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ABSTRACT

Title Optimized spectral distortion correction of DWDM multichannel FBG filters
for a new fabrication method not limited by the phase mask length
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This thesis presents work=0on optimized spectral distortion correction of DWDM
multichannel fiber Bragg grating(FBG) filters. The developed hybrid algorithm starts
from some other multichannelFFBG design method-which may suffer from the spectral
distortion and use the Lagrange multiplier optimization (LMO) algorithm for final
optimization. Due to the initially ‘close=ta-optimum index modulation profile, the
calculation can be fast converged to the target reflection spectra by using the LMO
algorithm and the final design still retains the merits of easy fabrication. We have also
proposed a new fabrication method not limited by the phase mask length and have
performed the tolerance analysis for the designed DWDM multichannel fiber Bragg
grating (FBG) filters based on the proposed fabrication platform. By the
section-by-section connection of the phase mask, this platform should effectively
reduce the errors during the UV exposure and accurately fabricate FBG devices with
long length and complicated profiles.
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Chapter 1

Introduction

1.1 Multichannel Fiber Bragg grating

Fiber Bragg gratings (FBGs) are essential optical devices in modern optical
communication systems and fiber sensor applications where they find their powerful
applicability as narrowband filters, dispersion compensators, optical add-drop
multiplexers, and laser source tuners, etc [I1]. Optical components based on
multichannel fiber Bragg grating have recently attracted great interest because their
interchannel response facilitates wavelength filtering in dense
wavelength-division-multiplexing systems (DWDM) [2,3]. To fabricate multichannel
FBGs within limited length of photosensitive fibers, the most simplistic approach is to
sequentially superimpose several isingle-channel FBGs with their location slightly
shifted in order to escape the satutation behaviour of the fiber photosensitivity [4].
However, the overlapped single-channel FBGs will still suffer from the spectral
response distortion due to spatial and spectral overlap. If the spatial overlapping is
wider, in spite of the total length of the multichannel FBG can be shorter, the spectral
response distortion will become worse.

Another widely used method for designing and fabricating multichannel FBGs is
the sampling method. By encoding a periodic sampling function for the amplitude
and/or phase of the seeding single-channel grating, the multichannel reflection
spectrum can be generated [5-7]. However, there will still be some interchannel
interference, which would cause the distortion in each channel to make channels no

longer identical, especially for a strong multichannel grating or when the seeding



grating has steep jumps in either phase or amplitude.

Recently, many inverse design methods or optimization-based approaches for
FBG design have been proposed. The advantages of inverse design methods like the
inverse scattering discrete layer-peeling (DLP) algorithm are fast, efficient, and direct
[8-10]. Nevertheless their designed results would easily exceed the maximum index
change of the fiber photosensitivity especially when designing multichannel FBGs.
Therefore some optimization-based methods have been used to constrain the maximum
index change. These methods include genetic algorithms, Levenberg-Marquardt
method, etc [11,12,13]. However, the designed envelopes of the index change for
mutichannel FBGs from the optimization-based methods are typically complicated
with many sharp index changes and are thus hard to fabricate. Moreover, the required
iteration to achieve the optimization may take long time. In the literature there are also
reports about using DLP with-simulated ‘annealing optimization process to synthesize

the multichannel gratings [14].

1.2 Motivation and purpose of the research

In principle, if the distortion of spectrum can be neglected, the superimpose
method and sampled method are relatively attractive. The former is the most simplistic
approach and the latter is also useful and widely used, particularly because the
advanced high index change photosensitive fibers still developing nowadays can
accommodate a higher and higher number of channels [15]. In this study, a new
optimization correction method for spectral distortion of multichannel FBG design is

investigated. The approach starts from some other design methods of multichannel



FBGs especially for the superimpose fabrication method which will suffer from the
spectral distortion, and then utilizes the optimization algorithm to correct these
distortion. In this work, we will employ the Lagrange multiplier optimization (LMO)
algorithm for optimization. The designed examples of superimpose FBGs will be used
for demonstrating the correction of spectral distortion, just for the reason of being the
most simplistic way for fabrication. Compared with the slow convergence rate of
iteration from typical optimization-based methods, this approach can fast and
efficiently converge to the optimization target starting from the close initial profile and
still retains the easy-fabrication feature. It is especially superior to design higher
reflectivity multichannel FBGs because the summation of their profiles may more
easily go up to the saturation of the photo-induced refractive index change, where
some means are needed to prevent the distortionexceeding the tolerance performance.
After accomplishing the. optimization- correction, we then investigate a novel
fabrication platform and analyze the tolerance of the above multichannel FBG design
on such a platform. In the literature; the invention of the phase mask approach made
the fabrication of FBG devices easier and stable. However it is more restricted if
complicated FBGs are to be made. Therefore, some sequential UV-writing methods
have been developed. With a real-time interferometric side-diffraction position
monitoring technique, the phase of the FBGs can be controlled precisely [16].
Nevertheless the random phase errors in every UV exposure step still made this
method non-accurate than the phase mask method. Other works in the literature
fabricate complex grating structures with uniform phase masks based on the moving
fiber-scanning beam technique[17]. However, to produce long FBGs needs longer
phase masks and the cost of which is more expensive, in proportion to their length and

complicated profiles. In this study, a new FBG exposure platform is proposed. Above



the main translation stage of this platform, a smaller translation stage is used and the
uniform phase mask is bracket above this smaller one. This design can accomplish
writing any length of FBGs by moving the position of phase mask to the next section
of writing position, without limited by the phase mask length. For the purpose of
period match after moving, the side-diffraction position monitoring is used. By
utilizing the reference FBG and the phase mask as the position monitoring components
to detect the writing fiber and the phase mask position individually, one can then adjust
the PZT to reach period match. This new setup can avoid the requirement of expensive
long length of phase masks by using the cheaper way of side-diffraction position
monitoring technique to precisely control the phase when the phase mask is moving to

the next section.

