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相位移長週期光纖光柵之設計及製作 

 

研究生:張淑惠                             指導教授:賴暎杰  博士 

 

國立交通大學光電工程研究所碩士班 

 

 

摘要 

 

在本論文中，我們研究如何由理論配合實驗去設計及製作相位移長週

期光纖光柵。在實驗上，我們用紫外光逐點曝照光纖的方式，使其產生週

期性的折射率改變。藉由控制不同的曝照時間，可製作出各種不同折射率

變化的均勻長週期光纖光柵。由所得到的均勻長週期光纖光柵的頻譜，再

配合模態耦合理論，可推得折射率變化與時間的關係和折射率對波長的變

化率與波長的關係。 

利用所得到的參數，我們使用演化演算法來設計最佳化長週期光纖光

柵的耦合係數函數，並藉由控制不同的曝照時間和每段均勻光纖光柵之間

的相位移，來試製複雜且能實際應用於光纖通訊中的平坦化長週期光纖光

柵濾波器。 
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Abstract 

 

In this thesis, we investigate the design and fabrication of phase-shifted 

long-period fiber gratings (LPGs). To periodically modulate the refractive index 

of the fiber core, the fiber is sequentially irradiated point-by-point by a UV laser 

beam. The refractive index change of fabricated long-period fiber gratings can 

be changed by adjusting the UV exposure time. Using the coupled-mode theory 

to analyze the measured data, we calibrate the relationship of the fiber core 

refractive index change with the wavelength as well as with the exposure time. 

With the calibration parameters, an Evolutionary Programming (EP) algorithm is 

then used to design a flat-band LPGs by optimizing the coupling coefficient 

distribution function. By controlling the UV exposure time and the phase shifts 

between each uniform LPGs, complex LPGs with advanced characteristics can 

be fabricated. 
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Chapter 1. Introduction 

 

1.1  Introduction of Fiber Gratings 

Fiber gratings are fiber devices that have found many applications in optical 

communication and optical sensing. They are produced by exposing an optical fiber to 

ultra-violet (UV) lights that perturb the refractive index of the core to form a periodic index 

modulation profile. The photosensitive phenomenon in optical fibers was first demonstrated 

by Hill el al. in 1978 [1]. Here photosensitivity means that the refractive index of certain 

doped glasses can be raised by the exposure of UV lights. The magnitude of the refractive 

index change depends on the exposure time and dopants (such as Germania) in the fiber and is 

typically between 610−  to 310− . The dopants are usually doped only in the core of fibers, so 

the UV induced index change is only in the core, not in the cladding of fibers. By using the 

techniques such as hydrogen loading, an index change as high as 210−  can be obtained. Fiber 

gratings are usually fabricated by a variant of the transverse holographic method first 

proposed by Meltz et al. [2] in 1989. The UV interference pattern is imposed on the fiber from 

the side as shown in Fig. 1.1. After a few years the phase mask technique [3-5] as shown in 

Fig. 1.2 becomes widely used to simplify the fabricated procedure and yet produce fiber 

gratings with high performance. In order to fabricate long and complex fiber grating with 

advance characteristics, the systems of sequential writing have also been proposed and 
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demonstrated [6-8]. 

To fabricate fiber gratings for various applications, it is important to have tools to 

analyze and synthesize them according to the application purposes. The most common 

mathematical model used to describe wave propagation in a fiber grating is the coupled-mode 

equation [9]. Together with the inverse algorithms such as Gel’fand-Levitan-Marchenko 

(GLM) inverse-scattering method [10-11], Layer-Peeling (LP) inverse-scattering algorithms 

[12-14] and Evolutionary Algorithm (EA) [15-17] including Genetic Algorithm (GA) and 

Evolutionary programming (EP) algorithm, complicated fiber gratings can be inversely 

designed. 

A fiber grating is simply an optical diffraction grating as shown in Fig. 1.3, and thus its 

effect upon a light-wave incident into the grating at an angle 1θ  can be described by the 

grating equation 

2 1sin sinn n m λθ θ= +
Λ

                                                 (1.1) 

where 2θ  is the angle of the diffracted wave and the integer m determines the diffraction 

order. This equation predicts not only the directions 2θ  into which constructive interference 

occurs, but also is capable of determining the wavelength at which a fiber grating can most 

efficiently couple lights between the two modes. 

