG in a GRIN MMF.

Fig. 4.3 shows a model of a CO, laser induced deformed LPG in a GRIN MMF.
The MMF used here is the same fiber as that used for fabricating the MMFBG in
Section 3.2 with @ = 31.25 ym, n.,, = 1.477 and ny = 1.447. D = 125 um is the
diameter of the bare fiber. ny,, denotes surrounding refractive index. A is the period of

the LPG. L and N are the length and the total periods, respectively.
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From the coupled mode theory [62] and the analysis made in Chapter 2, the long
period grating structure (usually the period is in hundreds microns) induces the
coupling between the modes propagating in the same direction (usually forward
direction), which includes the coupling between core modes and the coupling between
core modes and cladding modes. The coupled equation for co-propagating modes is

given as

e /dz=7 K, expli(8,-p,)z], 4.1

dc'? /dz = Z chf') exp[-i(B,-pB,)z]. (4.2)

The coupled equation is simplified by neglecting the longitudinal coupling
coefficients that are substantially smaller than the transverse coefficients. In Egs. (4.1)
and (4.2), the subscripts u,v define the order of different modes. ¢ is the amplitude

coefficient. K is the coupling coefficient that can always be expressed as
@ (2= = .
Km(@)=7 ["do [ rdrap(r.2)E, (r.0)E, (.0) (4.3)

where Ap(r,z) describes the perturbation induced by CO,-laser-irradiation that is

assumed to be independent of ¢, E is the transverse components of mode fields, @

is the angular frequency of light, Symbol * denotes the conjugation operation.

The perturbation function f{r,z) consists of the axial perturbation f{z) and radius

perturbation f°(r). Therefore, Eq. (4.3) can be given as
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Kon(2)= F()Z ["do [ rarf (DE, (r.0)E, (r.9)

= f(z)-k. (4.4)

Here the derivation follows the analysis in Chapter 2. In the case when the i"

mode is dominant among the incident modes to the LPG, other modes, except the

mode can be neglected on the right-hand side of Eq. (4.1). The amplitude coefficient

of an arbitrary mode can be found by integrating Eq. (4.1) along z axis,

¢,(2)=¢,(0) [ kf (w)expl-i(B, — B, Juldu. (4.5)

For the deformed LPG induced by CO; laser irradiation, the axial perturbation is
considered to be dominated by the core-cladding deformation of the MMF. Therefore
fz) is regarded as the periodic deformation on the fiber boundary along the z-axis.

Then Eq. (4.5) for an L long LPG can be rewritten as

4,(L)=LA0)K,,F(AB,). (4.6)

F(B,)=F(B,~B)=L" [ f(2)expl-i(B, - B,)z}:. 4.7)

Eqgs. (4.5) to (4.7) lead to two important conclusions for the CO;-laser induced LPGs

in MMF.
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Firstly, the phase matching condition is derived for an LPG. In Eq. (4.7), F(AB)
is the Fourier transform of the deformation function f{z) of the LPG, which is
periodically distributed along the z-axis with the spatial period A. Therefore the mode
amplitude 4 in Eq. (4.7) achieves maximum when it satisfies the phase matching

condition below
27
Aﬂ:ﬂﬂ—'ﬁm=x' (48)

where £ is the propagation constant; subscripts refer to mode orders, including both
core modes and cladding modes. The phase matching condition for an MMF LPG has
the same expression as the phase matching condition for LPG in SMF [18], except in

an SMF LPG the coupling among the guided modes is not considered.

Secondly, the existence of the critical spatial period A, is confirmed. The modal
characteristics of a GRIN MMF have been reviewed in Chapter 2. For a parabolic
profile, an approximation set of degeneracy exists among the propagation constants of
the guided modes [42, 62]. A principal mode order m can be defined, so that the
propagation constant f depends only on m. All the guided modes can then be
designated according to the principal mode order (i.e., the principal modes). The total

number of principal modes M is calculated [2]

M =1,%a2k2nm2A ; (4.9)
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The propagation constant of the principal mode, £, is given by

B, = nmk[l—ZA(m;’M)]m‘ 4.10)

and the propagation constant of the guided mode must lie within the limits
n.k<p, <n,k. (4.11)

It is reasonable to assume that the core mode coupling among these principal
mode groups follows the rules [42, 62]: i) the major coupling is taking place between

the neighboring mode groups; ii) only the highest order core mode is coupled with the

cladding modes (leaky modes).

6.05

(o)}

5.95 k=

o
©

Propagation Constants (rad/m)

o
o0
3}

1530 15635 1540 1545 1550 15655 1560
Wavelength (nm)

Fig. 4.4 Propagation constants of the principal modes as a function of wavelength (n =
1to 19)
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From WKB analysis [53], it is known that in a GRIN MMF all the principal
modes are equally spaced in the f§ space. There are 19 principal guided modes guided
in the applied MMF at the wavelength region of 1550nm. The propagation constants
as a function of wavelength (1530nm~1560nm) are shown in Fig. 4.4. It can be seen
that the propagation constants for all the guided modes are equally spaced over a wide
wavelength range. By considering the phase matching condition given in Eq. (4.8),
the equal spacing of all principal mode groups ensures that all principal mode groups
are strongly coupled at a wavelength-independent critical grating period A., at which
all the neighboring modes satisfy the phase matching condition. A; can be obtained

analytically as,

A =22 B, (4.12)
AR NA

The periodicity of the LPG can be examined by considering a sinusoidal

deformation function

f(z2)=Bsin(2zz/ A), (4.13)
where B is the amplitude of the deformation. Fig. 4.5 shows the normalized absolute
value of the coupling coefficient between two guided modes as a function of the

grating period A. Obviously a larger perturbation or a longer grating leads to stronger

mode coupling.
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Fig. 4.5 Calculated coupling amplitudes as a function of the spatial period A for
different deformation functions

4.4 Properties of MMF LPG

Based on the observations made on all the transmission spectra of MMF LPG samples,
the theoretical analysis conducted in Section 4.3, and the results in published
references, MMF LPGs are considered wavelength-independent. Therefore, all the
experiments carried out for the CO; laser induced MMF LPGs in this thesis use C+L

broadband ASE source (Photonik) owning to the wavelength-independent property.

The normalized transmission characteristics for a number of gratings with
different pitches were measured and the results are presented in Fig. 4.6. All the

gratings had a taper angle of 3.5° and contained 10 periods. As shown in Fig. 4.6, the
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transmitted power of the LPG drops drastically at a grating pitch around 1.0 mm. As
discussed in Section 4.3, in a GRIN MMF with a parabolic index profile, the core
modes can be categorized as different principal mode groups according to the
degeneracy of their propagation constants. Furthermore, the differences in the
propagation constants between the neighboring mode groups are practically identical
and wavelength-insensitive. This property of the fiber ensures the existence of a
wavelength-insensitive grating pitch at which the coupling between any two
neighboring mode groups is strongest. In our experiments, because the input end of
the MMF was aligned with the SMF pigtail of the light source, mainly the
fundamental mode of the GRIN MMF was excited. By keeping the fiber straight and
free of external perturbation induced mode coupling, most of power can be guided in
the fundamental modes in the fiber without being significantly coupled to other
high-order modes. When the grating pitch was close to the critical spatial period of
the fiber, light was coupled strongly to the high-order modes and hence the cladding
modes through the grating, which represented a significant loss in the transmitted
power. On the other hand, when the grating pitch was far away from the critical
spatial period of the fiber, not much light was coupled to the high-order modes
through the grating and most of the input light was collected at the fiber output. For
our fiber with @ = 31.25 um, n., = 1.477, and N4 = 0.29, A. is calculated to be 0.99

mm, which agrees well with the experimental value 1.0 mm.
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Fig. 4.6 Normalized transmission power as a function of the LPG period A
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Fig. 4.7 Normalized transmission power as a function of the taper angle 6

The normalized transmission power for a number of 8-period gratings (N = 8)
with different taper angles, all having the same pitch of 1.0 mm, is shown in Fig. 4.7,
where the results for single tapers (N = 1) are also given for reference. For a single
taper, the power loss is negligible only when the taper angle is smaller than about 10°.
For the grating, however, a much smaller taper angle is sufficient to produce a

significant loss.
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The normalized transmission power as a function of the number of periods N is
shown in Fig. 4.8. The grating pitch used is 1.0 mm and the results are presented for
three taper angles 2.2° 3.5° and 4.1°. As shown in Fig. 4.8, when the number of
periods is small, the transmission power does not drop significantly, because light is
coupled mainly to low-order modes and therefore the output power is not much
affected. When the number of periods increases to a certain value, significant power is
coupled to the high-order modes and hence the cladding modes and therefore cannot
be collected by the power meter. The transmission power thus begins to drop rapidly
and finally reaches a minimum value. The rate of power drop is larger with a larger
taper angle (i.e., a stronger grating). When the number of periods increases further,
some cladding modes begin to couple back to the core modes in the grating and the
transmission power increases. The mode coupling effects can actually be visualized
from the near-field images of the fiber output depicted in Fig. 4.9. As shown in Fig.
4.9 (a), the output of the grating with N=1 and = 2.2° contains mainly the
fundamental mode. When the number of periods is increased to N =3 (8 = 2.2°), a
superposition of the fundamental mode and the second-order mode can be seen, as
shown in Fig. 4.9 (b). When the taper angle or the number of periods increases further,
higher-order modes are clearly observed, as shown in Fig. 4.9 (c) and (d). The

fabricated LPGs can be used as mode scramblers or mode converters.
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Fig. 4.8 Normalized transmission power as a function of the grating period N
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Fig. 4.9 Near field images captured at the output of LPG for: (a) N=1,80=2.2°; (b) N
=3,0=22°;(c)N=3,0=35";(d)N=6,0=4.1°.
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4.5 Sensing applications of the MMF LPG

The LPG inscribed in a GRIN MMEF is studied for sensing applications as: i) a strain

sensor; and ii) a chemical sensor.

4.5.1 Strain sensor
4.5.1.1 Strain sensor using a single MMF taper

When a biconical fiber taper is stretched, the taper angle becomes smaller [93].
Martin et al proposed the application of the single MMF taper formed by fusion
splicer as a strain sensor [93]. As the deformation at core-cladding boundary
dominates mode coupling and determines the coupling coefficient, the applied strain
on the taper will smooth the variation of core-cladding boundary deformation, which
corresponds to the reduced mode coupling along the grating region, and eventually

leads to the change in the light transmission characteristics.

Based on ray theory, Martin et al/ analyzed the relationship between power
attenuation and strain, using the effect of the taper on the attenuation of light [93].
They assumed: 1) the angular power distribution was even; 2) the relative deformation
of the core and the cladding was the same; 3) the taper had a constant angle; and 4) a
step-index fiber was used. The constant taper angle  increases the effective angle of a

ray on the core and cladding interface by 8. Therefore, at the taper region, the critical
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angle for a ray is given by
6,=60.-6, (4.14)

cl

where 6, is the critical angle for un-tapered region. The attenuation due to the taper

was calculated as

A=—< (4.15)

For a taper which is subjected to a strain ¢, the taper angle will change and lead to
the reduction of the critical angle for the taper region. The attenuation caused by
applied strain can be expressed by

A 00-0)-Jo[1551) o

‘ (90-6.)-6 ’

where 7 is the Poisson ratio for the material.