1.3 Structure of this thesis

The thesis comprises five chapters. Chapter 1 is an introductory chapter consists
of an introduction to multichannel fiber Bragg gratings, some general algorithms for
multichannel FBG design, motivation and purpose of the research. Chapter 2 describes
the background of theories and fabrication methods employed in this research. It
contains the coupled-mode theory, transfer matrix method, discrete layer-peeling
method, and Lagrange multiplier optimization method. The fabrication methods
include sequential UV writing techniques, real-time interferometric side-diffraction
position monitoring by probing the reference fiber grating and the phase mask
separately, and finally the least square error fitting method for determining the

exposure parameters will be introduced. Chapter 3 describes the principles of the



research, the optimization correction of spectral distortion for DWDM multichannel
FBG filters and a new fabrication method not limited by the phase mask length will be
proposed. Chapter 4 presents the results and discussion of the research. Finally,

Chapter 5 gives the conclusions and a discussion of future work.

1.4 References

[1] T. Erdogan, “Fiber grating spectra,” J. Lightwave Technol, Vol. 15, No. 8, pp.
1277-1294, 1997.

[2] X. He, Y. Yu, D. Huang, R. Zhang, W. Liu and S. Jiang, “Spectrum envelope
analysis for interleaved sampled gratings with phase-shift,” Opt. Commun, Vol.
281, No. 3, pp. 415-420, 2008.

[3] Y.-G. Han, X. Dong, J. H. Lee, and-S. B: Lee, “Wavelength-spacing-tunable
multichannel filter incorporating a'sampled chirped fiber Bragg grating based on a
symmetrical chirp-tuning technique without center wavelength shift,” Optics
Letters, Vol. 31, No. 24, pp. 3571-3573, 2006.

[4] Y.-G. Han, X. Dong, C.-S. Kim, M. Y. Jeong, and J. H. Lee, “Flexible all fiber
Fabry-Perot filters based on superimposed chirped fiber Bragg gratings with
continuous FSR tunability and its application to a multiwavelength fiber laser,”
Optics Express, Vol. 15, No. 6, pp. 2921-2926, 2007.

[5] M. Ibsen, M. K. Durkin, M. J. Cole, and R. I. Laming, “Sinc-sampled fiber Bragg
gratings for identical multiple wavelength operation,” IEEE Photon. Technol. Lett,
Vol. 10, No. 6, pp. 842-844, 1998.

[6] H. Lee, G. P. Agrawal, “Purely phase-sampled fiber Bragg gratings for broad-band



dispersion and dispersion slope compensation,” IEEE Photon. Technol. Lett, Vol.
15, No. 8, pp. 1091-1093, 2003.

[7] X.-H. Zou, W. Pan, B. Luo, M.-Y. Wang, and W.-L. Zhang, “Spectral Talbot effect
in sampled fiber Bragg gratings with super-periodic structures,” Optics Express,
Vol. 15, No. 14, pp. 8812-8817, 2007.

[8] J. Skaar, L. Wang, and T. Erdogan, “On the synthesis of fiber Bragg gratings by
layer peeling,” IEEE J. Quantum Electron, Vol. 37, No. 2, pp. 165-173, 2001.

[9] L.-G. Sheu, K.-P. Chuang, and Y. Lai, “Fiber bragg grating dispersion compensator
by single-period overlap-step-scan exposure,” IEEE Photon. Technol. Lett, Vol. 15,
No. 7, pp.939-941, 2003.

[10] Y. Ouyang, Y. Sheng, M. Bernier, and G. Paul-Hus, “Iterative Layer-peeling
algorithm for designing fibér Bragg gratings with fabrication constraints,” J.
Lightwave Technol, Vol.-23, No. 11, pp. 3924- 3930, 2005.

[11] J. Skaar and K. M. Risvik, “A"Genetic Algorithm for the Inverse Problem in
Synthesis of Fiber Gratings,” J. Lightwave Technol, Vol. 16, No. 10, pp.1928-
1932, 1998.

[12] N. Plougmann and M. Kristensen, “Efficient iterative technique for designing
Bragg gratings,” Optics Letters, Vol. 29, No. 1, pp. 23-25, 2004.

[13] C.-L. Lee, R.-K. Lee, and Y.-M. Kao, “Design of multichannel DWDM fiber
Bragg grating filters by Lagrange multiplier constrained optimization,” Optics
Express, Vol. 14, No. 23, pp.11002-11011, 2006.

[14] H. Li, M. Li, Y. Sheng, and J. E. Rothenberg, “Advances in the Design and

Fabrication of High-Channel-Count Fiber Bragg Gratings,” J. Lightwave Technol.
Vol. 25, No. 9, pp. 2739 - 2750, 2007.

[15] Z. Li, H. Y. Tam, L. Xu, Q. Zhang, “Fabrication of long-period gratings in



poly(methyl methacrylate-co-methyl vinyl ketone-cobenzyl methacrylate)-core
polymer optical fiber by use of a mercury lamp,” Optics Letters, Vol. 30, No. 10,
pp.1117-1119, 2005.

[16] K.-C. Hsu, L.-G. Sheu, K.-P. Chuang, S.-H. Chang and Y. Lai, “Fiber Bragg
grating sequential UV-writing method with real-time interferometric
side-diffraction position monitoring,” Opt. Express, Vol. 13, No. 10, pp.
3795-3801 ,2005.

[17] W. H. Loh, M. J. Cole, M. N. Zervas, S. Barcelos, and R. I. Laming, “Complex
grating structures with uniform phase masks based on the moving fiber-scanning

beam technique,” Opt. Letters, Vol. 20, No. 20, pp.2051-2053, 1995.



Chapter 2

Background of the research

2.1 Theories

2.1-1 Coupled-mode theory

Coupled-mode theory is one of the straightforward, intuitive, and reasonably
accurate models to describe the optical properties of most fiber gratings. It models the
spectral response of a fiber grating given by the corresponding grating structure.
Assuming that the fiber is lossless and single mode in the wavelength range of interest,
then only one forward and one backward propagation mode need to be considered
under the phase matching condition.

4 Y(x,y): The distribution of mode in xy plane

DAY
»—»Z
) L

The propagation direction of mode

Fig. 1 The propagation modes in the general fiber.
In Fig. 1, the total electric field is the superposition of the forward and backward

propagation modes E,(X,Y,z) =b (2)y(x,y)+ b (2)y (X,y)

-ifz

=e""y(x,y)+ e y(x,y)

3 =negk is the propagation constant.