Fiber gratings can be broadly classified into two types: Bragg gratings (also called 

reflection and short-period gratings), in which the coupling occurs between modes traveling in 
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opposite directions; and transmission gratings (also called long-period gratings), in which the 

coupling is between modes traveling in the same direction. Since the mode propagation 

constant β  is simply (2 / ) effnβ π λ=  where sineff con n θ= , we may rewrite for guided 

modes as 

2 1
2m πβ β= +
Λ

                                                       (1.2) 

For first-order reflective diffraction, which usually dominates in a fiber Bragg grating, 

m=-1. Positive and negative β  values describe modes that propagate in the +z and –z 

direction, respectively. By using (1.2) and recognizing 2 0β < , we find that the resonant 

wavelength for the reflection of a mode of index ,1effn  into a mode of index ,2effn  is  

,1 ,2( )eff effn nλ = + Λ .                                                    (1.3) 

If the two modes are identical, we get the familiar result for Bragg reflection: 2 effnλ = Λ . 

When light is diffracted by a transmission grating, the first mode is a core mode while 

the second one is a cladding mode. Since here 2 0β > , the resonant wavelength for a 

transmission grating is  

,1 ,2( )eff effn nλ = − Λ .                                                    (1.4) 

For co-propagating coupling at a given wavelength, evidently a much longer grating 

period Λ  is required for counter-propagating coupling. 

 

 



 

 4

1.2  Motivation of the Research 

Long-period fiber gratings (LPGs) can be designed to have a variety of profiles 

depending on its applications, such as band-rejection filters [18], high sensitivity sensors [19], 

mode converters [20], and erbium-doped fiber amplifier gain flattening filters [21]. Our group 

has presented a novel LPGs synthesis method using a revised EP algorithm [17]. We believe 

that using the EP algorithm is an effective and practical way for optimally designing 

complicated LPGs. 

 

1.3  Structure of this Thesis 

The main structure of this thesis can be divided into four parts. Chapter 1 is an 

introductory chapter which includes an introduction of fiber gratings and the motivation of the 

research. Chapter 2 describes the synthesis of long-period fiber gratings, which include the 

coupled-mode theory, transfer matrix method and evolution programming algorithm. Chapter 

3 presents the experimental setup and results of fabricating phase-shifted long-period fiber 

gratings. In Chapter 4, we give a brief conclusion and provide directions of the further 

research related to this topic. 
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Fig. 1.1 Two coherent UV beams produce an interference pattern in the fiber. The period of 

the grating depends on the angle θ  of the two incident beams. 
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Fig. 1.2 The fiber grating is fabricated by a UV beam incident to a phase mask (PM). The 

period of the fiber grating is half of the PM period. 
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Fig. 1.3 Diffraction of light by a grating 
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Chapter 2. Synthesis of Long-Period Fiber Gratings 

 

In this chapter we will explain the modeling and synthesis of long-period fiber gratings. 

In the following derivation, for simplicity a perturbation to the core refractive index con  will 

be described by [9] 

2( ) ( ) 1 cos ( )cocon z n z z zπυ φ⎧ ⎫⎡ ⎤∆ = ∆ + +⎨ ⎬⎢ ⎥Λ⎣ ⎦⎩ ⎭
                                  (2.1) 

where ( )con z∆  is the dc index change spatially averaged over a grating period, υ  is the 

fringe visibility of the index change, Λ  is the period, and ( )zφ describes the grating phase. 