For the fiber with NA = 0.29, n; = 1.477, and u = 0.3, the responses of the single

fiber taper with different taper angles are calculated and shown in Fig. 4.10, where the

strain sensitivities increase with a large taper angle with linear responses.
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Fig. 4.10 Calculated strain responses of the single taper with different taper angles

4.5.1.2 Strain sensor using the LPG

The LPG consisting of periodic tapers in GRIN MMF is expected to be sensitive to
the strain applied by considering the fact that a single taper is sensitive to strain. For a
tapered LPG, the applied strain contributes to the change in the dimensions of each
taper region. The configuration for measuring strain response of the proposed LPGs
was shown in Fig. 4.11, and the tapered LPG was fixed to a strain-controlled stage,
where the strain applied to the grating was automatically recorded. The light from a
C+L broadband ASE source (Photonik) was launched via a short SMF to the LPG,
and the optical power at the LPG output was detected by connecting it to a power

meter (Agilent 81634B) using a ~1-m long MMF pigtail.
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Broadband source Strain control stage Power meter

Fig. 4.11 Experimental setup for LPG strain test

Fig. 4.12 shows the measured responses of four LPGs to axial strain. Strain was
applied along the grating by mounting the grating on a micro-translator. The LPGs
used had the same pitch of 1.0 mm and the same taper angle of 4.1°, but different
numbers of periods (N =5, 8, 12, and 14, respectively). As expected, the transmission
power increases with the applied strain and the strain sensitivity increases with the
number of periods, as shown in Fig. 4.12. The measured sensitivities for the four
samples in terms of the percentage change in the transmitted power can be
approximated as: ~0.006%/u-strain, ~0.014%/u-strain, ~0.036%/u-strain, and
~0.052%/u-strain, respectively, which are much higher than that achieved with a
single fiber taper [93]. The percentage change used in the strain sensitivity refers to
the power change compared with the initial transmission power without any
additional strain applied. The effects of the taper angle on the strain sensitivity are
also investigated. The strain sensitivity is found to increase with the taper angle, as in
the case of a single taper [93]. The strain sensitivities for the LPGs with N = 12 were
measured to be ~0.002%/u-strain, ~0.007%/u-strain, and ~0.036%/u-strain for 8 =
2.5° 3.5° and 4.1°, respectively. In experiments, the maximum strain that could be

applied without breaking the fiber was ~3500 y-strain. In practice, the dynamic range
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of the LPG as a strain sensor can be tailored by proper packaging.
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Fig. 4.12 Normalized transmission power as a function of the applied strain on the
LPG

Table 4.1: Sensitivity comparison for LPG samples with different N at 6 = 4.1°

N=1 N=5 N=8 N=12 N=14

Sensitivity

Clstrain) <0.0001  ~0.006  ~0.014  ~0.036  ~0.052

Table 4.1 show a sensitivity comparison for those LPGs with different number of
grating periods N but at the same taper angel 4.1°. Obviously, compared to the
sensitivity of a single taper presented in [93], the strain sensitivity of our LPG is

highly improved. In addition, the sensitivity increases with a larger grating period.
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4.5.2 Chemical Sensor

It is known that the transmission power of an MMF taper decreases with an increase
in the refractive index of the surrounding medium and this phenomenon forms the
basis of a chemical sensor [94-96]. The tapering of the core in the MMF makes some
of the guided modes that do not satisfy the condition of total internal reflection radiate
from the core. These radiated modes may still be guided by the cladding because they
may satisfy the condition of total internal reflection in the cladding-external medium
interface. By enhancing the refractive index of the material that surrounds the taper
region, those modes guided in the cladding can be absorbed. Therefore, the

transmission characteristics of the fiber taper change.

As the proposed LPG contains many tapers, it can also serve as a chemical sensor.
For a single MMF taper to offer a high enough sensitivity as a chemical sensor, the
taper angle has to be large [94-96], which results in a fragile device with serious
packaging problems. The proposed LPG on the other hand, relies on resonance mode
coupling and can offer a good sensitivity with a small taper angle (say, <5 °). A

chemical sensor based on our LPG should be much more robust than a single MMF

taper.
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Fig. 4.13 Experimental setup for measuring chemical response of an LPG

The experiment shown in Fig. 4.13 was used to demonstrate the idea. The grating
region of the LPG was carefully immersed in a liquid chamber filled with the sugar
solution that has variable concentrations, since an arbitrary sugar concentration
corresponds to a certain refractive index (RI) value. The light from a broadband ASE
source was launched via a short SMF to the LPG, and the optical power at the LPG
output was measured by connecting it to a power meter (Agilent 81634B) using a
~1-m long MMF pigtail. Fig. 4.14 shows the responses of four LPGs to a change in
the sugar concentration. The gratings used had the same pitch of 1.0 mm and the same
taper angle of 4.1° but different numbers of periods (N = 5, 10, 18, and 26,
respectively). As shown in Fig. 4.14, the transmission power drops as the sugar
concentration (and hence the refractive index) increases and the sensitivity increases
with the number of periods. With a sufficiently large number of periods, the LPG
functions as an effective chemical sensor based on index change. The highest
sensitivity obtained is about 3 times higher than that of the MMF LPG fabricated with

a UV laser [33, 34].
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Fig. 4.14 Normalized transmission power of the LPG as a function of surrounding
sugar solution concentration

The temperature sensitivities of a number of fabricated LPGs are also measured.
It has been found that, for all the samples tested, the transmission power increased by
less than 5% when the temperature was increased from 20 °C to 100 °C. The increase
of transmission power is mainly a result of the thermal expansion of the effective area
of the MMF. The weak temperature dependence of the LPGs is an advantage for the

development of strain and refractive-index sensors.

In the experiments mentioned above, the resolutions of the MMF LPG based
strain and chemical sensors can be as high as +25u-strain for the strain measurement
and +3% concentration change of the sugar solution for the refractive index
measurement. The resolutions achieved by the CO; laser induced MMF LPG sensors

are lower than those reported SMF grating sensors (less than 10u-strain for strain
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sensor and less than 1% concentration change of the sugar solution for chemical
sensor [84, 97]). The reason is that the CO; laser induced MMF LPG sensors
mentioned in this chapter are based on the intensity measurement, while the SMF
grating sensors monitor the wavelength shift. Nevertheless, The MMF LPG sensor
proposed here is much more suitable for those applications without high requirement
on resolutions, since as intensity based sensor it can be implemented much more
cost-effectively. Moreover, the sensor proposed in this chapter is experimentally
proved temperature-insensitive, and its performance could be improved by optimizing

grating parameters and experimental conditions.

4.6 Conclusions

The study on LPG in GRIN MMF in this chapter was considered to be an
important contribution of this thesis, as LPG in MMF is a new topic and detailed
investigations are required on it. The LPG in MMF fabricated using focused CO; laser
beam was proposed, which is probably the first demonstration of the
CO;-laser-induced multimode LPG. The mode coupling in a multimode LPG was
studied in detail, showing the significance of the critical spatial period theoretically
and experimentally. In addition, such critical period and the core mode coupling were
found to be wavelength-insensitive, as all the principal modes are equally spaced in

the f-space. It realized the implementation of intensity based fiber optic sensor using
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the multimode fiber LPGs. The experiment explored the successful applications of the
proposed LPG in both strain and chemical sensing. The multimode fiber LPG
fabricated with focused CO, laser beam displayed high sensitivity compared with

those MMF LPG induced by UV phase mask methods.
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CHAPTER 5

PERIODIC MICROBEND IN GRADED-INDEX
MULTIMODE FIBER

5.1 Overview

It is well known that the application of periodic microbending along an MMF can
introduce significant radiation loss and mode coupling in the fiber. A number of
fiber-optic sensors based on microbending loss have been developed for the
measurement of pressure and displacement [38-41, 48]. In this chapter, the periodic
microbend in GRIN MMF, produced by microbend deformer with a tunable coupling
efficiency, is investigated. Both the microbending theory and the microbending
applications are investigated. The major objectives and contributions can be given in

the following two aspects.

Firstly, a theory for the microbend induced mode coupling is developed to study
both the core mode coupling and the radiation loss of an MMF subjected to
microbending. While there are a number of studies on the bending and microbending
effects in an optical fiber (see, for example, [42-45]), such studies concern mainly the

calculation of the radiation loss, i.e., the amount of power that is coupled from the
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guided modes to the radiation modes. On the other hand, the coupling among the core
modes induced by microbending has led to many interesting applications. For
example, mode scramblers for controlling the modal distributions of MMFs based on
microbend-induced mode coupling are commercially available, and a polarization
converter based on periodic microbending along a birefringent fiber has also been
proposed [28]. There is no any detailed report on the study of microbend-induced
coupling among the guided modes, though such a study should be highly useful for
the evaluation of many microbend-based devices. In this chapter, a theory to describe
the microbend-induced mode coupling in a GRIN MMF is desired. Near-field patterns
for a GRIN MMF subjected to microbending are presented to verify the theory. The
usefulness of the theory is demonstrated to quantify the function of a mode scrambler
in the form of a periodic microbend and to estimate the power response of the
microbend incorporated optical fiber senor. The study focuses on a GRIN MMF with
a parabolic profile for the reason that such a fiber leads to particularly simple
analytical results. Such an approach, however, should apply to an arbitrary profiled

MMF.

Secondly, new types of microbend sensors are investigated. As an application of
the theory, an FBG incorporated microbend sensor is proposed and demonstrated to
simultaneously measure a mechanical parameter and environment temperature. The
conventional microbend sensors use a single multimode fiber as both the sensor lead

and the sensing element and, therefore, may suffer from instability caused by the
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fluctuations in the modal distribution in the fiber lead. The problem is solved by using
single-mode fibers as the input and output leads of the sensor [48]. While the use of
single-mode fiber leads reduces unavoidably the output power of the sensor, it can
provide higher sensitivity [48]. So far all the microbend sensors are designed based on
the measurement of mechanical parameters, such as pressure and displacement. Here
a simple microbend sensor is presented, allowing simultaneous measurement of both a
mechanical parameter and temperature. The proposed sensor consists of a
single-mode fiber lead connected to a short multimode fiber. Microbending is applied
to the multimode fiber for mechanical-parameter sensing. The novel aspect of the
sensor is that the multimode fiber is connected to a single-mode FBG at the other end.
The grating turns the microbend sensor into a reflection-type sensor and the shift in
the reflected wavelength serves as a measure of the temperature. In practice, the
multimode fiber and the FBG can be packaged together to form a compact sensor
head. Two configurations to operate the sensor, using a broadband source and a

tunable laser respectively, are demonstrated experimentally.

5.2 Periodicity of GRIN MMF

In Chapter 3, the critical spatial period was derived for the long period grating where
the co-propagating mode coupling dominates. It is well known that the microbend
induces the mode coupling between modes with different orders propagating in the

same direction. Therefore the critical spatial period given in Eq. (4.12) is also
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applicable to the microbend induced mode coupling. For the GRIN MMF with a =

31.25 um, ne, = 1.477, and NA = 0.29, A is calculated to be 0.99 mm.