2
From wave equation: V’°E, — he 7 E =0

where E,(X,y,2.)2 Re[E,(x,y,2)e™] 2 Re[y(x,y)e™ ™ +y(x,y)e™#]
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thus, (8x2 +W—BZW)+0)2,U€ = 0
— 82 82 2—=2 2
_>{8X2 +_8y2 +kn°(x,y)- 7ty =0 (1)

k in here is < ue , N s the refractive index profile of unperturbed fiber. Equation
n

(1) is the wave equation in general fibers.

Yy

4 y(xy,z): The index perturbed also include Z direction

Fig. 2 The propagation modes in fiber grating.

Considering the fiber grating in Fig. 2, because there is also the index perturbation

in z direction, the wave equation may be written as V2EX +k’n*(x,y,2)=0

2 2
Thus, [(62 + 82
ox~ oy

n(X,y,z) is the refractive index profile of perturbed fiber.

2
+ (f )+ Kt (XY, 2)[Er=0 @)
VA

After discussing the wave equation in general fibers and in fiber gratings
separately, now considering if one mode is exactly entering the perturbed index such as
the fiber grating case in Fig. 3, then the electric field can be written as a superposition

of the forward and backward propagating modes near the Bragg wavelength.

y
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/ e
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IR E T Sl ]
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Fig. 3 The mode is exactly entering the perturbed index.



E,(X,¥,2) =B (2)y(x,y) + b (2)y(x,y)
Put E, into equation (2), which means E; satisfies the wave equation in the fiber
grating case. One has

o &P B
axz + ayz + 822)+ k n (X’ y’ Z)](bl(Z)W(Xa y>+b_1(Z)\|I(X, Y)) - 0 (3)

[(

E; has to satisfy the equation (1), too. From the equations of (1) and (3) we can obtain

the following equation (4) with ((3)-(b;tb-1)*(1))* ¢ (x,y) and integrated over the

xy-plane and by replacing [ =n k.

%zz(bl+b_l)+[lg2 +2/D,,(2)](b,+b_)=0 @)

k.

where Dy (z) = 2Dke

[(n* =n?)y’dA

Iwsz

)

Assume the condition is slowly varying envelope approximation and the phase
matching condition. By simplifying equation (4) with setting b, =e”andb_ =e ",
equation (6) can be obtained.

db, . .
d_l_ 18+ Dll)bl = IDllb—l

o | (©)
d_Z_l+ |(ﬂ+ Dll)b—l = _|D11b1

For FBGs, the z-dependence of the index perturbation is approximately

quasi-sinusoidal, so

0T = As (z)cos(zx”z +0(2)) + Ac, . (2)

r,ac

2

Ae, (2) i*2 i,  iT
80 oo ey p )

where Ais the grating period.

Put equation (7) into (5) and rewrite D,, as

D, (1) = k(D)6 A 45 (26~ +o(2) @®)



The term £ (z) is proportional to Ag, €', which is a slowly varying complex

function for ac term. o (z) is the slowly varying function for dc term.

Let’s now consider more details about b; and b.;. By neglecting the phase change
from the slowly varying dc term, b; and b_; can be rewritten as b,(z) = u(z)eIXZ ,

b (z)=v(z)e *'
Replacing the new b, ,b.; terms and substituting equation (8) into equation (6) with
0 (z)=0, one obtains

du(z;0)

e i0U +q(z)v
{ay(r )
dvgzz, 0) i+ q (2

This equation is the so-called’ ‘couple-mode equations for FBGs. Here

- n
(@= 0N g q(2)=iix(z)..\where o, =2/1—ﬂc . Furthermore, q(2)

B

T
5: _—=
P A

here is called the coupling coefficient of the FBG.



2.1-2 Transfer matrix method

According to the coupled-mode theory and Fig4,

u Figd

2=0 z=L

Fig. 4 The forward and backward amplitude in FBG.

du =1+ Q(Z)Verreeerieeieeeeeene 10)

(&

O i+ (DU )
d’u . ._du

dv . . . . .
>——=jo—+aq(z)——=js(jou+aqv)+aq(-jov+qu)=(qf -6*)u=yu
dz dz dz

Assume y° = q[* —5>

d?u y
- U=Ue”#ue7 . fanne. 12
Thus, {d222 => = ip | (12)
dv_ V= TR0 S (13)
2 yv .
dz
. . ty—jo
From the equation (10) and (12),’one can obtain-Vv, = u,
+ q +

The boundary condition is v(L)=0, which means v(L)+v.(L)=0. Thus v(z) can be

simplified by equation (13) to become
V(z) =2v, sinh z (14)

We also can simplify u(z) by equation (11) and (13) to get

; cosh 7z + ; S sinh 12) (15)

If the grating is uniform, then the reflection coefficient is
_V(0)  —q'sinh(L)
u(0) ycosh(yL)—idsinh()L)

and the transmission coefficient becomes

_u(b) _ y
u(0) ycosh(jL)—idsinh(j)L)

u(z)=2v,(

r(o)

(%)



However, if the grating is nonuniform, it can be thought of being composed with many
tiny uniform gratings. So the reflection and transmission coefficient of each tiny

uniform grating can be written as the matrix:

{U(ZJFA)}:TJ .{u(z)} 16)
vV(Z+A) v(2)

As the result, the whole grating can be described by the total transfer matrix:
{U(L)}TN Ty Ty -T{U(O)}:T -{“(O)}zr“ T“HU(O)} (17)
v(L) v(0) vO) | [T Ty [V(0)

But how to calculated T ? From equation (14) and (15),

V(z) =2v, sinh(yz) ,

u(@)=2v, (% 10
q

~cosh(yz)+ o sinh(y2)

=> V(z+A)=2v, sinh((z+4)) ,

U(z+A)=2v,( q7 cosh(y(24 A))+ ;5 sinfi(y (Z+ A)

Use these equations above, we-can find-the T to fit-the matrix (16)

cosh(yA) + iésinh(;/A) ﬂsinh(;/A)
T = 4 4
i q* i 5
—sinh(jA) cosh(yA) —i—sinh(jA)
4 4

When knowing T;, T can easily be calculated. With the boundary conditions of u(0)=1
_T21

and v(L)=0, we can derive r(J)= , 1(0)= TL from (17).

22 22

This is the so-called transfer matrix method.