 

2.1  Coupled-Mode Theory 

Since the long-period fiber grating couples the forward propagating guided core mode of 

amplitude 1( )A z  to one of the co-propagating cladding modes of amplitude 2 ( )A z , the 

coupled-mode equations of long-period fiber grating can be written as 

( ) ˆ ( ) ( ) ( )
co

co cldA z i A z i z A z
dz

σ κ= +                                           (2.2) 

*( ) ˆ ( ) ( ) ( )
cl

cl codA z i A z i z A z
dz

σ κ= − +                                         (2.3) 

where the amplitudes coA  and clA  are 1 11 22( ) ( ) exp[ ( ) / 2]exp( / 2)coA z A z i z i zσ σ δ φ≡ − + −  

and 2 11 22( ) ( ) exp[ ( ) / 2]exp( / 2)clA z A z i z i zσ σ δ φ≡ − + − + , and 11σ , 22σ  are dc coupling 

coefficients defined in (2.4). 

*( ) ( ) ( , ) ( , )
2

co
cokj kt jt

core

nz n z dxdye x y e x yωσ = ∆ ⋅∫∫                                (2.4) 
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The mode coupling coefficient functions are defined as 

( ) ( )
2kj kjz zνκ σ=                                                        (2.5) 

, 1, 2k j =  

where ( , )jte x y  are the transverse mode fields. When j is equal to 1, it refers to the core 

mode. When j is equal to 2, it describes the cladding mode. 

In (2.2) and (2.3), *
21 12κ κ κ= =  is the ac cross-coupling coefficient and σ̂  is the dc 

self-coupling coefficient defined as 

11 22 1ˆ
2 2

d
dz

σ σ φσ δ −
≡ + − .                                                (2.6) 

Here the detuning, which is assumed to be constant along z, is 

1 1 1( ) ( )
2

co cl
co

D

nπδ β β π
λ λ

≡ − − = ∆ −
Λ

.                                     (2.7) 

Here coβ  and clβ  are the propagation constants related to the core and cladding 

modes, D conλ ≡ ∆ Λ  is the design wavelength for an infinitesimally weak grating, con∆  is 

the difference of the core and cladding effective indices, and Λ  is the period of the 

long-period fiber grating. When appropriate initial conditions (0) 1coA =  and (0) 0clA =  are 

specified, closed-form solutions can be found. The core mode and the cladding mode 

transmission coefficients for uniform long-period fiber gratings can be shown to be 

2
2 2 2 2 2 2

2

2

( ) 1ˆ ˆcos ( ) sin ( )
(0) 1

ˆ

co

co co

A LT z z
A

κ σ κ σ
κ
σ

= = + + +
+

                     (2.8) 

2
2 2 2

2

2

( ) 1 ˆsin ( )
ˆ(0) 1

cl

cl co

A LT z
A

κ σ
σ
κ

= = +
+

                                    (2.9) 
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2.2  Transfer Matrix Method 

Most fiber gratings designed for practical applications are not uniform gratings. For a 

long-period fiber grating with a non-uniform distribution of the coupling coefficient, no 

analytical solution can be found and only numerical solution can be calculated. One can use 

the piecewise-uniform approach to modeling non-uniform gratings, based on identifying 

2 2×  matrices for each uniform section of the grating, and then multiplying all of these 

together to obtain a single 2 2×  matrix that describes the whole grating. We divide the 

long-period fiber grating with length L  into m  uniform sections and define co
iA  and cl

iA  

to be the field amplitudes after traversing the section i . We start with 0 (0) 1co coA A= =  and 

0 (0) 0cl clA A= = , and calculate ( )co co
mA L A=  and ( )cl cl

mA L A= . The propagation through 

each uniform section i  is described by a matrix iF  defined such that 

1

1

co co
i i

icl cl
i i

A A
F

A A
−

−

⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
.                                                      (2.10) 

 
*

ˆ sin( ) sin( )cos( )

ˆsin( ) sin( )cos( )
i

i i

F
i i

σ γ κ γγ
γ γ

κ γ σ γγ
γ γ

∆ ∆⎡ ⎤∆ +⎢ ⎥
⎢ ⎥=
⎢ ⎥∆ ∆

∆ −⎢ ⎥
⎣ ⎦

                           (2.11) 

where ∆  is the length of the i th uniform section for equal length L
m

∆ = , the coupling 

coefficients σ̂  and κ  are the local values in the i th section, and 2 2ˆγ κ σ= + . 

