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Design and Fabrication of Phase-Sifted Long Period Fiber Gratings

Student: Shu-Hui Chang Advisor: Dr. Yinchieh Lai

Department of Photonics & Institute of Electro-Optical Engineering
College of Electrical Engineering and Computer Science

National Chiao Tung University

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 10° to 10°°. 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 10 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



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 ¢, can be described by the
grating equation
nsin¢92:nsim91+m% (1.1)
where 6, is the angle of the diffracted wave and the integer m determines the diffraction
order. This equation predicts not only the directions &, 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



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 S is simply g =(2z/A)n, where ng, =n_ singd, we may rewrite for guided

modes as

2r
ﬂz :ﬂl"'mT (1-2)

For first-order reflective diffraction, which usually dominates in a fiber Bragg grating,
m=-1. Positive and negative S values describe modes that propagate in the +z and -z
direction, respectively. By using (1.2) and recognizing S, <0, we find that the resonant
wavelength for the reflection of a mode of index™ n ;. into a mode of index n , is
A= (N 1+ N )AL (1.3)

If the two modes are identical, we get the familiar result for Bragg reflection: 4 =2n, A .

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 g, >0, the resonant wavelength for a
transmission grating is
A=(Ng 1 =Nt )AL (1.4)

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

period A is required for counter-propagating coupling.



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
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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.



Fig. 1.3 Diffraction of light by a grating



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 n_, will
be described by [9]
— 2
An, (z) = Anco(z){ljtucos[xz +¢(z)}} (2.1)
where ﬂco(z) is the dc index change spatially averaged over a grating period, v is the

fringe visibility of the index change, A isthe period, and ¢(z) describes the grating phase.

2.1 Coupled-Mode Theory
Since the long-period fiber grating couples the forward propagating guided core mode of

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

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

dA”(z)

— S =igAR () + ix(z) A% (2) (2.2)
dA;IZ(Z) = —iGAY (2) +ix" (2) A®(2) (2.3)

where the amplitudes A® and A® are A®(z)=A(2)exp[-i(cy, +0,,)z/2]exp(ioz—¢/2)
and A% (2) = A (2)exp[-i(cy, +0,,)2/ 2]exp(-isz+¢/2), and o,, o, are dc coupling

coefficients defined in (2.4).

[0

034(2) =2 Ao (2) [[ dxclye, (x, )€ (x, ¥) (2.4)

2

core



The mode coupling coefficient functions are defined as
K4(2) = 2GkJ(Z) (2.5)
k,j=12
where €, (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), K=k, =k, is the ac cross-coupling coefficient and & is the dc

self-coupling coefficient defined as

0,-0, 1d¢

F=0+ : 2.6
¢ 2 2.d (26)
Here the detuning, which is assumed to be constant along z, is
1 1
S==(B°-p"-==mAn_(=-—). 2.7
(ﬂ =) ———=mAn( P /’tD) (2.7)

Here A% and p° are the propagation constants related to the core and cladding
modes, A, =An_ A is the design wavelength for an infinitesimally weak grating, An, is
the difference of the core and cladding effective indices, and A is the period of the
long-period fiber grating. When appropriate initial conditions A®(0)=1 and A"(0)=0 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

~sin’(Vx? +6%z) (2.8)

_|A =cos’(Vx* +5°2) +

co Aco(o) 1+7
O'
T, ACI(L)| 5-Sin *(WNx*+06°12) (2.9)

‘ A (0) |



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
2x2 matrices for each uniform section of the grating, and then multiplying all of these
together to obtain a single 2x2 matrix that describes the whole grating. We divide the
long-period fiber grating with length L into m uniform sections and define A® and A"
to be the field amplitudes after traversing the section, i. We start with A;° = A*(0)=1 and
A'=A"(0)=0, and calculate A®(L)=A® and A"(L)=A". The propagation through

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

{‘\j’}p{‘\jﬁ] 2.10)
A A
cos(yA) + igsin(yA) ixsin(yA)
F=l .7 T (2.11)
ix sin(yA) cos(A) — iosin(yA)
v

where A is the length of the ith uniform section for equal length Azﬁ, the coupling

coefficients & and x are the local values in the ith section, and y =+x° +67% .
Once all of the matrices for the individual sections are known, we find the output amplitudes

from

10



{A”“)}FH 1)
A (L) 0

F, F
where F:{11 12}:Fm-Fm_l- ...... ‘F,

21 I:22

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

_A°(L,5)
tco(é) = A (0’5) —'n (2-13)
and

_AY(L,8)
tc| (5) = A (0,5) — ' (2-14)