Microbending loss is the very phenomenon that allows the microbend sensors to
work. The microbending loss is caused by coupling of guided modes to cladding
modes. For small changes in the fiber deformation where neighboring mode coupling
is valid, only adjacent modes are coupled. In this case, microbending loss is due to
coupling from the highest order guided mode to the cladding modes. The strong
coupling is realized with the calculated spatial periodicity of the fiber. Such a
periodicity is expected to enhance significantly microbending loss, and therefore the
sensitivities of the microbend sensors. The existence of critical spatial period of
microbend sensors has been verified in many literatures [39]. In addition, the
experiment conducted in Chapter 4 for the multimode fiber LPGs with different

period confirmed the spatial periodicity of the GRIN MMF applied.

In this chapter, the period of the microbending deformer is fixed at its critical

value (1-mm) in order to achieve the most strongly mode coupling.
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5.3 Theory of microbend-induced mode coupling

In this section, a theory is developed to study not only the radiation loss produced by

microbending but also the characteristics of the mode coupling at the microbend.

Consider a straight GRIN MMF with a parabolic profile in the x-y transverse
plane. Light propagates along the fiber in the z direction. The refractive-index
difference between the core and the cladding is assumed small so that the modes in
the fiber satisfy the scalar wave equation. The electric field for a given mode in the

fiber can be written in Cartesian coordinates as [43-45]
U,(x,y,2) = a,u,(x,y)expiot —if,z) (5.1)

where w is the angular frequency of the light, m is an integer (1, 2, 3, ...) labeling the
modes (i.e., a mode order), a,, and f3,, are the amplitude and the propagation constant
of the mode, and u,(x,y) is the normalized mode field. Mode fields of different orders

are orthogonal to each other in the following sense:

["[u .um'dxdy={?’ ]:: (5.2)
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----------------------------

Istsection 2 section

-------------------------------

(b)

Fig. 5.1 (a) A periodic microbend with a pitch A and a microbending angle & (b)
Model of a single microbend showing the local coordinate systems

Produced by the microbending deformer introduced in Section 2.7.3, the model
for a periodic microbend is shown in Fig. 5.1(a), where A is the pitch, &is the bending
angle, and ¢ is the microbending displacement which is given by tan 8 = 26/A in the
model. The periodic microbend can be divided into » + 1 identical microbends
arranged in a zigzag manner. The model for a single microbend is shown in Fig. 5.1

(b), which follows that used in [45]. As the microbend-induced change in the
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refractive index in the fiber is small, any reflected power at the microbend is
neglected. With reference to Fig. 5.1(b), two local coordinate systems, (x{"), ¥, z(")) and
™Dy, 2Dy are used for the straight sections before the bend and after the bend,
respectively (noted that they possess the same y-axis). The coordinates are matched

along the X-plane according to the following relations:

¥ = x"*) = X cosd, (5.3)
zZ" =—_Xsiné, (5.4)
zZ"Y = Xsiné . (5.5)

Two types of mode coupling occur at a microbend: the coupling from the guided
modes to the cladding modes and the coupling among the guided modes. In the
present study, we ignore the coupling to the radiation modes and consider only the
coupling among the guided modes, as the latter case has not been studied in detail
previously. With reference to Fig. 5.1(b), as the electric field must be continuous

across the X-plane, we have

U™ (X cosf,y,—Xsin@) =U""(X cosb, y, X sin8). (5.6)

Assuming N guided modes in the fiber, Eq. (5.6) can be written as

N
Zaf_")um (X cos@, y)exp(iot +if, X sinf),
m=1
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‘ ai’”')uIr (X cos@, y)exp(iot—if, X sinf). (5.7)

N
k=

The assumption that the radiation modes are negligible affects the accuracy of the
analysis only for guided modes of very high orders, since only these modes can
couple significantly to the radiation modes. Multiplying both sides of Eq. (5.7) by
u, (X cos@, y)exp(—iowt +iff, X sinf) and integrating the resultant equation over the

x-y plane, we obtain

g™ = ZN: a [[un (e, )y (x, y) expliy,, o x)dedy, (>:8)
m=l

where

0 =(B, +B,)-tand . (3.9)

According to Eq. (5.8), the coupling coefficient ¢, from the m™ mode to the k"

mode is given by

Cuie = [[t4 G5 )1y (x, y) expliy, ,x)dxdy (5.10)

A matrix can be defined for the coupling coefficients between all the guided

modes as
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Coo Cop - Cona
C, C, G
10 1 LN-1
M,,(0)= : (5.11)
Cyao Snag o Cyona

The amplitudes of all the guided modes in the section after the bend, A”"

, can
thus be calculated from the incident amplitudes of the guided modes before the bend,

A™_ through the coupling-coefficient matrix M, (6):
A"D =M ()4, (5.12)

where 49 = [aom, alm, — aN.;("I)]T with j = n, n+ 1. For the periodic micorbend shown
in Fig. 5.1(a), the output amplitude vector A" can be obtained from the input
amplitude vector 4”) by simply multiplying the coupling-coefficients matrices of all

microbends:

AT Z M (OIM,,(8)--- Mo (0)M(6)A© . (5.13)

It should be noted that the coupling-coefficient matrix M,(6) depends on & only.
It can be seen from Eq. (5.10) that ¢, x = ¢k m, SO M,(0) is a symmetric matrix. To
evaluate M,(6) from Eq. (5.10), It is necessary to know the mode fields in the fiber.
As discussed in Chapter 2, the modes in a GRIN MMF can be designated as the
Hermite-Gaussian modes, which are a family of solutions of the scalar wave equation
in the Cartesian coordinates, expressed in terms of Hermite polynomials multiplied by

a Gaussian envelope and categorized by two mode orders pand ¢ (p, ¢,=0, 1, 2, ...)
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[57, 60, 61]. The field of the Hermite-Gaussian mode, denoted as the HG,, mode, is

given by [57]
Yy (%:32) =[@ozfz{p+q-’}p!q!]'mHP(ﬁxJH‘r(‘Ey]
@y @,
-exp[—(xz +y2)f!ft)uz]exp(_i p-qz) ' (5.14)

where f, 4 is the propagation constant and H,(x) is the p"-order Hermite polynomial.

wy is the characteristic spot radius of the parabolic profile:

w, =+2a/[kn, (28)"], (5.15)

where k = 27/4 is the propagation vector in the free space, a is the core radius of the

fiber, A is the index difference, and n., is the core index.

Considering the concept of principal mode groups given in Chapter 2, we have

the total number of principal mode groups

M=+N = %azk"n . 8 (5.16)

[44]

and the propagation constant of the principal mode, f,, is given by

1/2

B, =n k[1-2a(m/M)]". (5.17)

Using the principal mode order, the mode field u,(x,y) is given by

V2x

@,

u,(x,y)= [wf::Z””""”p!q!]"me{ JHQ { \Ey}exp[—(xz +y) w,]. (5.18)
,
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With the help of the Gaussian-Hermite modes, the coupling coefficients and

hence the amplitudes of the coupled modes, 4”*"), can be evaluated.

The total power carried by the guided modes in a section of the fiber is given by
Pg{”), where

P;(n) =(A(n))_|:(A(n))‘]T =|a£n} 2 +‘af”) % +__.+|at: % (5.19)

The power loss at a particular micorbend is thus given by Pg("} - Pg(””] and the

total power loss through » + 1 microbends, i.e., the periodic microbend, is Pgw) —

P,

The standard GRIN MMF previous mentioned is also employed here, having the
following parameters: overall diameter d = 62.5 um, core index n, = 1.477, and
cladding index ny= 1.447. The operating wavelength is fixed at A = 1550 nm. This

fiber supports 19 principal modes.

Firstly, the simplest case is considered, i.e., mode coupling at a single microbend.

It is assumed that light is linearly polarized in the x-direction and the input light
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contains only the HGy mode. In other words, the input mode distribution in the fiber

is given by

A=, o, .. Of. (5.20)

The mode distribution after a single microbend is then obtained as
AV =M A =[5 G = Ciaisl s (5.21)

where ¢ is the coupling coefficient between the fundamental mode (the HGyy mode)
and the ¥"-order mode as given by Eq. (5.10). By substituting the fields of the HGy

mode and the HG,, mode into Eq. (5.10), we obtain

g )
Cox :E[z P Q‘)p|q|] 1/2 IHP[

0

ﬁx 2x? .
exp(——z +iy, ,X)dx
@, @,

2
V2y Jexp(——zy )dy, (5.22)
@, @,

o

where k = p + g + 1. It should be noted that the coupling coefficient ¢y has a
none-zero value only when ¢ = 0, since the microbending has no effect in the y
direction. Therefore, when only the HGgy mode is launched into the microbend, only

the HG,o modes are excited. By solving (5.22) analytically, it yields

2

Co =27 p1) 2(i-7)” exp(- ”T). (5.23)
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Microbending Displacement & (um)

o
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Number of Microbends j
(c)
Fig. 5.2 Dependence of the normalized modal power on the microbending
displacement J for (a) a single microbend and (b) a three-tooth microbend deformer
with a pitch of 1 mm, when the input light contains only the HGyy mode, and (c)

dependence of the microbending displacement J required for dominantly coupling to a
particular mode on the number of microbends

Fig. 5.2(a) shows the mode coupling coefficients versus the microbending
displacement ¢ at a single bend for a number of low-order modes. As the value of
increases, the coupling to a particular high-order HG,9 mode first increases and then
decreases after reaching a maximum. This suggests that at a certain microbending
angle, the HGgp mode is most effectively coupled to a specific high-order mode. In
other words, the high-order modes are progressively selected to be coupled strongly
as the amount of microbending increases continuously. Fig. 5.2(b) shows the mode
coupling situation at the output of a microbending deformer that consists of three

microbends with a pitch of 1 mm, where only the HGy, mode is launched into the
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device. The 1-mm pitch corresponds to the critical spatial period of the MMF for the
achievement of strongest mode couplings. The results in (b) are similar to those in Fig.
Fig. 5.2(a), except that in the case of three microbends a smaller microbending
displacement is required for dominantly coupling to the high-order mode. For
example, in the case of a single microbend, the HGyy mode is most effectively
coupled to the HGjo mode at = 12 pm as shown in Fig. 5.2 (a), while in the case of
three microbends, this occurs at = 4 um, i.e., the value of d required is three times
smaller, as shown in Fig. 5.2 (b). In fact, the value of J required for dominantly
coupling to a particular mode is found to be inversely proportional to the number of
microbends, as shown in Fig. 5.2 (c). In other words, the value of J required with j

microbends is equal to the value of d required with a single microbend divided by ;.