Once all of the matrices for the individual sections are known, we find the output amplitudes 

from 
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1( )
0( )

co

co

A L
F

A L
⎡ ⎤ ⎡ ⎤

=⎢ ⎥ ⎢ ⎥
⎣ ⎦⎣ ⎦

                                                      (2.12) 

where 11 12
1 1

21 22

......m m

F F
F F F F

F F −

⎡ ⎤
= = ⋅ ⋅ ⋅⎢ ⎥
⎣ ⎦

 

The transmission coefficients for the core and cladding modes are defined as 

11
( , )( )
(0, )

co

co co

A Lt F
A

δδ
δ

≡ =                                                   (2.13) 

and 

21
( , )( )
(0, )

cl

cl co

A Lt F
A

δδ
δ

≡ =                                                   (2.14) 

The power transmission coefficients for the core and cladding modes are then expressed 

as 

2 2
11( ) ( )co coT t Fδ δ= =                                                  (2.15) 

and 

2 2
21( ) ( )cl clT t Fδ δ= =                                                   (2.16) 

 

2.3  Evolutionary Programming Algorithm 

2.3.1 Long-Period Fiber Gratings Synthesis Using Evolutionary 

Programming [17] 

1. Definition of the error function and the fitness function 

We divide the spectral coordinate into n  discrete wavelengths and randomly choose 

N  particular coupling coefficient distribution functions 1( )zκ , 2 ( )zκ ,......, ( )N zκ , which are  
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complex vectors with m  components. The error function and fitness function for the ( )i zκ  

are defined as 

target , ,
1

( )
n

i iT Tε κ
=

≡ −∑                                                   (2.17) 

and 

1( )
( )i

i

F κ
ε κ

≡                                                          (2.18) 

1, 2,......,i N=  

where target ,T  is the target transmission coefficient at the th wavelength component and 

,iT  is the power transmission coefficient produced by ( )i zκ  at the th wavelength 

component. 

2. Selection 

The originally chosen set of N  individuals ( )i zκ , 1, 2,......,i N=  is the parent set. The 

( )i zκ  with a higher fitness value will have a higher probability to be chosen. The probability 

of each ( )i zκ  being selected is  

1

( )( ( ))
( )

i
i N

j
j

FP z
F

κκ
κ

=

=

∑
, 1, 2,......,i N=                                        (2.19) 

After applying the selection process to the parent set, it generates a set of new 

individuals from the parent set which we call it a “healthier” set because the average fitness 

value of the new set is usually larger than the parent set. 

3. Mutation 

For a given coupling coefficient profile ( )i zκ , we randomly choose one of is 
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components ,
, ,( ) i ji

i j i jz e φκ κ=  and change it into 

, ,( )
, , ,( ) i j i ji

i j i j i jz e φ δφκ κ δκ += + , 1, 2,......,i N=                                  (2.20) 

where ,i jδκ  and ,i jδφ  are the magnitude and phase mutation functions, respectively, and are 

determined by the following expressions 

, ,i j M i ir Wδκ = ×                                                         (2.21) 

, ,i j s i ir Wδφ = ×                                                          (2.22) 

where ,M ir  and ,s ir  are two random variables between -1 and 1 and iW  is a weighting 

factor calculated according to  

( )q
i iF W Cκ ⋅ =                                                         (2.23) 

where C  and q  are adjustable numbers called the mutation parameters. 

To summarize, we describe the process of our evolutionary programming algorithm by 

the flow chart show in Fig. 2.1 and explain how it works as follows. 

1. Divide the spectral coordinate into n  discrete wavelengths to be the target. 

2. Generate a set of N  coupling coefficient profiles by selecting the value of their 

components randomly within a feasible range. This is the parent set with N  individuals 

( )i zκ , 1, 2,......,i N= . 

3. Calculate the transmission spectrum for each coupling coefficient profile in the parent set 

by using the coupled-mode equation and the transfer matrix method of long-period fiber 

gratings previously described in chapter 2. 
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4. Find the error and the fitness value for each ( )i zκ , 1, 2,......,i N=  in the parent set. 