2.1-3 Discrete layer-peeling method

The discrete layer-peeling method comes from an inherently discrete model [1].
It was first developed by geophysicists and later be extended by Bruckstein et.
al.[2,3]. In the following this discrete layer-peeling method was mainly developed
by J. Skaaret. al.[4]. For the T; previously calculated from the Transfer matrix

method, it can further be thought of composing a pure propagation transfer matrix
T* and a discrete reflector matrix ij as illustrated in Fig5. Here A 1is the

propagation distance and p©jis the ] -th discrete reflector.

Vi v,
: O : 0y O
U, U,
= =
> Z
| >« | g
A A

Fig.5  The discrete model of fiber Bragg grating

T, =TT/

TA:{em Ql oo | Lo-p
0 e bl e

a

Here p; =—tanh(|q; |A)Iq |
i

Substituting T* andep into the (16), we can derive an expression for the reflection

coefficient y;(5)

2i6A

_ Vj(5) _ P +7j+1(5)e
U(6) 1+p,7,,(5)e™™

7;(9)

The equation above can be simplified to



“2idA 7i(0) - p;

- 18
l_pj 7j(5) (1%

7j+1(5):e

Y
h 4
A 4
Y
Y

7(5)  h(1)<

1 Sl |
i 1

A A Figb

Fig. 6 y,(0) can be thought as the sum of impulse responses from every reflector.

To obtain y,(0) and p,, we first note Figb. y,(5) can be thought as the sum of

impulse responses from every p; reflector.

7,(0)= i h(z)exp(i072A) (19)

7=0

In equation (19), 7= i (t means time), h(z) is;the impulse response for each p;,

and exp(i6r2A) is the phase ‘difference caused by every p;. When 7 =0, then

7,(0) only receive the impulse response from p, .

T

AZ
= p =h(0)=— [1(6)ds

2A

The equation above can be expressed as the discrete form:

o= 2 (20)

However fiber gratings have limited length. If the grating is thought of being
composed with N tiny sections, it is impossible to accomplish equation (19) for 7 up to
. As the result the apodization-windowing procedure such as the Hanning-window
procedure in digital-signal processing needs to be used to confine pto the finite

number. Only the o in this specific window would be calculated.



The whole steps to realize Discrete layer-peeling method are:

1. Design the target reflection spectrum. y(0) and transfer it to a realizable reflection
spectrum y,(5) by the Hanning-window procedure.
7(0) =1(8)®W(J)

W (0) is the Fourier transform of w(z), and
W(7) = %[1 +cos(277)], here ® means convolution algorithm.

2. Take y,(0) into equation (20) to get p,

3. Substitute p, and y,(0) into equation (18) to obtain y,(0).

4. Repeat steps 2 and 3 until the whole tiny reflectors p; are all calculated.

*

9

5. Dueto p; =—tanh(|q; |A)|
]

, SO we can get (;

1 1=|p;]
In(——-) ,zargq; =-argp,

4 FE. I+ p, |

This is the Discrete layer-peeling method.



2.1-4 Lagrange multiplier optimization method

The method of Lagrange multipliers will be introduced in the following.

If we define A as the Lagrangian,

A(X’ yaﬂ) = f(X, y)+zﬂ“kgk(xa y)

where f (X, y)is the function to be optimized, g, (X,Y)is the constraint functions and

A, are the Lagrange multipliers. The optimization realizes when

N _on_on

oXx oy 04

In 2006, Cheng-Ling Lee et. al. applied the Lagrange multiplier constrained

optimization method to the multichannel DWDM fiber Bragg grating filters design [5].

Their theory was first starting from the coupled-mode equations.

d—u:i&Hq(z)v
{ dz
dav . .
—=—-ldv+q (2)u
dz
u_,
-V
UL )
i ‘ —»Z
0 L

Fig. 7 The forward and backward amplitude in FBG.

By the boundary conditions u(0)=1 andVv(L) =0 and the transfer matrix method, then
u(z) and v(z) can be obtained.

The design goal is to obtain the coupling coefficient q(z) to produce an output
reflection y(A) optimally close to the given reflection spectrum y,(4). We define

the objective functional that will be minimized as follows:

= %j -7 (Fda+L j [q(2) dz



L
Here (1) :|%|2 and gj[q(z)]zdz is the constraint term for reducing the
u 0

maximum value of (2).

Suppose U=Ug+iu, and V=V, +Iv, are decomposed into real and imaginary parts.

Substituting them into the coupled-mode equations, we can get:

The real part of u > ddiJré'u, —qvg =0
z
o du,

The imaginary part ofu =» P oug —qv, =0
z
dvy

The real part of v > d——&/, —qug =0
z
L dv,

The imaginary part of v =» d—+ Ny —qu, =0
z

So the complete Lagrange Multiplier Optimization functional can be rewritten as:

17 2, B f
J =5_jm[y—7d<ﬂ>] dm;![q(z)] dz

+”ﬂuR —R 4+ AU, —qug dzdﬂ+”,uu, az — g —qv, JdzdA

-0 =00
ov,
+ ”va —R &V, —qug]dzdA + ”yv, —+6V —qu, Jdzd4
-0 —00
Where g, , p, are the Lagrange multipliers for enforcing U and Vv to satisfy the
coupled mode equations.

To minimize J, by performing variation to Uy, U,, Vg, V,,one has:

1 0
——(7/ Va4 g lo= 0o, (21)
aJ 2 éu
a——o > 8;1
u u
R Ty T o | (22)
0z
10
——(7/ Ya() 4ty lo= 0o, (23)
oJ 2 au
a——o > 8;1
u u
! O 28 = 1 0= O (24)

0z



1 0

53 56—(7 74(A)° +,uvR]0 .......................... (25)
0> 2

R T”wﬂv,a J7I s (R (26)
N T 27)

o Tov =74 My lo= 0

Yo g

N O 5 =0 28
e My g0 = 1y 4 =0uiiiiii, (28)

Setting 4, = pt, g +igty, , p, = th, g +ipy,, and with the equations (22), (24), (26) and

(28), one has:

e =iy, —qu,
{ 2 (29)
=—idu, —qu,
0z

To obtain the boundary condition of equations (29), we can focus the other equations

()

(21), (23), (25) and (27). By «considering theUy(0) case, with »(0) | | from

equation (21):

190
2 0u,(0)

[7_7(1]2 _;Uu,R(O):O

o, va+v;
=,z (0)+[7—74] R(O)(u o )=

= — 11, ¢ (0)=2Ug [y — 7, I (V *V) 1=0

2u
=~ (0)~[7 ~7a] 5 jﬁfo (30)

R I

Here we only concern the point of z=0.