The calculation is repeated by assuming that only the HG3y mode is launched into
a single microbend. The results are shown in Fig. 5.3. It can be seen that the coupling
efficiency to the HGgo mode in Fig. 5.3 is the same as that to the HG3p mode in Fig.
5.2 (a) at the same micobending displacement, as expected from the symmetry

property of the coupling coefficients, i.e., co3 = c3.
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Fig. 5.3 Dependence of the normalized modal power on the microbending
displacement & for a single microbend, when the input light contains only the HG3p
mode

In Fig. 5.2, when only the fundamental mode is launched to the input of periodic
microbend, modes with different orders can be dominant (having the highest power
among all the modes) at different microbending displacement values. Fig. 5.4 shows
the calculated preferentially excited mode as a function of microbending displacement
for different number of bends. It can be seen that the order of preferentially excited
mode rises up with the increase of the microbending displacement for the microbend

deformer with 1, 2 and 3 bends.
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Fig. 5.4 Preferentially excited mode as a function of the microbending displacement at
different number of microbends j

For simplicity, a bare glass fiber is assumed in calculations. When microbending
is applied to a coated fiber, because the coating material is softer than glass, the
microbending displacement measured for the coated fiber should be larger than that
experienced by the glass fiber. To quantify the effects of the coating, a detailed stress
analysis of the coated fiber is required, which is saved as a future work of the present
study. It can be simplified, however, that the microbending displacement of the coated
fiber is larger than that of the glass fiber by a constant factor that depends on the

thickness and the elastic properties of the coating material.
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5.4 Mode scrambler based on periodic microbend

As an application of the theory developed in section 5.3, a mode scrambler can be
modeled as a periodic microbend. Mode scrambler is the device applied to multimode
optical fiber to induce mode coupling and eventually lead to a stable mode power
distribution. Periodic microbend has been effectively implemented for the design of

the mode scrambler. Such products are commercially available in the market.

Here a periodic microbend with a tooth pitch of A = 1 mm considered, as shown
in Fig 5.1(a). The input modal distribution 4 is given by Eq. (5.20), i.e., only the

HGgy mode is launched into the periodic microbend.
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Fig. 5.5 Variation of the modal power distribution with the number of microbends for
(@) 6 =4 um, (b) § =8 um, and (c) 6 = 12 ym, and (d) the corresponding power losses

The modal power distributions after each microbend for the first 10 microbends
are shown in Fig. 5.5(a) — (c) for three values of the microbending displacement, 4 ym,
8 um, and 12 um. The corresponding power losses are shown in Fig. 5.5(d). Fig. 5.5(a)
— (c) show clearly how the optical power is distributed to the high-order modes as the
number of microbends increases. When a larger amount of microbending is used, the
optical power is distributed effectively to the high-order modes with a less number of
microbends, but, as shown in Fig. 5.5(d), the power loss also increases quickly. In any
case, as the number of microbends is large enough, the optical power tends to be
distributed smoothly among the modes with higher powers in lower-order modes. In

other words, the resultant power distribution resembles the equilibrium modal

116



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 5 PERIODIC MICROBEND IN GRADED-INDEX MULTIMODE FIBER

distribution that would have been produced with a long MMF. This is exactly the
function of a mode scrambler. This is believed to be the first quantitative analysis of a
microbend-based mode scrambler. The microbend theory developed here should be

useful for the design of this type of mode scramblers.
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Fig. 5.6 Observation of the mode coupling induced by a periodic microbending with
the assistance of an MMFBG for (a) 6 = 10 um, and (b) 8 =26 um

To confirm the analysis experimentally, the reflection spectra of a multimode
fiber Bragg grating (MMFBG) were employed, as MMFBG spectra are indeed the
signatures for the modal power distributions. The light reflected from the GRIN MMF
subject to microbending (using the three-bend deformer) was measured by
introducing an FBG at the other end of the fiber. Only the fundamental mode was
launched into the fiber preferentially. The reflection spectra measured at two
microbending displacement values, 10 ym, 26 um, are given in Fig. 5.6. Distinct

peaks corresponding to different principal modes are seen in each reflection spectrum
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[32], which is in fact a signature of the modal distribution in the fiber under the given
microbending condition. The reflection spectra show clearly how the dominant
coupled mode evolves with the microbending displacement. For the two
microbending displacement values, the HG;o and HGgp modes are, respectively, the
preferentially coupled modes, in agreement with the near-field measurements and the
theoretical predictions. The mode scrambling effect is also seen clearly from the
reflection spectra. As the microbending displacement increases, the power distribution
among the modes becomes more and more even, just as the simulation results in Fig.
5.5 (a) — (c) predict. The reflection spectrum of a multimode FBG serves as an

effective means for characterizing the performance of a mode scrambler.

5.5 Near field images

PC

: Camera

Im
1550nm NﬁcrObem(i}ellilN MME Microscope
Laser Source XYZ Objective
Stage
Computer

Fig. 5.7 Experimental setup for examining the near-field pattern from a GRIN MMF
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Experiments were carried out to verify the theoretical analysis. The experimental
setup for examining the near-field pattern of a 62.5-um core GRIN MMF (with a 125-
um coating) subject to microbending is shown schematically in Fig. 5.7. A three-bend
microbending deformer with a pitch of A = 1 mm was applied to the MMF which was
approximately 1 meter long. The lower plate of the microbend deformer was fixed
and the upper part could be displaced in the vertical direction with the resolution of
0.1 gm. Light from a 1550-nm wavelength laser was launched to the MMF through a
short length of a single-mode fiber (SMF). The SMF was spliced to the MMF at its
center to ensure that only a few low-order modes, in particular, the HGyy mode, were
preferentially excited in the MMF. A polarization controller (PC) was used to control
the polarization state of light to ensure that the input light to the MMF was linearly
polarized. The near-field pattern of the GRIN MMF was imaged to a camera with a
microscope objective and an XYZ translation stage. The image captured by the

camera was digitized and processed by a computer.

104m
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(©) (d)

(e) ®

Fig. 5.8 Near-field patterns from the GRIN MMF measured at (a) 6 =0, (b) = 10 um,
(¢)6=15um, (d) 6 =19 um, (e) & =23 ym, and (f) § = 30 um

The near-field patterns measured for different values of microbending
displacement 0 are shown in Fig. 5.8. Without any microbending (0 = 0), the
near-field pattern, as shown in Fig. 5.8 (a), appears to be dominated by that of the
HGgo mode. When the value of J reaches 10 ym, two maxima appear in the near-field
pattern, as shown in Fig. 5.8 (b), which can be identified as the pattern for the HG,o
mode. By increasing J further and further, more maxima appear in the near-field

pattern and the pattern can be identified with that of a dominant high-order mode. For
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example, the patterns shown in Fig. 5.8 (¢c), (d), and (e) can be identified with those of
the HGy9, HG30, and HG4o, modes, respectively. Even when ¢ reaches 30 um, the
near-field pattern can still be identified vaguely with that of the HGgp mode although
the pattern actually contains several high-order modes with comparable strengths. The
measured values of microbending displacement J required for selecting the HGq,
HG>p, HG39, and HG49, modes, respectively, as the dominant coupled mode are 10 um,
15 um, 19 um, and 23 um, respectively (Fig. 5.8). The corresponding theoretical
values for a bare fiber, as shown in Fig. 5.2 (b), are 4 yum, 5.6 um, 6.8 um, and 7.8 um,
respectively. The experimental values are ~2.7 times on average larger than the
theoretical values, which suggests that the microbending displacement of the coated
fiber is approximately 2.7 times larger than that actually experienced by the glass
fiber. The experiments were repeated by removing the coating of the fiber and
obtained a clean HG o near-field pattern with a microbending displacement of 4 to 5
um, in good agreement with the theoretical value 4 yum. As a bare glass fiber is very
fragile, it cannot be used to verify the theory at large values of microbending
displacement. It should also be noted that the input light to the MMF actually
contained a small amount of high-order modes, which served to contaminate the
measured near-field patterns. Nevertheless, the microbend-induced mode selection

effect was clearly demonstrated by the experimental results.
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5.6 Fiber microbend sensors

This section studies fiber microbend sensors. The focus is on the design and responses
of a fiber Bragg grating incorporated microbend sensor consisting of single mode

fiber leads at the input and output.

5.6.1 Generic fiber microbend sensor

Pressure Temperature

\ External

S )
perturbations

Lipis posree Hiher kol Fiber lead Photodetector
// s
Acceleration Magnetic/Electric field

Fig. 5.9 A generic fiber microbend sensor

Here the analyses presented in [39] is followed for a generic fiber microbend sensor.
An ideal generic microbend sensor is configured as shown in Fig. 5.8. The microbend
fiber part could be in any form that is capable for bending the sensing fiber in regular
pattern with the period A. The effects of environment change on the light transmission

coefficient through the bent fiber can be given as

AT = (—AZJ DAE , (5.24)
AX
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where
DAE = AX , (5.25)
T is the amount of change of transmission coefficient, AE is an appropriate
environmental change, AX amount of change in the fiber deformation X, D is a
constant which depends on the environment change AE. In terms of the applied force

AF, Eq. (5.24) becomes

l

5

|
AT = M[EX—T)[k, + AL J : (5.25)

where ks is the bent fiber force constant, 4, Y;and /, are the cross section area,
Young’s modulus, and the length of the deformer spacers, respectively. AT/AX relates
the change in transmission to the change in fiber deformation amplitude. The change
in the photodetector output signal is used to detect the original environmental

perturbation AE.

In principle, various environment parameters can be sensed with the microbend
sensor configured in Fig. 5.8, where the deformer converts the environmental
parameter AE to a force AF on the bent fiber as

AF =AE-C, (5.26)

where C is a simple function of deformer parameters.

Therefore the expressions for many environmental parameters, such as pressure,

temperature, acceleration, and magnetic/electrical field, can be obtained.
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For pressure
AT = (%} Apk;'AP ; (5.27)
where AP is the change in pressure.
For temperature
AT = (::X—TJ al Al , (5.28)

where Af is the temperature change, and o is the thermal expansion coefficient of

the spacers.

For uniaxial acceleration

AT = (%) m k;'Aa, (5.29)

where Aa is the acceleration level, and m, is the mass of the deformer plate.

For magnetic/electric field
AT
AT = (—J Aot LAHE;. (5.30)

where AH,,E, is the change in magnetic or electric field, and dji* is the
magnetostrictive strain coefficient of the spacer material in the case of a magnetic

field or the piezoelectric strain constant in the case of an electric field.

Under an environmental perturbation AE, the photodetector output the signal i;
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= e (AT

i ( JDAE. (5.31)
h \AX

In Eq. (5.31), A is Planck’s constant, v is the optical frequency, g is the detector
quantum efficiency, and W, is the optical power at the input. Provided that the

detection system is limited by shot noise, the S/N power ratio is

22 442 _q_%_ £ # 2 2 -1
2l _( = )[M) D*(AE) (2TAf) (5.32)

with the mean square photodetector noise given as [51]
ir =2e(qeW,T/hv)Af, (5.33)

where the Afis the detector bandwidth.

The smallest signal that can be detected is given for the condition S/N = 1, which

AE. =D [ & ) ’2”"4{ . (5.33)
AX qW,

In Eq. (5.33), the first factor is specific to the particular design of the

yields

environmental sensor; the second two factors are general and apply to all

environmental microbend sensors. In terms of AX defined by Eq. (5.25), Eq (5.33) is

-1
AX,. = [ - ] fzmmf . (5.34)
AX qW,

transferred to
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Eq. (5.34) suggests the response of a specific sensor can be predicted by
separately determining D, as long as the performance of the generic microbend fiber

sensor is known.

5.6.2 FBG incorporated Microbend sensors

In Chapter 2, the fiber microbend sensor consisting of SMF leads at both the input and
output was reviewed. Such a new type SMS microbend sensor has many advantages
over the conventional microbend sensor that uses the MMF leads. Here we will
propose and demonstrate an SMS microbend sensor that incorporates a single-mode
fiber Bragg grating to achieve the simultaneous measurement of a mechanical

parameter and the environment temperature.