5. Check if the target performance is reached for any individual in the parent set. If not, 

apply the selection process to the parent set to generate a set of “healthier” individuals. 

6. Apply the mutation process to create a new set of N  individuals from the “healthier” set 

in step 5. Go to step 3 and use the new set as the parent set. 

 

2.3.2 Simulation of Flat-Band Long-Period Fiber Gratings 

The target spectra of a flat-band long-period fiber grating can be described by [22] 

10

( ) 0.9 exp
FWHM

S δδ
δ

⎛ ⎞⎛ ⎞
⎜ ⎟= −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

                                          (2.24) 

1/ 220

( ) 1 0.9exp
FWHM

R δδ
δ

⎛ ⎞⎛ ⎞⎛ ⎞⎜ ⎟⎜ ⎟= − −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠⎝ ⎠
                                     (2.25) 

where 1 1( )eff
D

nδ π
λ λ

= ∆ −  is the detuning parameter, FWHMδ  is the 

full-width-half-maximum bandwidth. In our simulation, we set the grating length L =97.5 

mm, the number of section m =15, the section width z∆ =6.5 mm, the number of spectral 

points n =161, the grating period Λ=0.26 mm and the resonance wavelength Dλ =1550 nm. 

The core and cladding mode indices are assumed to be 

1.450250813 0.0108*( 1.55)con λ= − −                                      (2.26) 

( )
1

2 2 2 2

2 2 2 2 2 2

0.6961663 0.4079426 0.8974791
0.0684043 0.1162414 9.896161cln λ λ λλ

λ λ λ
⎡ ⎤⋅ ⋅ ⋅

= + + +⎢ ⎥− − −⎣ ⎦
          (2.27) 

Fig. 2.2 shows the target spectrum and the calculated spectrum form our design. Fig. 2.3 
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and 2.4 show the designed amplitude and phase profiles of the coupling coefficient across the 

grating, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 16

Initializing a set of N 
coupling coefficients

, 1,2,......,i i Nκ =

Finding transmission
spectra for every  

iκ

Evaluate fitness for 
every 

iκ

Target coupling 
coefficients found?

Performing selection 
to form a new set of 

iκ

Performing the 
mutation process to 

construct a new set of 
coupling coefficients

 

 

Fig. 2.1 Flow chart of the proposed EP algorithm for LPG design 
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Fig. 2.2 Target and designed transmission spectra of the flat-band LPG. 
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Fig. 2.3 Designed amplitude of the coupling coefficient distribution function for the flat-band 

LPG. 
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Fig. 2.4 Designed phase of the coupling coefficient distribution function for the flat-band 

LPG. 
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Chapter 3. Experimental Setup and Results 

 

3.1  Experimental Setup 

The fiber we used is the PS1250-1500 photosensitive fiber from Fibercore Company. In 

order to achieve the special coupling coefficient profile, we fabricate the phase-shifted long 

period fiber gratings by the point-by-point UV writing method. Fig. 3.1 shows the 

experimental setup. A frequency-doubled argon-ion laser launches a CW 244 nm 

single-polarization UV beam which passes through three cylindrical lens 1, 2 and 3 and then 

is focused on a fiber with its e-1 beam waist <100 mµ . The UV beam-shape is an elliptical 

shape and the major axis is along the x-direction before the laser beam passes through the 

cylindrical lens 1 and cylindrical lens 2. The cylindrical lens 1 and 2 are used to expand the 

UV beam and the cylindrical lens 3 is used to focus the UV beam in the x-direction to the 

fiber. After focusing, the UV beam becomes an elliptical beam with the major axis along the 

y-direction. The UV power is confined in the region of the writing point, so that it can induce 

the change of the refractive index in core as much as 44.5 10−×  in ten seconds without 

hydrogen-loading the fiber. The induced refractive index can be adjusted by controlling the 

exposure time. With hydrogen loading, the order of induced refractive index change can be 

further improved, and the UV induced index change will be increased while we increase the 

hydrogen loading duration up to the saturation time. However, it is not easy to control the 
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hydrogen loading concentration of the fibers in practice. The hydrogen will begin to escape 

from the fibers when we put the loaded fibers in the air. To avoid this uncertainty, we used 

non-hydrogen loading fibers in our experiment. 