From equation (23) in the u, (0) case with the similar steps above, one can get:

i2u
MO A P 14
+U

R |

=0 (€1)

Equations (30) and (31) can be mixed to be simplified to:

2y(0)[7(0)—y4(0)] (32)
Ug(0)* +u, (0)*

#,(0) =—u(0)

4,(0) also can be known by using the equations (25) and (28) at the point of z=0.



This means by using the cases of Vv;(0) and v,(0) with the similar steps above, we

can obtain:
e 2L (0) =74 (0)]
OO 0y T, 07 9
Finally
O Pt + [l (2 Va(2) 1, (2 (2)
q(z,) S ’
— 1y g (Z g (Z) =ty (Z U (Z )] A (34)

2 has to be as close to zero as possible.

q

The whole steps of the optimization algorithm are as follow:
1. Gauss an initial trial ¢;;(z) and let the old function q,,(z) =0, (2)
2. Substitute q,,(z) into thefransfer mattix method to get u(z)and v(z) from
z=0~L.
3. Once knowing u(0)and V(0),:substitute-them into the equations (32) and (33) to
obtain the boundary conditions 'z, (0)and . 1, (0).
4. When knowing g,(0)and z,(0), substituting them into equation (29) to obtain

#,@and p,(2)

5. Check in the equation (34) to see if it is near zero with the obtained z,(z),

aq(z)
14,(2),u(z)andVv(z). If not, update q(z) by

0J
04 (2)

where fand « are ad hoc constants.

qnew(z) = qud (Z) -

6. Let 0,4 =0, repeat step 2~5 until Z—J converges to zero.
q
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2.2 Fabrication methods

2.2-1 Sequential UV writing techniques

One of the fabrication methods to produce a complex refractive index change
fiber grating like in Fig. 8 is the sequential writing technique. By exposing small
Gaussian beams of ultraviolet light on the photosensitive fiber step by step as
shown in Fig. 8, fiber gratings of complicated refractive index change can be
produced. When using the sequential writing technique, the interference pattern must
be matched for each step, as illustrated in Fig. 9, so that these small Gaussian
ultraviolet beams can be sequentially combined to form a long complex grating.
However, this method also arouses an issue: the position errors for each step must be

small enough in order to implement eompleéx fiber gratings with high quality.

» moving-fiber-scanning-beam technique
and the sequential writing techniques

uv
AN light

AR —ll

grating length ﬁ

Fig. 8. A complex refractive index change fiber grating and
the sequential writing techniques.
*For every step, Interference pattern must be

matched with each other "
*The position errors U”h\

for each step should be +
cared

Fig. 9 The interference phase match for each step.
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2.2-2 Real-time interferometric side-diffraction position

monitoring by probing the reference fiber grating

For the sequential writing techniques, the issues of the position errors for each step
had been researched by our group. In 2005, we proposed a fiber Bragg grating
sequential UV-writing method with real-time interferometric side-diffraction position
monitoring to reduce the position errors [6]. Fig. 10 is the easy-looking figure of the
previous work. The fabrication platform includes two fibers, one PZT, one step motor,
a He-Ne laser for position monitoring, a CCD and a computer for control and data
taking. The step motor moves the fiber to other position so that the ultraviolet beam
can write on the other position of the photosensitive fiber. On the other hand, the PZT
is controlled by the computer for adjisting the phase of interference to match with the
phase of the previous step.

Fiber A is where the ultraviolet light writes.”Fiber B is a long reference fiber
grating for position monitoring.- When the He-Ne laser is incident on the Fiber B, it
will diffract into different orders of lights. We use the first order diffraction light to
form the interference pattern on the CCD, as shown in Fig. 11. The CCD records the
real time interference pattern which contains the position information of the exposed
fiber as illustrated in Fig. 12. After the CCD records the real time interference pattern,
the computer analyze it, Fourier-transform it into the spectral domain and after filtering
it, inverse-Fourier-transform it back to the spatial domain to obtain the phase
information. After the computer obtains the phase information of the interference
pattern, it will compare with the phase information of the previous step. If the phases
between this step and the previous step are not matched, the computer will
feedback-controlled the PZT for adjusting until the two phases are matched. In the

design, 2% error is acceptable for the feedback control. Fig. 13 is a more simplified
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drawing to present the concept. Fig. 14 shows the flow chart of the fabrication
procedure. First the ultraviolet light for exposure is turned on. Then the UV light is
turned off after exposing one section, the step motor moves the fiber to next position,
with possible phase mismatch. The feedback control of PZT adjustment is then
achieved by the computer for phase matching. After the phase matching, the ultraviolet
light is turned on again for next exposure. The sequential writing can be achieved by
repeating the above procedures.

In our previous work, a 58 steps of about 70 mm long Gaussion apodized FBG was
produced. The scan step is about 1.2mm. Another example is a 70 steps of 40mm long
7 -phase-shifted apodize FBG with the scan step about 0.6 mm. These examples
demonstrate the feasibility of fabricating phase-shifted fiber gratings by the sequential

writing technique. The experimental data are presented in Fig. 15.

2.2-3 Real-time interferometric side-diffraction position

monitoring by probing the reference phase mask

The fabrication platform from our past work still has some disadvantages: First,
the Fiber B’s core was too small, making it difficult to align. Besides, the side
diffraction efficiency of FBGs was too weak, making the noises from the surrounding
become obvious. If the side diffraction efficiency can be larger, the noises can be
relatively non-obvious. So the weak diffraction efficiency leads to larger errors for the
position monitoring.

The other disadvantage is that the period of the ultraviolet interference light may
be mismatched with the reference FBG. Fig. 16 shows how the reference FBG is
produced in past work. The CCD reads the interference pattern from the previous step.

The reading errors from the previously exposed FBG section may cause accumulative
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errors when writing step by step, which means the produced reference FBG will have
accumulative errors included.