5.6.2.1 Principle of operation

Microbend Deformer

(a)
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Microbend Deformer Microbend Deformer

(®)

Fig. 5.10 (a) The proposed microbend sensor that incorporates an FBG; (b) the
equivalent model at the Bragg wavelength

The proposed microbend sensor is shown schematically in Fig. 5.9(a), where an MMF
of several centimeters long is used as the sensing fiber. Light is launched into the
MMF from a single-mode fiber (SMF), which is aligned to the center of the MMF.
The other end of the MMF is spliced to a single-mode fiber that contains an FBG.
Microbending is applied to the MMF to produce a modulation of the light intensity,
which serves as a measure of the microbending displacement. The light that passes
through the MMF is reflected by the FBG and the wavelength of the reflected light is
determined by the Bragg wavelength of the FBG, which is sensitive to the temperature.
Therefore, the intensity of the reflected light collected by the SMF lead is a measure
of the mechanical parameter, while its wavelength is a measure of the temperature.
Note that the light reflected by the FBG goes through the MMF again, so the output
light from the sensor (at the Bragg wavelength) actually goes through the microbend
sensor twice, as shown by the equivalent model in Fig. 5.9 (b). In practice, the FBG
must be shielded from unwanted tension or pressure. This can be done by designing a
suitable sensor head that houses both the MMF and the FBG to ensure that the FBG is

stress-free.
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The proposed microbend sensor offers many advantages over the conventional
microbend sensor. First, it provides simultaneous measurement of both microbending
displacement and temperature. Second, it gives higher microbend sensitivity (since
the light passes through the microbend sensor twice, equivalently the total number of
microbends is doubled). Third, thanks to the use of an SMF lead, the sensor output is
more stable. Fourth, the reflection-mode operation allows single-end access. Fifth,

wavelength-division multiplexing of a number of parallel sensors is possible.

When the SMF and the MMF are aligned at their centers, only low-order modes
of the MMF are excited [57]. The microbending applied to the MMF causes light
couplings from low-order modes to high-order modes, which represents a loss when
light is collected by the output SMF lead. Therefore, the configuration of using SMFs
as both the input and output leads [48] provides higher sensitivity than the
conventional configuration that uses the MMF as the sensor lead. The proposed
sensor is even more sensitive, as the output light passes through the microbend sensor
twice. Using the fiber parameters and the theoretical approaches given in Section 5.3,
the responses of the proposed sensor (“Sensor with FBG”) and the sensor proposed in
[48, 98, 99] (“Sensor without FBG”) were calculated, assuming the use of a
three-bend microbend deformer and the excitation of only the fundamental mode in
the MMF. The simulation involves the calculation of the modal distribution in the

microbend MMF and the coupling loss between the MMF and the SMF. The results
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are shown in Fig. 5.10, which confirm theoretically that our proposed sensor is indeed

more sensitive.

1 . .
: —e— Sensor without FBG
—A— Sensor with FBG

Normalized Output Power

0 5 10 15
Microbending Displacement (pum)

Fig. 5.11 Calculated normalized output power as a function of the microbending
displacement for the proposed microbend sensor (“Microbend sensor with FBG™) and
the sensor proposed in [48] (“Microbend sensor without FBG™)

5.6.2.2 Experimental results and discussions

In the implementation of the sensor, a 4-centimeter long standard graded-index (GI)
MMF with a parabolic profile (from Fujikura) is used as the sensing fiber (which is
employed in the previous sections) and a standard SMF (Corning SM 28) as the lead.
The SMF was also used for the writing of the FBG. The MMF had a core diameter of
62.5 um, a core index of 1.477, and a cladding index of 1.447, and the SMF had a
spot size of 10 pm at 1550 nm. The FBG had a Bragg wavelength at 1555.91 nm

(measured at 31.9 °C) and a peak reflectivity of 99.999 %. A three-bend microbend
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deformer with a pitch of A = 1 mm was applied to the MMF, as shown in Fig. 1(a).
The value of A was chosen to be close to the critical spatial period of the MMF to
produce the highest microbending loss [39]. The microbending displacement was the
mechanical parameter to be measured. The microbend sensor together with the FBG
was placed in a temperature-controlled chamber. As described in the previous section,
we need to detect both the intensity and the wavelength of the output light from the
sensor to retrieve the signals for displacement and temperature measurements. Two

simple schemes to demodulate the output signals were implemented.

Broadband source Temperature control g
- ‘-.‘. -------------- H -
3dB i Microbend MMFE=

deformer 3 Index matching
FBG
Gel *

seeew

A Voltage controlled
tunable filter Power meter

(a)

Tunable laser source s mperature control  Moyp

== 3dB : Microbend MMF

deformer i
FBG Index matching

A O

\ £
S,

Y ©

1

...................

(b)

Fig. 5.12 Experimental setups for signal demodulation: (a) using a broadband source
and a tunable filter; (b) using a tunable laser.

The experimental setup for the first scheme is shown in Fig. 5.12(a). The output
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light from a broadband source (ASE spectrum of an erbium-doped fiber) was
launched into the sensor via a 3 dB directional coupler. The reflected light from the
sensor was made to pass through a voltage-controlled tunable fiber Fabry-Perot (FFP)
filter (from Micron Optics) and then detected by a power meter (Agilent 81634B).
The FFP filter had a tuning range from 1530 nm to 1570 nm. The power meter
recorded a maximum power only when the FFP filter was tuned to the Bragg
wavelength of the FBG. Therefore, when the power meter recorded a maximum value,
the wavelength reading of the FFP filter was a direct measure of the temperature and
the corresponding power reading was a measure of the microbending displacement.
The experimental setup for the second scheme is shown in Fig. 5.12(b), where a
tunable laser (Agilent 81680A) with a tuning range from 1546 nm to 1584 nm was
employed to replace the broadband source and the FFP filter. When the emitting
wavelength of the laser was tuned to the Bragg wavelength of the FBG the power
meter recorded a maximum value. The wavelength reading of the tunable laser thus
measured the temperature, while the corresponding power reading measured the
microbending displacement. The resolution of the power meter was —110 dBm. The
spectra of the FBG, the tunable FFP filter, and the tunable laser, measured with an
optical spectrum analyzer (Advantest Q8384), are shown in Fig. 5.13. The same

broadband source was used for measuring the spectra of the FBG and the FFP filter.
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Fig. 5.13 Measured spectra for the FBG the tunable FFP filter, and the tunable laser
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Fig. 5.14(a) Normalized output power as a function of the microbending displacement;
(b) Wavelength measurement as a function of the temperature of the sensor

The normalized output power recorded by the power meter is shown as a function
of the microbending displacement in Fig. 5.14(a). The results obtained from both
schemes are presented in the same figure and they agree closely with each other. We
also did experiments on the microbend sensor with the FBG removed (i.e., the
configuration given in [4]) using the same tunable laser and the power meter, and the
results are given in Fig. 5.14 (a) for comparison. The experimental results shown in
Fig. 5.14 (a) agree qualitatively with the simulation results given in Fig. 5.11. In the
simulation a bare MMF was assumed, while an MMF with a thick coating (125 um in
diameter) was actually used in the experiments. The fiber coating needed to be kept as

a part of the microbend sensor, since it served as both the material to absorb radiation
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power and the jacket to prevent the fiber from being broken by the deformer. Because
of the presence of the fiber coating, the microbending displacement needed to
generate the same normalized power output in the experiments should be much larger
than that predicted by the simulation. In practice, it is desirable to keep the fiber
coating, as it can serve to absorb the radiation power and prevent the glass fiber from

being damaged by the deformer.

The output power of the broadband source (through the FFP filter) was —22 dBm,
while that of the tunable laser was 0 dBm. When no microbending was applied to the
MMF, the output powers of the two demodulation schemes were —33 dBm and -9.5
dBm, respectively. The difference from the output power of the corresponding light
source accounted for the insertion loss of the SMF coupler (6 dB) and the coupling
loss between the MMF and the SMF (5 dB for the broadband source and 3.5 dB for
the tunable laser). The data points of Fig. 5.14(a) were within the uncertainty of the
scheme. This uncertainty was obtained by repeating the measurement to find the
maximum power variation at a certain microbend state. The scheme based on the
broadband source showed a power uncertainty within £2%, which corresponded to an
uncertainty in the microbending displacement of 1 um. On the other hand, the power
uncertainty in the scheme based on the tunable laser was measured to be within +1%.
These uncertainties represented the maximum power variations obtained from

repeated measurements at a given microbending displacement.
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The output power was found to be insensitive to the temperature. When the
temperature in the chamber was increased from 30 °C to 100 °C, the power variations
measured at a fixed microbending displacement were found to be less than £1%,
which was within the system uncertainty. In practice, the microbend deformer should
be made of a material that has a small thermal expansion coefficient to minimize

changes on the dimensions of the deformer due to temperature variations.

The center wavelength of the FBG which was determined by scanning across the
reflection spectrum of the FBG with the tunable FFP filter or the tunable laser, is
shown in Fig. 5.14(b) as a function of the temperature. The shift in the Bragg
wavelength of the FBG with the temperature was also measured directly with the
optical spectrum analyzer and the results are presented in Fig. 5.14(b). The three sets
of results agree closely. By repeating the measurement and comparing the results with
the directly measured temperature response, the uncertainty was estimated with the
maximum variance of our scheme to the actual response. The scheme based on the
broadband source gave a wavelength resolution of +0.05 nm (i.e., a temperature
uncertainly of £1.7 °C), while that based on the tunable laser gave a resolution of
+0.03 nm (i.e., a temperature uncertainty of 1.0 °C). The wavelength resolution was

limited by the tuning device used.

Table 5.1 gives a comparison between these two schemes. Both schemes are

effective for signal demodulation. The scheme based on a broadband source can be
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much cheaper to implement, if a low-cost tunable filter is used (e.g., a tunable FBG).
On the other hand, the scheme based on a tunable laser can provide a much higher

output power, which allows multiplexing of many more sensors.

Table 5.1: A comparison between the two schemes

Output  Temperature Microbend Cost
Power Resolution Resolution

Tunable Laser

Source scheme -9.5 dBm 4] °C + 1 um Higlh boauie oL the
tunable laser source

(0dBm)

Broadband Could be low when

source scheme -33 dBm £1.79%C + 0.5 um using low-cost FBG

(-22dBm) filters

5.7 Conclusions

Periodic microbend in the MMF has been investigated in this chapter. The novel

aspects of this work are concluded as follows.

A theoretical model has been developed for studying the microbend-induced
mode coupling in an MMF. In particular, simple analytical results were derived for a
parabolic-profile MMF. For such a fiber, the fundamental mode can be coupled
preferentially to a specific high-order mode at a microbend and the order of the
dominantly coupled mode increases progressively as the amount of microbending
increases. The theory was used to study quantitatively the function of a

microbend-based mode scrambler. The experimental results from measuring the
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near-field patterns of a GRIN MMF subject to microbending as well as its reflection
spectra from an MMFBG agree well with the theoretical predictions. Although this
theory has been detailed only for a parabolic-profile MMF, such an approach is
applicable to any MMF. The theory should be useful for the evaluation and design of

microbend-based devices and sensors.