A shutter is used in the halfway of the beam path. The induced refractive index change in 

the core of the fiber is related to the UV exposure time, which can be modulated by the shutter. 

The fiber is put on a translation stage which consists of a linear motor stage and a 

piezoelectric translator (PZT) stage with sub-nm position resolution. The position of the 

exposed points on the fiber can be accurately controlled by such a translation stage. After the 

UV exposure, the fiber is put on a heater at 120 C  for six hours for annealing. The annealing 

process is to avoid the thermally unstable behavior of the exposed fiber grating over long 

periods of time at the room temperature. 

 

3.2  Calibration of the Parameters 

1. Choose the cladding mode LP08 

By using the super-luminescent diode (SLD) broadband light source (from 1250 nm to 

1650 nm) and the optical spectrum analyzer (OSA), we can identify different coupled 

cladding modes by changing different grating periods, and then determine the suitable mode 

and grating period for us to use. Fig. 3.2 to 3.5 shows the transmission spectra at different 

grating periods. First, we use the spectrum at the grating period of 450 mµ  to identify the 
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first coupled cladding mode LP02. We then reduced the grating period to 430 mµ , 420 mµ , 

350 mµ  and 210 mµ , respectively. From these spectra, we can recognize LP03 to LP08 

modes and find that the change rates of the dips in the transmission spectra increase from 

LP02 to LP08 modes. At the grating period of 210 mµ , there is only the LP08 mode observed. 

By the consideration of the laser beam size focused on fiber (less than 100 mµ , e-1), the duty 

cycle we desired (about 50%) and the change rates of the spectral dips, we choose the LP08 

mode as the coupled cladding mode. We then choose 260 mµ  as the grating period, under 

which the center wavelength of the LP08 mode dip is in the region of C band, which is 

between 1520 nm and 1570 nm. 

2. Use uniform long-period fiber gratings to calibrate con  and n∆  

After the identification of the coupling cladding mode and the grating period, an ASE 

broadband light source (from 1520 nm to 1620 nm) and an optical spectrum analyzer (OSA) 

are used to measure the transmission spectra of the LPGs. We use uniform long-period fiber 

gratings as the reference to calibrate the core refractive index change versus wavelength and 

the modulated refractive index change versus time. We assume that the relation of the core 

refractive index change versus wavelength is linear between 1520 nm and 1620 nm and the 

dispersion relation of the cladding material is equal to that of pure silica. From the 

experimental results, the dispersion relation of core is 1.450250813 0.0108*( 1.55)con λ= − − . 

The relation between the refractive index change and the exposure time is 
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1.8623 0.9631*ln( )n t∆ = +  , which was fitted by the Napierian logarithm. Fig. 3.6 shows the 

real core refractive index change versus wavelength. From it, we can get the slope codn
dλ

 = 

0.0108 and con  = 1.450250813 at 1550 nm. Fig. 3.7 shows the modulated refractive index 

change versus time, and it illustrates that the relation between the refractive index change and 

the exposure time is not linear. From the figure, the change of refractive index in core is about 

44.5 10−×  with the exposure time of ten seconds. We thus limit the maximum induced 

refractive index to 44.5 10−×  in the simulation. 

 

3.3  Simulation and Experimental Results 

3.3.1 Uniform Long-Period Fiber Gratings 

We use the parameters from the calibration to run the simulation. Figures 3.8 to 3.14 

show the comparison between the simulation results and the experimental results at the 

exposure time of 1s, 2s, 3s, 4s, 6s, 8s and 10s. From these figures, we fine that the bandwidth 

of the grating transmission spectra match well with simulation results, but their center 

wavelengths have slight difference. This difference may be mainly caused by the tight force 

we used to fix the fiber when exposing the grating or when measuring the fiber grating 

spectrum. The extra tension may slightly change the grating period of the fiber grating. 
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3.3.2 Simple Phase-Shifted Long-Period Fiber Gratings 

The explored simple phase-shifted long-period fiber gratings in this section include 

single phase-shifted, double phase-shifted and multi-phase-shifted (less than ten shifted 

phases) long-period fiber gratings. Fig. 3.15 to 3.17 show the structures of these simple 

phase-shifted long-period fiber gratings. Our simulated and experimental spectral results are 

shown in Fig. 3.18 to 3.23. From these figures, we find that the dips in the grating 

transmission spectra do not well match the prediction depth for deep dips. This is because 

when it is closed to the zero transmission, the depth is more sensitive in the dB scale. 