To analyze the effects of the period difference between the position monitoring
grating and the ultraviolet interference light, simulation of 40 step sequential writing
has been performed as an example. Fig. 17 is the result of 0 percent period mismatch.
The side mode suppression ratio of the reflection spectrum is about 35dB. When the
period mismatch is 5%, the result is Fig. 18. The reflection spectrum experiences little
deformation and a shift of the center wavelength, but is still acceptable. If the period
mismatch is larger than 5% , for example, to 10%, the deformation of the reflection
spectrum becomes worse and the shift from the center wavelength becomes larger,
which makes the quality of the FBG becomes not acceptable for the original design. So
the period difference has to be kept lower than 5%.

In 2007, we proposed -a .new setup of. fabrication platform with real-time
interferometric side-diffraction position-monitoring by probing a reference phase mask
[7]. Fig. 19 is the easy-looking figure of the experimental setup. There we used a phase
mask as the component for position monitoring to replace the original reference fiber
grating. What is the advantage of using the phase mask but not the reference FBG?
One of the reasons is that the phase mask component is larger than the small core of
the fiber so that it is easier to align. Moreover, the phase mask has diffraction
efficiency large to 21%. Compared with the small diffraction efficiency of the
reference FBG, the noises from the CCD reading is relatively less-obvious. On the
other hand, when the ultraviolet light interference is also made by the phase mask, not
the two beam interference, then using the phase mask as the position monitoring can
effectively reduce the period mismatch. Also, the phase mask is typically produced by

the e-beam method, which may be more accurate than the reference FBG produced by
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the sequential writing technique. In our past work, the accumulative errors of the
reference FBG may increase the phase errors for every step when using the sequential
writing technique. Now, because the less accumulative errors of the phase mask, the
phase errors for every step can be reduced.

The reflection and transmission spectra of an apodized FBG fabricated by using
this new setup are presented in Fig. 20. Its measured index profile is also shown in the
figure. The final FBG is produced after a 40-section sequential writing to yield a total
grating length of 40 mm. This demonstrates the feasibility of probing a reference phase

mask for position monitoring during the FBG sequential writting.

Hc-l\k:lﬂcr

__ fiber A —

fiber B

step motor

CCD

computer

A

A
Pai +

/ \

Fig. 10 The easy-looking figure of the real-time interferometric side-diffraction

step motor P7T /"\

.|_

position monitoring by probing the reference fiber grating.
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UV light The diffraction and interference

Fiber B : real-time of fiber B into CCD image

position monitoring

Fig. 11 The interference setup and pattern on CCD.
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Fig. 12 The computer analyzes the real time interference pattern.
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Fig. 13 The computer feedback controls the PZT for achieving phase match.
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Fig. 14 Illustration of fabrication procedures.

27




aF
ghevemnpamess f Ngammmsesd 0
6 |I—Reflection
[ 77 Transmissen [\ - The FWHM of the UV beam: 6.5 mm
Q 12t 5 2 ] .
c -15| 3 apodized grating
H gl @
@ o
g U1 102 every step: 1.2 mm
X .24 %
g 58 steps of 70mm
1 55l1.6 155I1 7 155I‘I.8 1 SSIT 9 1552.0 e
Wavelength (nm)
Or — Reflection 4
- Transmission
= o o
= . : ;
Sl 11 5 1 -phase-shifted apodized grating
c 3
2 -15¢ 2R
i 5 every step: 0.6 mm
2 a0t R
g 70 steps of 40mm
-25 14

- . : -5
1650.6 1550.8 1551.0 1551.2 1551.4
Wavelength (nm)

Fig.1 5‘ E)"('c_;_ﬁ-liile's'-bf FBG fabricated.

* The fiber B may have accumulative errors
itself -

\g-. § BC I VLY Weting s
: 1 Expose
HWP A f

fiber

_ i
_\'ln‘rora B —) 31!"
L

] | :
Probe beam PRS S
(6328 nm) WP

Translation stage

» Every step exists the phase errors
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« Sequential writing
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Fig.17 Result of 0 percent period mismatch between the writing beam and
the reference FBG.
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Fig. 18 Results of 5 and 10 percent period mismatch between

the writing beam and the reference FBG
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2.2-4 Least square error fitting method for determining the

exposure parameters

In section 2.2-1, the sequential UV writing techniques had been introduced. In
order to realize this technique (also called the overlap-step-scan method) for
fabricating the designed FBGs [8], we use the least square fitting method [9] to find the
best experimental parameters for every sequential exposure steps.

In the overlap-step-scan exposure method, the exposure of every step is a small

gaussian beam. Assuming A (z) is the refractive index envelope of the m-th small
gaussian beam and A, (z) is the refractive index envelope of the FBG design, then

A.(Z) can be written as:

A,(2)=C,, -exp(~(z~z,)"/ws’)

Here C_ is the amplitude of'the m-th small gaussian beam, wsis the width of the

m
gaussian beam and z_ is the'central-position of the m-th exposure gaussian beam. So

we can determine the optimum parameters of the overlap-step-scan exposure by using

the following merit function,
o({C,}) = [[As(D) = X A (2)T dz

In the above, z A.(Z) need to be as close to A,(z) as possible. By using the least

square method, this goal can be achieved, if the following equations are satisfied,

= 2fIA@ - S A @-exp- @ty
Therefore, we can get the amplitude of the small gaussian beam for each step in

the sequential UV writing technique by solving the above set of linear algebraic

equations for C_ with given ws and z_.
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Chapter 3

Principles of the research

3.1 LMO algorithm for optimization correction of

superimposed FBG design

In this study, we adopt a hybrid approach which mixes the Lagrange multiplier
optimization (LMO) method with other algorithms for the case of superimposed
fabrication method. The LMO algorithm starts from the following objective functional

that needs to be minimized:
1 = 2
I=—{ r() -7 (W d2
2 00
.[ .[ +cSR —QSyJdzdA
o oL R
+ .Lo Io Hri [B_ZI_mR =gS, Jdzd4
j j ~gR, 1dzd 2

j j —gR, JdzdA (1)

Here y(4)=S(0)/R(0)[* is the FBG reflection spectrum which is determined by
the coupling coefficient ¢. The design goal is to minimize the difference of y(4) and

the target reflection spectrum y,(1) by setting 6J/0R=03J/6S=0 and iterative

calculating 6J/aq; till it converges to zero. In this equation the Lagrange multipliers

are separated into real and imaginary parts, pq = ppp +ipg, and ug =g +ipg, . On

the other hand, in order to simulate different periods of gratings superimposed with

each other, the period shift from A, (A, =2n4A, A is the grating period) can be
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thought as the linear phase shift of the coupling coefficient. As the result, the coupling
coefficient for each exposure can be written as
q,(z—¢,;)-exp(2i6;2)=q,(z— 1 ;)(cos25;z +isin26,z). Here ¢, is the position shift for

2 g

avoiding the index change saturation of the photosensitive fiber, and §=-——2
ﬂ“D

xAA .