A microbend sensor incorporating an FBG was proposed and demonstrated for
simultaneous measurement of microbending displacement and temperature. The
output signals can be detected effectively with either a tunable filter in conjunction
with a broadband source or a tunable laser. The sensor produces a stable output,
shows good sensitivities in both microbending and temperature measurements,
provides convenient single-end access, and allows multiplexing of similar sensors
based on wavelength-division multiplexing. The proposed sensor is the first of its
kind, which combines the advantages of an intensity-based sensor (simple
configuration and low cost) and a wavelength-based sensor (absolute measurement

and multiplexing capability).
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CHAPTER 6

APPLICATIONS OF MMFBG IN
ERBIUM-DOPED FIBER LASERS

6.1 Overview

The characteristics of MMFBG have been discussed in detail in Chapter 3.
Particularly, the most interesting property of an MMFBG is that its spectral response
could be easily tuned by varying the modal power distribution. In this chapter,
motivated by wide applications of the single-mode FBGs in the fiber laser systems,
potential applications of the MMFBG in SMF laser systems are proposed and
demonstrated. The research focus in this chapter is on the wavelength-tuning ability

of MMFBG in forming wavelength-switchable erbium-doped fiber lasers.

Fiber lasers, in particular EDFLs, have attracted much research interest because
of their potential applications in WDM and optical fiber sensing systems [100-112].
Erbium-doped fiber (EDF), as the gain medium, is advantageous as it is capable of
high efficiency pumping in a relatively short length. On the other hand, the large
homogenous gain broadening that is unavoidable for EDF, prevents the EDFL from

lasing stably in multiple wavelengths. Therefore, many efforts have been made to
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improve the stability of the multi-wavelength EDFL at room temperature [113].
Stability of multi-wavelength EDFLs, however, is still a key issue that needs to be
fully addressed. Reliable and practical methods are desired to realize the
implementation. Recently, an alternative, wavelength-switchable EDFL, has been
developed to satisfy those applications where several lasing lines are required [101,
104]. Switching here means that it is possible to select the lasing wavelength among
several discrete lasing lines. In such a system, the homogenous gain broadening of the
EDF is exploited to stabilize the single-wavelength lasing. Certainly, the number of
switchable wavelengths and the system complexity are always important

considerations.

From the study in Chapter 3, obviously MMFBG has two key spectral advantages
over its single-mode counterpart. Firstly, the spectrum of MMFBG covers a wide
wavelength range and consists of equally separated reflection peaks. Secondly, the
spectrum of MMFBG can be easily tuned by changing the modal power distribution.
Therefore, the tuning ability of MMFBG could be potentially used for implementing

wavelength-switchable EDFLs.

In this chapter, two wavelength-switching techniques are described to implement
wavelength-switchable EDFLs, both theoretically and experimentally. The first
scheme is based on the study in Chapter 4. As it has been proved that the

microbending applied to the MMF can effectively change the modal power
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distribution, the first wavelength switching scheme is realized through tuning the
microbending applied to an MMF. The second scheme follows the principle that the
mode with different orders can be preferentially excited at different radial position on
the cross section of an MMF through launching with an SMF [57, 114-118]. Since the
fiber modes in distinct orders spatially distribute at different radius positions on the
cross section of the MMF, the selective mode excitation and filtering are
accomplished by varying the axial alignment of the SMF and the MMFBG. In
principle, they both change the mode distribution in the MMF and select the mode by
the SMF. The theoretical studies on wavelength switching and the experimental

results on the performance of the EDFLs are given for both schemes, respectively.

6.2 Erbium-doped fiber laser

The first EDFL was demonstrated by Snitzer and Woodcock in 1965 [119, 120]. The
first rare earth doped SMF was developed by using modified chemical vapor
deposition (MCVD) method by the researchers of Bell Labs [121], which was
followed by advanced MCVD method at the University of Southampton [122]. In
1987, erbium-doped single mode fiber amplifier (EDFA) for traveling wave
amplification of 1500-nm signals was developed [123, 124]. In 1989, Nakazawa used
a high power 1480-nm laser diode as a pump [125]. These recent achievements in the

area of EDFA opened the door for the implementation of EDFLs [126].
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In an Erbium-doped fiber laser or amplifier, the pump light excites the rare earth
ions to produce a population inversion giving rise to amplification at the signal
wavelength by means of stimulated emission. EDFLs have many important
advantages, including the tuning ability over a wide wavelength range, efficient and
compact pumping with laser diodes, low threshold power level, and improved phase

and intensity noise characteristics as compared to semiconductor lasers.

EDFL may be categorized into two types in the time domain according to
whether they are continuous wave (CW) [127, 128] or pulsed [129]. In the
wavelength domain they may be classified into single wavelength and
multiwavelength. In this work, the focus is on the design of CW EDFLs, and the term

EDFL will refer to CW EDFL in the rest of this thesis.

EDFL has been applied in WDM system for long distance transmission and
optical fiber sensors, where usually multiple lasers operating at different wavelengths
[130-133] are required. The multiwavelength EDFL, however, is difficult to be
realized compared to other EDFL categories due to the inherent difficulty in achieving
stable multiple wavelength laser operation. It is well known that the homogeneous
broadening for gain media leads to instability of multiple wavelength lasers.
Homogeneous broadening is caused by each individual atom, ion or molecule having

the same finite spectral width for a given optical transition. Contributing mechanisms
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include dipole interactions with the vacuum field and photon stimulated broadening

[51, 113]. Each radiating entity is spectrally identical, hence the name homogeneous.

Although many efforts were made to realize stable multiwavelength EDFL [105,
108, 134-138], practical methods are few and alternatively a wavelength-switchable
EDFL has been proposed for those applications that require laser operations at several
discrete wavelengths [101, 104, 139]. In this chapter, two schemes are proposed for

the use of the MMFBG for implementing wavelength-switchable EDFL.

6.3 Microbending scheme

In this section, a microbending scheme is proposed based on the microbending theory

developed in Chapter 5 for the design of the wavelength switchable EDFL.

6.3.1 Principle of operation

First an SMF to MMFBG structure shown in Fig. 6.1 is studied for understanding the

mode coupling mechanism at an SMF/MMFBG interface.
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——p Forward Transmission
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Reverse Transmission -

Fig. 6.1 SMF to MMFBG structure

The uniform MMFBG shown in Fig. 6.1 has been fabricated by using a standard
62.5 um core graded-index MMF. Prior to the grating fabrication, the MMF was
hydrogen-loaded under the pressure of 110 bar and the temperature of 80 “C for 7
days. A phase mask with a period of 1058.04nm was used to fabricate a 20mm long

MMFBG. The grating was then stabilized by thermal annealing at 100°C for 1 day.

In Fig. 6.1, the SMF is connected to the MMFBG at the center to preferentially
excite the lowest order mode, i.e. HGyp mode. This mode is reflected by the MMFBG,
appearing as a reflection at the wavelength 4; in the MMFBG spectrum. By applying
the microbending on the MMF at the input of the grating, as was theoretically and
experimentally verified in Chapter 4, a high-order mode will be preferentially excited
rather than the fundamental mode according to the value of the microbending
displacement. Ideally all the modes are reflected by the MMFBG, and the reflection to
the preferentially excited mode has maximum amplitude, showing at wavelength 4,.

Certainly, all the modes are coupled again in the reverse direction because of the
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presence of microbending. Obviously, the preferentially excited mode is most
effectively coupled with the fundamental mode according to the theoretical analysis
given in Chapter 3. At the SMF/MMF interface, the fraction of the optical power
coupled back to the SMF is determined by the overlapping of the composite electric
field between the single-mode and multimode fibers. It can be seen in Fig. 6.1, as it is
axially aligned to the MMF, the SMF selects the fundamental mode propagating in the
reverse direction, and filters out other modes. Subsequently, the reflection at A,
(which is for the preferentially coupled mode) is coupled to the SMF with the highest
power as compared with the other reflections. It might be noted that both forward and
backward propagating modes reflected by the MMFBG go through the microbend
MME. They will not interact because the phase matching condition is not satisfied for

the counter-propagating modes in the microbend region.

To confirm the analysis experimentally, the configuration shown in Fig. 6.2 was
used to measure the reflection spectra of an MMFBG, which was connected to a
segment of MMF undergoing microbending. The light was provided by a Broadband
Source (Photonik) and was launched into the MMF that was subjected to tunable
microbending. The end of the MMF was connected to an MMFBG that was fabricated
under the same conditions as the gratings used in Chapter 3. Then, the light that was
reflected back by the MMFBG, went through the MMF with periodic microbends

again and was collected by the OSA (Advantest Q8384) via an SMF coupler. The
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microbend deformer used in the experiment induced three bends on the MMF with a

pitch of 1-mm, which is the critical spatial period of the GRIN MMF.

The reflection spectra measured at four microbending displacement values (0 gm,
15 ym, 22 ym, and 28 um), are given in Fig. 6.3. Distinct peaks, corresponding to
different principal modes, can be seen in each reflection spectrum, which is in fact a
signature of the modal distribution in the fiber under the given microbending
condition. The reflection spectra show clearly how the dominant coupled mode
evolves with the microbending displacement. For the four microbending displacement
values, the HGgo, HG20, HG49, and HGgy modes are, respectively, the preferentially
coupled modes, which are in agreement with the near-field measurements and the

theoretical predictions conducted in Chapter 5.

Index
matching Ge

Broadband
Source

2l
o ol | AN

OSA

SMF MMF

Coupler

SMF

Three-Tooth MMFBG
Microbend Deformer

Fig. 6.2 Experimental setup to measure the reflection spectra of an MMFBG
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Fig. 6.3 Reflection spectra of the fiber subject to microbending measured with an
FBG introduced at the other end of the fiber for (a) 6 = 0 um, (b) 6 = 16 um, and (c) ¢
=22 um, and (d) 0 = 28 um
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6.3.2 Experimental results and discussions

Output —»|

Coupler
_ 10:.90  Three Teeth
SMF SMF PC Deformer

Fig. 6.4 Experimental configuration for the wavelength-switching EDFL using the
microbending scheme

Fig. 6.4 sho ws the configuration of the proposed EDFL using the microbending
scheme. A 6m long EDF, with ~1200ppm of erbium doping, is optically pumped by a
980nm laser diode (LD) through a WDM fiber coupler. A 90:10 fused fiber coupler
acts as a 10% output coupler for the laser cavity. The isolator (ISO) ensures that the
ring laser is unidirectional. The uniform MMFBG is fusion-spliced to port 4 of the
SMF coupler, acting as the reflection mirror. The output (port 3 of the coupler) is
measured with an OSA (Advantest Q8384). A polarization controller (PC) is used in
the cavity to control the polarization components in the laser output spectrum. The
three-tooth deformer with the A of lmm is applied to the MMF to change the mode
coupling condition. The adjustable microbending displacement ¢ of the deformer

allows the flexible tuning of the mode coupling efficiency.
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Fig. 6.5 All lasing lines with considerable Signal to ASE ratio obtained in the
experiment for the microbending scheme

Without microbending, a single lasing line at 1556.26nm was obtained,
corresponding to the reflection to the fundamental mode at the wavelength 4;. By
gradually increasing the microbending displacement of the deformer, the lasing
wavelength blue shifted to a neighboring shorter wavelength. In fact, multiple
reflections covered a wide wavelength range at different wavelengths as shown in Fig.
6.3. The single wavelength lasing, however, was stabilized by exploiting the
homogeneous gain broadening in the EDF at room temperature, which successfully
suppressed the side reflection peaks with lower reflectivity. Therefore, the lasing

wavelength was only determined by the highest reflection.