There is another reason why we try to fabricate multi-phase-shifted LPGs for verification. 

In simulation, we only consider the LP08 mode. So we have to avoid the spectra of the other 

modes to mix with the LP08 mode. Practically, we have to confirm that how many periods of 

a uniform section is enough to avoid the spectra of the other modes to mix with that of the 

LP08 mode. In Fig. 3.22, we can confirm that the LPG with 20 periods in a uniform section is 

safe. That means the LPGs with every uniform region containing more than 20 periods can be 

used in our simulation and fabrication. 

 

3.3.3 Flat-Band Long-Period Fiber Gratings 

After calibration, we used these parameters to design a flat-band LPG. We use the theory 

mentioned in chapter 2 and the MATLAB software to write a synthesis program for the 
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defined target. The designed result and its corresponding coupling coefficient distribution 

function of the flat-band LPG have been mentioned before (in 2.3.2 Simulation of Flat-Band 

Long-Period Fiber Gratings, Chapter 2.). Fig. 3.24 shows the comparison of the simulated and 

experimental results of the flat-band LPG. For the first sight, the experimental result seems to 

be quite different from the simulated result. The center wavelength of the experimental result 

slightly shifts to the longer wavelength. Moreover, the grating transmission spectrum is not a 

flat band but more like a dip, and the bandwidth is narrower than the simulated one. We 

believe this is mainly caused by the difference between the fabricated and simulated coupling 

coefficient distribution functions, which are complicatedly dependent on the induced 

refractive index change, the fringe visibility of the index change, the core refractive index at 

designed wavelength, the mode profiles, etc. To explore more deeply, Fig. 3.25(a) and Fig. 

3.25(b) show the simulated spectra with different ratios of the coupling coefficient 

distribution functions when compared to the original one. From these figures, we find that 

when the ratio of the coupling coefficient distribution function changes from 0.85 to 1.15, the 

center wavelength and the dip of the spectra also move from shorter wavelengths to longer 

wavelengths. Moreover, the simulated spectra are getting deeper from shorter wavelengths to 

longer wavelengths. Fig. 3.26(a) and Fig. 3.26(b) show the simulated spectra at different 

fringe visibilities of the index change when compared to the original one. They illustrates that 

when the fringe visibility of the index change is changed from 2*0.75 to 2*0.95, the center 
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wavelength and the dip of the spectra have the similar behavior compared to Fig. 3.25(a) and 

Fig 3.25(b), but the depth of the band is not changed. In the spectrum with v=2*0.95, we find 

that the shape is quite similar to our experimental result, except that its center wavelength 

moves to the shorter wavelengths. Based on these simulated results, we believe the main error 

in the fabrication should be caused by the difference in the fringe visibility of the index 

change between the fabricated coupling coefficient distribution function and the simulated 

one. 
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Fig. 3.1 Experimental setup of sequential point writing 
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Fig. 3.2 Transmission spectra for LPGs with different grating periods (450 mµ  and 430 mµ ) 
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Fig. 3.3 Transmission spectra for LPGs with different grating periods (430 mµ  and 420 mµ ) 
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Fig. 3.4 Transmission spectra for LPGs with different grating periods (420 mµ  and 350 mµ ) 
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Fig. 3.5 Transmission spectra for LPGs with different grating periods (350 mµ  and 210 mµ ) 
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Fig. 3.6 The core refractive index change versus wavelength 
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Fig. 3.7 The modulate refractive index change versus time 