We apply the discrete layer-peeling method to synthesize the initial coupling

coefficient for each single channel and therefore the obtained q;(z—¢;) are real in

this study:.

In the case of the superimposed fabrication method, the total length L could be
composed of several parts. For example, we can consider three different periods of
gratings superimposed to form the total length L, as shown in Fig. 1. Then the total

length of FBG should be dividedsinto five sections: O~L;, L;~L,, Lo~L3, L3~L4, La~L.

The corresponding coupling ' coefficients ' -are g, , @, +0, exp(2is,z) ,
g, +4, -exp(2id,z)+ 0, -exp(2id52) 3 g,-exp(2i0,2) +q, - exp(2io,z) q, -exp(2i9,2)
respectively.

0~-L; = 4

L~L, = % +q,-exp(2i6,z

Lo-L; = @+, exp(2i6,2)+ g, -exp(2id,z)
0 L L La La L Li-Ly = g, exp(2i0,2)+ q, -exp(2id,z2)
Li~L = g, exp(2id,z)

Fig. 1 Example of three channel superimposing.

To minimize the cost function J, variation with respect to the forward- and
backward modes Rand S is used and the equations of the corresponding Lagrange

multipliers become,

Ol

—iSu, -

{ aZ ;uR q;uS (2)
ou .
6_25 = —10us —Qug
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In Eq(2), g needs to be replaced by different coupling coefficients of different
sections such as the five sections in the example above. The boundary conditions of

Eq(2) could be obtained by varying R and S at z=0,

27(0)[7(0) =74 (0)]
Re(0)* +R, (0)°

2-[y(0)—y4(0)] (3)
Re(0)* +R, (0)*

#12(0) = ~R(0)

#5(0) = S(0)

Afterwards, the cost functional J is varied with respect to the coupling

coefficient q; to obtain:

oJ o pLl

a :J-—oo.‘-o [_#RRSR _ILlRJSl _#S,R RR _ILlS,l Rl ]dZdﬂ,
1

oJ o oL o _

o, = Lo fLH [#g r (S, -sin(2i5,2) — Sy - c0s(2i4;2))

— Mg, (Sg -sin(2i6,2) + S, +€08(2i6;2))

— s  (Rg -cOs(2i5,2) + R, -8in(2i6,2))
+ s, (Rg -sin(2i6;2) — R, -ces(2i0;2))]dzd A (4)
The whole LMO algorithm ‘mixed with the superimposed method may be
summarized in the following:
1) After getting the coupling coefficient q; ;; by the discrete layer-peeling method,
superimpose them and calculate the distortion of reflection spectra. Let
A (D=0 i (2)-
2) From the coupled-mode equations with the g, ., getting from step 1), R(z) and

S(z) can be obtained from z=L to z=0.
3) Use Eq(3) to set the boundary conditions of z,(0) and g (0). Then use Eq(2) to

calculate the Lagrange-multiplier functions p,(z) and g (z) from z=0 to

z=L.
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4) Find 6J/6q; by Eq(4). If convergence is not reached, update the coupling

coefficients by

aJ
qjinew( ) q]fold( ) aaqj

where « 1is an ad hoc constant, which can determine the iteration rate.

5) Let q; 44 =0, . andrepeat the steps 2) to 4) till 6J/oq; converges to zero.
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3.2 A new fabrication method not limited by the phase

mask length

In this section we present a new FBG fabrication platform that is not limited by
the length of the phase mask. In Fig. 2(a), the function of the based translation stage is
to move the writing fiber to different position for exposing UV lights. A smaller
translation stage mounted on it is to move the uniform phase mask fixed above the
smaller translation stage. When the writing module has written the length of FBG
nearly equals to the phase mask length, the smaller translation stage can be used to
extend the writing range. Other components in the setup include a writing fiber, a
reference FBG that is made by this uniform phase mask is for side-diffraction position
monitoring and a piezoelectric translator stage (PZT) which is between the smaller
translation stage and the uniform phase- mask with sub-nm position resolution for
accurately fine-tuning. Further in Fig. 2(a) it also shows a He-Ne laser (632.8nm) for
probing the position information, The laser beam is divided into two probe beams K
and M with a polarization beam splitter. The probe beam M will emit into the reference
FBG and generate the diffraction beams. The probe beam K splits again into two probe
beams Ka and Kb. Kb will emit to the phase mask and the diffraction beams will be
generated, too. Ka functions as the reference beam to form the interference pattern
with the diffraction beams from Kb or M for obtaining the phase information with the
CCD camera connected to the computer.

When the UV light is exposing the writing fiber of which the length still not
exceeds the phase mask length, the shutterB closes, and the shutterA opens. The
interference pattern read by the CCD camera is produced with the probe beams Kb and
Ka, which carries the phase information of the phase mask. Therefore when the phase

shift is required by the design of FBG, the computer can analyze this phase

37



information from the CCD and then controls the PZT for fine-tuning the phase mask
position to produce the phase shift.

However, if the UV lights have been exposing the writing fiber of which the
length nearly exceeds the phase mask length and will continue exposing to longer
length, the small translation stage will start to move the PZT stage with the phase mask
mounted on it to the next written section, as shown in Fig. 2(b). In this figure, the base
translation stage moves rightwards so that the phase mask is now probed in its left end.
At this time, the smaller translation stage will be ready to move leftwards for the next
writing section. However, in order for the UV interference phase can match with that
of previous section after moving, the computer should record the phase of previous
section and control the PZT for fine-tuning to match the phase with the previous one.
Further, since the adjacent FBG+sections have to be joined with high accuracy, the
mechanical vibration errors during the movement of the smaller translation stage
should also be concerned because. it-may.-cause the phase shift errors between the
writing fiber and the phase mask.*We utilize a reference fiber Bragg grating to probe
this movement error. Since the writing fiber and the reference FBG are mounted on the
same base translation stage, not the smaller translation stage, thus by probing the
reference FBG one can acquire the writing fiber position shift information from the
phase change of interference read by the CCD. In short, the section-by-section
connection moment of the phase mask moved by the smaller translation stage may be
summarized in the following steps:

1) Close the shutterB, open the shutterA, then the CCD records the interference phase

information ¢, for the phase mask.