When the EDF was pumped with a 60mw of 980nm LD, as was shown in Fig. 6.5,

31 discrete wavelengths were obtained ranging from 1533.28nm to 1556.26nm, where

150



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 6 APPLICATIONS OF MMFBG IN ERBIUM-DOPED FIBER LASERS

the lasing line spacing is about (0.8nm exactly as what has been predicted by Eq. (3.8)
in Chapter 3. When the lasing line blue shifted to a short wavelength, it came up with
a raised amplified spontaneous emission (ASE) noise level and a slightly reduced
lasing peak power due to the microbending loss. In Fig. 6.1, at the SMF/MMF
interface, the high-order modes seem to have been filtered out when the light was
being transmitted from the MMF to the SMF. Therefore, at large microbending
displacement values, the power loss at the SMF/MMF interface was high compared to
those with small microbending displacements. In addition, a large J led to
considerable radiation loss. Therefore, las er operation wa s not possible for those
reflections to very high order modes (say, below 1533nm) due to high radiation loss.
Nevertheless, high signal to ASE noise ratio was achieved for all lasing wavelengths.
By using 980nm pump laser with a power of 60mw, the peak power of the laser at
1556.26nm was 20.94mW, and the lasing peak power reduced to 3.98mW at
1533.28nm. The output lasing was found to be stable, and no significant power or
wavelength variation could be observed at room temperature. During the experiment,
the maximum amplitude variation was measured to be less than 0.2dB. The range of
switchable lasing wavelengths and the channel spacing could be changed by the

MMFBG parameters.

The wavelength-switching phenomenon was no more than another manifestation
of the mode coupling process shown in Chapter 5 (Fig. 5.2). According to the theory

developed in Chapter 5, as the order of the mode increased, the reflection peak of the
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FBG and hence the lasing wavelength decreased. Indeed, it was observed
experimentally that the lasing wavelength shifted to the shorter wavelength, as the
amount of microbending increased. A comparison of the mode orders, corresponding
to the lasing lines due to reflections to the same principal modes and those calculated
from the microbending theory, was given in Fig. 6.6. To take into account the effect
of the fiber coating, the theoretical microbending displacements shown in Fig. 6 were
already scaled up by the factor of 2.7, which was obtained from comparing the
experimental results for a coated fiber with the simulation results for a bare fiber, as
was discussed in the previous section. The theoretical results were found to agree
reasonably well with the experimental results. In Fig. 6.6, the disagreement between
the experiment and theory for high order modes is understandable, and the reason is
given as follows. When taking into account of the coating effect, scale factor of 2.7 is
used for the calculated results. The coating effect, however, is relatively small when
the microbending displacement is large. Therefore, the scaled calculated results are
slightly greater than the experimental results at large microbending displacements. It
is noted that the coupling to the HG ¢ or HG,7,, mode did not lead to lasing, because
for such a high-order mode, the coupling efficiency was so low that the gain of the
erbium-doped fiber was unable to compensate for the cavity loss. In the experiments,
extra lasing lines were present between those lines that corresponded to reflections to
the same principal modes by the FBG. A total of 31 lasing wavelengths were actually
obtained. These extra lasing lines were produced by couplings between principal

modes in different orders through the FBG, which were not shown in Fig. 6.6.
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Fig. 6.6 Dependence of the mode order p of the dominantly coupled mode on the
microbending displacement, when only the HGy mode is launched into a three-tooth
microbending deformer with a pitch of 1 mm.

6.4 Alignment scheme

In section 6.3, a wavelength-switching scheme based on microbending was described
for the MMFBG incorporated EDFL. It is well known, that in a GRIN MMF, different
order of modes are spatially distributed along the radial direction, and therefore the
offset-launching techniques have been developed for exciting higher order modes [57].
Such mode selection techniques obviously are wuseful in designing the
wavelength-switchable EDFL incorporating an MMFBG. In this section, both the

theory and experiment are demonstrated for the alignment scheme based EDFL.
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6.4.1 Principle of operation

The proposed alignment scheme, that changes the spatial mode distribution in an
MMEF, is to launch the light to different radial positions on the cross section of the
MMF with an SMF [57, 116]. At each radial launching position a certain mode with
the order m is favorably excited. Reflected by the MMFBG at the wavelength 4,, this
mode is coupled back to the SMF most efficiently as well, since it has the best
overlapping integral with the SMF than any other mode. Therefore, the reflection at 4,

leads to lasing, provided that it is continuously pumped in a fiber ring laser cavity.

Fig. 6.7 Alignment of an SMF to MMF

A theoretical analysis has been developed to study the mode excitation when a
Gaussion beam launched into an GRIN MMF [57], which is used here to obtain the
relationship between the order m of the preferentially excited mode and the radial
launching position r. As is shown in Fig. 6.7, the SMF and the MMF are placed end to

end closely to each other. The light is launched into the MMF at the radial position .
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The launching beam can be assumed as a Gaussian beam under the condition of zero

wave front, having the following components in Cartesian coordinates,
E, =Q2/w)xYn) " exp{-[(x—r)’ +y*}/ W'}, (6.1)

where ny and Y; are the refractive index and the intrinsic admittance of free space,
respectively; w is the beam radius associated with the Gaussian beam. Since the SMF
and the MMF have been placed closely, it is reasonable to assume that the beam width

w matches well with the fundamental mode.

By using the Hermite-Gaussian mode here, the excitation coefficient for mode

HG, , is given as
CP-Q = (nﬂ}:] )illrz IIEme,q (xs Vs O)dxdy ' (62)

where y, 4(x,,2) is the scalar wave field that has been given in Chapter 2 Eq. (2.14).

By solving Eq. (6.2), an analytical solution is obtained to show the order of the
maximum excited mode group at tilt and offset launching conditions [57]. If the beam
width w, launched to the MMF, is matched to the fundamental mode wy by writing w
= wy, without any tilt angle the order of the maximum excited mode group at offset

launching condition becomes

m_=r’/w’+1, (6.3)
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Fig. 6.8 Calculated dependence of the mode order p of the preferentially excited mode
on the launching position r for 50 yum and 62.5 um core diameter GRIN MMF.

Eq. (6.3) suggests that the order of the maximum excited mode increases together
with the radial launching position. Therefore, when launching a broadband light
source to an MMFBG from an SMF, the spectral response of the MMFBG varies with
the radial launching position » of the SMF with reference to the axis of the MMF.
With the help of Eq. (6.3), the dependence of the mode order p on the launching
position r is calculated for 50 yum and 62.5 um core diameter GRIN MMFs, as is
shown in Fig. 6.8. By neglecting mode coupling in the MMF that is connected to the
MMFBG, the excited mode groups are reflected by the MMFBG at different
wavelengths where the phase matching condition is satisfied. According to the

characteristics of the spatial mode distribution in the MMF, interestingly only those
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reflected mode groups form a wavelength-dependent mode field on the cross section
of the MMF. Therefore, the distribution of amplitudes at different wavelengths is

determined by the spatially distributed MMF modes.

The spatial position of the SMF against the MMF can select the spatial mode
groups that are coupled back to the SMF owing to the mode and wavelength
dependent field on the cross section of the MMF. At the SMF/MMF interface, the
fraction of the optical power launched back into the SMF is determined by the
overlapping of the composite electric field. The spatial mode that is best matched to
the SMF will propagate in it with the highest power. The reflection to this favorably
coupled mode takes place at the wavelength /, and therefore eventually leads to lasing

at this wavelength. The alignment tuning can be achieved with a resolution of 0.1 ym.
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Fig. 6.9 Experimental setup for measuring the MMFBG spectra by using the
alignment technique
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To confirm the above analysis, the reflection spectra of the MMFBG were
measured by using the alignment technique. Fig. 6.9 illustrates the experimental
configuration for measuring the MMFBG spectra. The light was produced by a
Broadband Source (Photonik) and was launched into an MMFBG at a radial position
that can be varied from the center of the fiber to the core/cladding interface. Then the
light was reflected back by the MMFBG, filtered by the SMF, and collected by an

OSA (Advantest Q8384) through an SMF coupler.

Fig. 6.10 shows the transmission and reflection spectra of the MMFBG at

different axial position r.
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Fig. 6.10 Reflection spectra (dotted lines) of the MMFBG measured with 0.1nm
resolution for different axial misalignments: (a) » = 0 ym; (b) » =3 um; (c) r = 8 um;
and (d) » =14 ym

In Fig. 6.10 (a), by aligning the SMF to the MMF axis, three reflection peaks
were observed having considerable reflectivity at 1556.43nm, 1555.58nm and
1554.78nm, respectively. At the axis-alignment condition, the fundamental mode was
preferentially excited, and therefore was reflected by the MMFBG with the highest
power. By increasing r, the axis-alignment condition was not satisfied any more.
Therefore, a high-order mode can be excited preferentially instead of the fundamental
mode. The order of the preferentially excited mode was exclusively determined by the
launching position r, as was shown in Eq. (6.3). In Fig. 6.10 (b), at » = 3 um, the

reflection at 4, had the maximum reflectivity. By gradually increasing the r value to »
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=8 ym and » = 14 um, in Fig. 6.10 (c) and (d), respectively, the fifth and eighth

reflections were observed to have the strongest reflectivity.

6.4.2 Experimental results and discussions

Coupler

Fig. 6.11 Configuration of MMFBG based Erbium-doped fiber laser

Based on the above analysis, the alignment scheme for an MMFBG assisted
wavelength-switchable EDFL was proposed, as shown in Fig. 6.11. Similar to the
microbending scheme (Fig. 6.4), a 6 m section of highly concentrated erbium-doped
fiber (EDF) (~1200 ppm) is optically pumped by the 980nm laser diode (LD) through
a WDM fiber coupler. A 90:10 fused fiber coupler acts as a 10% output coupler for
the ring laser cavity. The ISO ensures that the ring laser is unidirectional. A PC is
used to control the polarization in the laser cavity. At the port 4 of the coupler, the

SMF performs as a point-like beam source to launch the light to the MMF. They are
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closely placed and in parallel in order to minimize the loss and the beam size
launched into the MMF. The output (port 3 of the coupler) is measured using an OSA

(Advantest Q8384).
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Fig. 6.12 Spectra of the wavelength-switchable EDFL at different lasing wavelengths
measured with 0.05nm resolution

When the SMF was aligned to the axis of the MMF, a single-wavelength lasing at
1556.43nm was observed. By gradually increasing r, the lasing wavelength shifted to
the short wavelength. The single-wavelength lasing was stabilized by exploiting the
homogeneous gain broadening of the EDF at room temperature. The reflection peaks
with low reflectivity were successfully suppressed and the reflection peak with the
highest reflectivity determined the lasing wavelength. As was shown in Fig. 6.12,

when the EDF was pumped with 60mW of 980nm LD, 32 discrete wavelengths
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ranging from 1531.83nm to 1556.43nm at the output of the EDFL were obtained. The
output peak power of the lasing from 1534.12nm to 1556.43nm was more than 20mw.
But, the appreciable reduction of lasing peak power can be seen at 1533.35nm and
eventually the lasing peak power was minimum at 1531.83nm (~8.46mw). No lasing
was observed below 1531.83nm, because the position of the SMF approached the
cladding region of the 62.5um MMF and a significant amount of power was coupled
to the cladding. Except for the lasing at 1531.83nm, more than 40dB of signal to ASE
noise ratio was achieved for all the other wavelengths. It was observed that the lasing
peak power was almost flat over a wide wavelength range owing to the gain saturation
of the EDF [140]. The channel spacing between two adjacent lasing wavelengths was
about 0.8nm. For those short lasing wavelengths, the ASE noise level was raised
because of the increased power loss during the light transmission from the MMF to
the SMF when the axial misalignment was increased. For 60mw pump power at
980nm, by maintaining the mode coupling condition in the MMF, the output lasing
was found to be very stable, and no significant power and wavelength variation could

be observed over a long period of time at room temperature.