1.8623 0.9631*ln( )n t∆ = +  
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Fig. 3.8 Transmission spectra for uniform LPG (exposure time = 1s) 
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Fig. 3.9 Transmission spectra for uniform LPG (exposure time = 2s) 
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Fig. 3.10 Transmission spectra for uniform LPG (exposure time = 3s) 
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Fig. 3.11 Transmission spectra for uniform LPG (exposure time = 4s) 
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Fig. 3.12 Transmission spectra for uniform LPG (exposure time = 6s) 
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Fig. 3.13 Transmission spectra for uniform LPG (exposure time = 8s) 
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Fig. 3.14 Transmission spectra for uniform LPG (exposure time = 10s) 
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Fig. 3.15 Single phase-shifted LPG 

 

 

Fig. 3.16 Double phase-shifted LPG 

 

 

Fig. 3.17 Multi-phase-shifted LPG 
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Fig. 3.18 Transmission spectra for single phase-shifted LPG ( 1 2 19.5L L mm= = , / 2φ π= ) 
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Fig. 3.19 Transmission spectra for single phase-shifted LPG ( 1 2 19.5L L mm= = ,φ π= ) 
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Fig. 3.20 Transmission spectra for double phase-shifted LPG 

( 1 2 3 15.6L L L mm= = = , 1 2φ φ π= = ) 
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Fig. 3.21 Transmission spectra for double phase-shifted LPG 

( 1 2 3 15.6L L L mm= = = , 1 2/ 2,φ π φ π= = ) 
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Fig. 3.22 Transmission spectra for multi-phase-shifted LPG 

        (120 periods, 6 sections, every section 20 periods, 3s) 
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Fig. 3.23 Transmission spectra for multi-phase-shifted LPG 

        (120 periods, 3 sections, every section 40 periods, 3s) 
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Fig. 3.24 Transmission spectra for the flat-band LPG 
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(b) 

Fig. 3.25 The simulated spectra with different ratios of the coupling coefficient distribution 

functions compared to the original one. (a)The ratio is less than one. (b)The ratio is larger 

than one. 
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(b) 

Fig. 3.26 The simulated spectra at different fringe visibility of index change compared to the 

original one. (a) The fringe visibility of index change is less than the simulated one; (b) larger 

than the simulated one. 
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Chapter 4. Conclusion and Future Work 

 

4.1  Conclusion 

In this thesis, we have designed and fabricated multiple phase-shifted long-period fiber 

gratings (LPGs). We modulated the refractive index of the fiber core periodically with the 

point-by-point UV sequential writing method. Considering the values of the induced 

refractive index change and the beam size, we chose the coupling cladding mode LP08 and 

the grating period of 260 nm as the main working regime. We fabricated a variety of uniform 

LPGs with different exposure times to determine the induced refractive index changes. 

Together with the coupled-mode theory, we got the calibrated results for the fiber core 

refractive index change versus wavelength and the modulated refractive index change versus 

the exposure time. After the calibration, we used the single phase-shifted, double 

phase-shifted and multi-phase-shifted LPGs to check our calibrated results. Then we used the 

verified parameters and the Evolutionary Programming (EP) algorithm to design the optimal 

coupling coefficient distribution function for flat-band LPGs. By controlling the exposure 

time and the phase shift between each uniform LPGs, in principle the flat-band LPGs can be 

constructed by the sequential point-by-point writing method. 

When comparing our preliminary experimental result of the flat-band LPG with the 

simulated one, they are quite different at the first sight. We found that this is mainly caused by 
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the difference between the fabricated and simulated coupling coefficient distribution functions. 

From our analysis, we also identified that the main error should be caused by the difference in 

the fringe visibility of the index change between the fabricated coupling coefficient 

distribution function and the simulated one. 

 

4.2 Future Work 

The final goal of our study is to fabricate flat-band LPGs in order to use them as filters or 

mode converters in optical communication. To achieve this goal, there are still some problems 

remained to be solved. Because of the difference between the simulated and the experimental 

results as explained before, we still have to fabricate a new flat-band LPG to justify our 

design and analysis. After solving these problems, we can then use our verified design and 

fabrication capability to fabricate more complicated LPG devices for different applications. 
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