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

as
T, (8) =|teo (5) =|F (2.15)
and

Ta (@) =ty ) =|Fof (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 «,(z),x,(z),......, Ky (2) , which are

11



complex vectors with m components. The error function and fitness function for the x;(z)

are defined as

g(Ki) = z Ttarget,/, _Ti,/, (217)
(=1

and

1

F()=——o (2.18)
&(x;)

i=12,... N

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

T, is the power transmission coefficient produced by «x;(z) at the ¢th wavelength

component.
2. Selection

The originally chosen set of N-individuals «,(z),i=12,.....,N is the parent set. The
k;(z) with a higher fitness value will have a higher probability to be chosen. The probability
of each «,(z) being selected is

P(,(2)) = )

ZF(K,')

i=12,...,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 x;(z), we randomly choose one of is

12



components «; ;(z) =|x; ;|e*’ and change it into
K1(2) = + 0 | i=1,2,..... N (2.20)
where ok, ; and J¢ ; are the magnitude and phase mutation functions, respectively, and are
determined by the following expressions
Ok, 1 =Ty i xW, (2.21)
og =1, xW, (2.22)
where r,; and r; are two random variables between -1 and 1 and W, is a weighting
factor calculated according to
Fi(x)-W, =C (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

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.

13



4. Find the error and the fitness value for each «,(z),i=12,....,N inthe 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]

|S(5)|=Mexp([55 j J (2.24)

|R(5)|—{10.9exp{[55 ] ]] (2.25)

where 6 =7ANn (%—%) is the detuning  parameter, S um iIs  the
D

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 Az=6.5 mm, the number of spectral

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

The core and cladding mode indices are assumed to be

n,, =1.450250813—0.0108* (1 —1.55) (2.26)

(2.27)

1
0.6961663- 1° 0.4079426 - A* 0.897479- 4% |2

ncl(;t)::l‘+ 2 s T 2 2 T 2 2
A°—0.0684043 A°-0.1162414 A°—-9.896161

Fig. 2.2 shows the target spectrum and the calculated spectrum form our design. Fig. 2.3

14



and 2.4 show the designed amplitude and phase profiles of the coupling coefficient across the

grating, respectively.

15
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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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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 beam waist <100#m. 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 4.5x10™* 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

20



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 heaterat 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 um to identify the

21



first coupled cladding mode LP02. We then reduced the grating period to 430 zm, 420 um,
350 #m and 210 um, 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
LPO2 to LP08 modes. At the grating period of 210 xm, there is only the LP0O8 mode observed.
By the consideration of the laser beam size focused on fiber (less than 100 xm, e™), 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 xm as the grating period, under
which the center wavelength of the LP0O8 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- n; and An

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 n_, =1.450250813-0.0108* (1 -1.55) .

The relation between the refractive index change and the exposure time is

22



An=1.8623+0.9631*In(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 %n; =
0.0108 and n, = 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
45x10™ with the exposure time of ten seconds. We thus limit the maximum induced

refractive index to 4.5x10™* 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'LPO8 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. 3.3 Transmission spectra for LPGs with different grating periods (430 zm and 420 xm)
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Fig. 3.8 Transmission spectra for uniform LRPG (exposure time = 1s)
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Fig. 3.9 Transmission spectra for uniform LPG (exposure time = 2s)
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Fig. 3.12 Transmission spectra for uniform PG (exposure time = 6s)

experimental result at 8s
----- simulated result

Transmission (dB)
e S
o o M~ N O

N,
o

N
N

1.5 1.52 1.54 1.56 1.58 1.6
Wavelength (um)
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Fig. 3.14 Transmission spectra for uniform LPG (exposure time = 10s)
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Fig. 3.18 Transmission spectra for single phase-shifted LPG (L, =L, =19.5mm,¢=7/2)
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Fig. 3.19 Transmission spectra for single phase-shifted LPG (L, =L, =19.5mm,¢=7)
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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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