The experimental results for the dependence of the preferentially excited mode on

the launching position has been compared with the theoretical values calculated by Eq.

(6.3), as was shown in Fig. 6.13.
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Fig. 6.13 Dependence of the mode order p of the preferentially excited mode on the
launching position r

Very good agreement has been found between the theoretical calculations and the
experimental results. It can be seen that the order of the preferentially excited mode
increases when the launching position is moving towards the axis of the MMF. In a
way the experimental results could be the justifications of the theory, where the order
of preferentially excited mode and the modal power distribution can be observed
clearly from both the lasing wavelength and the MMFBG reflection spectra. The
slight difference between the experiment and theory is because, in the calculation, the
Gaussian beam radius launched to the MMF was assumed to be the same as the spot
radius of the fundamental mode wy. In fact, the launched Gaussian beam radius should

be larger than the spot size of the fundamental mode, as the gap between the SMF and
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the MMF leads to considerable beam broadening and the spot size of the SMF would
be larger than that of the fundamental mode. Therefore, in the experimental results
shown in Fig. 6.13, a relatively small r value of ~4um can lead to the preferentially
excitation of the second order mode. Note that in Fig. 6.13 the reflections to those
high-order preferentially excited modes near cutoff are unable to lead to lasing
because a significant amount of power is coupled to the cladding when r has a large
value. Extra lasing lines in Fig. 6.12 between adjacent principal modes are produced
by the coupling of these two modes through the FBG, which are not shown in Fig.

6.13.

In both the configurations used to achieve wavelength switching, namely, the
microbending scheme and the alignment scheme, the lasing was not in the purely
single longitudinal mode. This was due to the degeneracy in the mode spectrum of the
MMFBG and the long laser cavity led to multiple longitudinal modes. The lasing
linewidth, however, was measured to be less than 0.06nm, and no wavelength
variation was observed with the OSA. Therefore, it would meet the requirement of
normal applications, and the multi-longitudinal mode lasing could be improved by
employing proper lasing cavity designs. The repeatability of the
wavelength-switching schemes was very good and the experimental results displayed

good consistency
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In comparison with other techniques that can be used to control the excitation of
lasing modes [101, 139, 141-147], the two proposed schemes in this chapter have
many advantages. First, wavelength switching is realized with a single MMFBG;
second, a number of discrete lasing wavelengths are achieved over a wide wavelength
range; third, all the lasing lines are almost equally spaced of ~0.8nm without being
affected by the temperature change. The main disadvantage of the proposed schemes
is the switching of lasing lines require a operation time, as both schemes are based on

mechanically tuning methods.

6.5 Conclusions

In summary, this chapter presented the applications of the MMFBG in erbium-doped
fiber lasers. Two schemes to achieve wavelength-switchable fiber lasers using
MMFBG were demonstrated in this chapter. By using microbending and spatially
launching techniques respectively to preferentially excite different order of mode, the
reflection spectrum of MMFBG varied accordingly, which led to a single wavelength
lasing at the selected wavelength. The dependence of modal power distribution on
microbending displacement and launching position were analyzed theoretically and

experimentally.

For both schemes, more than 30 discrete lasing lines have been obtained over a

wide wavelength range (> 25 nm). The spacing of neighboring lasing was about 0.8
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nm and was controllable according to the difference between propagation constants of
adjacent modes. Single-wavelength lasing was successfully realized by exploiting the

homogenous gain broadening of the erbium-doped fiber at room temperature.

The microbending scheme, employing periodic microbend to tune the modal
power distribution in an MMF, modified the order of preferentially excited mode and
the number of modes that were excited. Power reduction and an increased ASE noise
were observed to be significant as a considerable amount of power were coupled to
the radiation mode. Therefore an averaging signal to ASE noise ratio of ~30dB was
obtained for all the lasing lines. For the alignment scheme, less power was coupled to
the cladding modes, and therefore an averaging signal to ASE noise ratio of ~35dB
was achieved for all lasing lines. The number of lasing lines obtained in our
experiments for microbending scheme and alignment scheme were 31 and 32,

respectively.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDED
FUTURE WORKS

7.1 Conclusions

The goal of this dissertation was to study the periodic structures formed in GRIN
MMEF, which included FBGs, LPGs, and periodic microbending structures. The
analysis relied upon the coupled-mode theory to obtain the conditions for phase
matching of mode coupling along the periodic structures in GRIN MMF. The grating
fabrication techniques, light transmission characteristics, and their potential
applications in optical communications and optical fiber sensors were presented in

detail.

Grating structures formed with laser irradiation were studied. The phase mask
technique employing UV irradiation was used to fabricate the MMFBG. The spectral
characteristics of MMFBG were analyzed, which confirmed that its spectral response
could be varied by the change of the modal power distribution. Instead of using the
UV method, the LPGs in GRIN MMFs studied in the thesis were fabricated with the

CO; laser irradiation, which induced geometrical changes in the fiber and led to a
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strong mode coupling. Their transmission characteristics were studied to confirm that
strong mode couplings take place in the grating when the pitch of the grating is equal
to the critical spatial period of the fiber. This critical spatial period was found to be

wavelength independent.

Critical spatial period was used for the design of MMF LPGs for sensing
applications. Such LPGs can give good sensitivities to strain and changes in the
surrounding refractive index and therefore be used as effective physical and chemical

SEnsors.

In order to look into the mode coupling mechanism at a periodic microbend, a
theoretical model was developed for studying the microbend-induced mode coupling
in a GRIN MMF. In particular, very simple analytical results were derived for a
parabolic-profile MMF. For such a fiber, the fundamental mode can be coupled
preferentially to a specific high-order mode at a microbend and the order of the
dominantly coupled mode increases progressively as the amount of microbending

increases.

This mirobending theory can be used for quantitative study of the function of a
microbend-based mode scrambler that is commercially available. The MMFBG was
used to measure the modal power distribution in order to confirm that the theoretical

studies for a microbend-based mode scrambler. The experimental results from
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measuring the near-field patterns of a GRIN MMF that was subjected to
microbending as well as its reflection spectra from an FBG agreed well with the

theoretical predictions.

The microbending theory should be also useful for the evaluation and design of
microbend-based devices and sensors. An FBG-assisted microbend sensor consisting
of the SMF leads at both the input and the output was proposed and demonstrated for
simultaneous measurement of microbending displacement and temperature. The
proposed sensor combined the advantages of an intensity-based sensor (simple
configuration and low cost) and a wavelength-based sensor (absolute measurement
and multiplexing capability). Two configurations were proposed for the
implementation of the sensor with either a tunable filter in conjunction with a

broadband source or a tunable laser,

The use of MMFBG:s in the optical communications was proposed. The MMFBG
was demonstrated effectively as reflectors to implement the wavelength-switchable
fiber lasers in SMF systems. The ability of the uniform MMFBG to reflect different
fiber modes at different wavelengths was utilized. Two wavelength-switching
schemes have been proposed to select the lasing wavelength of the erbium-doped
fiber laser using the MMFBG as the reflector. The first wavelength-switching scheme
was achieved by taking advantage of our microbending theory, where the lasing

wavelength was selected by tuning the microbending on a GRIN MMF. In the second
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wavelength-switching scheme, the modal power distribution was modified by varying
the alignment between the SMF and MMF. A large number of discrete lasing
wavelengths have been successfully achieved with high signal to ASE noise ratio for
both schemes. It is also believed that the MMFBG based wavelength-switchable fiber

laser could be flexibly designed by employing proper grating and MMF parameters.

7.2 Recommended future work

The studies on the periodic structures in the MMF are still in the early stages as
compared to the extensive research studies on the grating structures in the SMF. There
are many avenues for the research presented in this dissertation to be extended in the

future.

The theories for the grating structures in GRIN MMF need to be further
elaborated. It should be noted that the mode couplings in the grating structures
involve the coupling between modes in different orders. Therefore, it suggests that the
index modulations or geometrical deformations along the grating are not uniform. In
order to obtain the exact coupling coefficients of the coupling taking places between
the modes in different orders, the further understanding of the non-uniform
index/geometrical distribution along the grating region should be required. The
integrity of the theory and the quantification of the performances for the multimode

fiber gratings are suggested for future research.
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One interesting question is that whether the periodic structures in MMF can be
used in the MMF based transmission systems, as the MMF has been widely adopted
in the local area networks and the ever-increasing demand on the transmission
capacity is limited by the unavoidable intermodal dispersions in the MMF. By
considering the fact that SMF gratings are playing an important role in SMF related
telecommunication systems, the periodic structure in MMF has a great potential to be
used for overcoming the bandwidth issue. The near field images presented in this
thesis have already shown that the mode coupling and conversion effects induced by
the periodic structure in a GRIN MMF. It may open the door for the enhancement of
the transmission capacity of an MMF, as a number of studies have suggested that the
excitation of a higher order mode rather than the fundamental mode in transmission
will effectively enhance the product of bandwidth and distance of an MMF link

[114-117].

One common issue that needs to be extended as the future work is the
implementations of the sensing applications proposed in this thesis. In particular, a
study of the effect of the fiber coating on the MMF used as a microbend sensor is
expected, as the soft and thick coating of the fiber affects the performances of the
GRIN MMF undergoing microbending. In addition, the packaging and integration

techniques are also desirable for the sensors that have been presented.
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Another topic for future research is to expand the study of period structure into
other types of MMFs, including the step-index MMF and the polymer multimode
optical fibers. It is expected that the properties of other kinds of MMF will lead to
other interesting applications. In addition, it would also be interesting to look into

other fabrication techniques, such as HF etching and side polishing.
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APPENDIX A
MAXWELL’S EQUATIONS

In the International System of Units, Maxwell’s equations are

oB

VxE=——, (A.1)
ot
vil=J+22. (A2)
or
v.-D=p,, (A3)
V-B=0, (A4)

where £ and H are electric and magnetic field vectors, respectively, and D and

B are corresponding electric and magnetic flux densities. The current density vector

J and the charge density p; represent the sources for the electromagnetic field. In

the absence of free charges in a medium such as optical fibers, J=0 and p,=0.

The flux densities D and B arise in response to the electric and magnetic field

E and H propagating inside the medium and are related to them through the
constitutive relations given by

D=¢E+P, (A.5)

B=uH+M . (A.6)

where ¢ is the vacuum permittivity, 4 is the vacuum permeability, and P and M

are the induced electric and magnetic polarizations. For a nonmagnetic medium such

as optical fibers, M =0.
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