2) Close the shutterA, open the shutterB, then the CCD records the interference phase

information ¢, for the reference FBG.
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3) Close the shutterB, move the phase mask to the next section by the smaller
translation stage.

4) Open the shutterB, then the CCD records the interference phase information 6,,
for the reference FBG.

5) Close the shutterB, open the shutterA, then the CCD records the interference phase
information 6,, for the phase mask.

6) The computer analyzes the interference phase difference of the reference FBG
before and after the phase mask had been moved. After that, the feedback control
of the PZT moves the phase mask position till 2-(4,,-6,,)=(6,,—-6,,) 1s reached
and then stop. The reason to be multiplied by 2 is due to the phase mask grating
period is twice larger than that of the reference FBG.

Such a fabrication platform design can in principle produce any length of FBGs

without being limited by the phase mask length: To product specific FBGs by using the

superimposed method, the phase mask-in-Fig, 2(a) could be replaced by the particular
phase mask as shown in Fig. 2(¢). With several parts of different periods of uniform
gratings in one phase mask, the setup can just be aligned one time rather than change
different periods of uniform phase masks and realign many times, which may lead to
more errors and uncertainties. Also, the reference FBG could be replaced by a longer
and strong refractive index modulation FBG for stronger diffraction light intensity,
which can also be produced by the Fig. 2(a) platform. For this case the

section-by-section connection of the phase mask will require to feedback control the

PZT until 2-(6,,-6,)-4; =(0,,-6,)-4, is reached. Here j=1, 2, 3, 4 represent

different periods of the phase masks, A, here is the reference FBG period.
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Fig. 2. (a) Whole structure of the new fabrication platform. (b) Diagram of
section-by-section connection before and after the smaller translation stage is ready to
move to the next writing position. (¢) One example for the phase mask to be used with

the superimposed method.
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Chapter 4

Results and discussion of the research

4.1 Discussion of optimization correction results

In order to verify the optimization correction of spectral distortion for
multichannel FBGs, we apply the superimposed method as the example for correcting
the initial spectral distortion. In the designed multichannel FBGs, the targeted

reflection spectrum is set to be

2m+1
5 A= (e +(Z ) Acs)

m AL

1"}

where A is the central wavelength, A_, 1s channel spacing, A2 is the bandwidth
for each channel, the maximum. reflectivity is..R=0.99 and the total number of the
channelsis N.

The first synthesized example is.a fourschannel FBG, N=4. The channel spacing
is A, =50GHz and the full width at half maximum (FWHM) is about 0.28nm and the
-30dB bandwidth is 0.32nm. The original index modulation profiles of each channel
are shown in Fig. 3(c.2), which are designed by the discrete layer-peeling method and
the grating length is set to be 30mm with the total number 300 of the calculated
spectral points. The location distribution of these four channels for superimposing is
shown in Fig. 3(b). From left to right they are with 1550nm, 1550.8nm, 1550.4nm,
1549.6nm center wavelength, and the total length is 55mm, with the total maximum
index modulation about 3-10~*. Different order of positioning could lead to variety of
spectral distortion. We arbitrarily select this order here. The reflection spectrum of the

original index modulation profile is shown in Fig. 3(c.2). For each channel the side
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lobes are below -30dB as shown in Fig. 3(c.1). However after superimposing, the
spectral distortion is worsened to be about -16dB as shown in Fig. 3(a), Fig. 3(a) also
shows the simulation results, with o set between 10™'and 107. After iteration by the
LMO algorithm, the reflection spectrum can be corrected very well to meet our design
target of -30dB side-lobe suppression between the channels. Fig. 3(b) shows the
corrected index modulation for each channel after the optimization correction. This
four-channel example demonstrates the feasibility of correcting the spectral distortion
by the LMO optimization method, which causes small variation of the original index
modulation profile for each channel.

An eight-channel FBG, N=8, is another design example and is presented in the
following. The channel spacing is A, =25GHz and the full width at half maximum is
0.11nm and the -30dB bandwidth is 0.15nm.-Fig. 4(c.2) shows the 45Smm original
index modulation profile for-each channel with -the 450 number of the calculated
spectral points. The location distribution-of these eight channels is shown in Fig. 4(b)
with the order we arbitrarily select:: Here from left to right they are with 1550nm,
1550.8nm, 1550.2nm, 1549.6nm, 1550.6nm, 1549.8nm, 1550.4nm, 1549.4nm center
wavelength and the total length of this superimposed FBG is 90mm, with the total
maximum index modulation about 3-107*. The original spectrum is presented in Fig.
4(a). Compared with the reflection spectrum of the original index modulation profile in
Fig. 4(c.2), for each channel the side-lobe suppression is below -30dB outside the
channel as shown in Fig. 4(c.1). The reflection spectrum is worsened to be about
-12dB after superimposing. However it can be perfectly corrected to meet our design
target of -30dB after iteration by the LMO algorithm with o set between 10 'and
10 . The corrected index modulations of each channel are presented in Fig. 4(b). This

example again demonstrates the feasibility of using the LMO algorithm for optimizing
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the spectral distortion correction.

4.2 Tolerance analyses

In order to evaluate the practical fabrication tolerances of the index modulation
profiles designed above, we focus on the new fabrication platform for the sequential
UV writing technique mentioned in the previous section to perform the analysis. The
source of phase errors include the interference phase errors from the CCD reading, the
phase match errors from the section-by-section connection, and the requirement of the
phase shift from the index profile. In our design the maximum acceptable phase error
is ¥2%. Other sources of errors are the measurement error of gaussian UV beam size
and the intensity errors for each stepmexposute. Here we simulates three different
values (2%, 5%, +10%) of the random beam Size and intensity errors with 2%
random phase (or position) errors. “The maximum length of the phase mask on which
the UV light can expose is assumed to be 15mm. Therefore we will connect two times
of 30mm FBG for each channel in the four-channel case and three times of 45mm FBG
in the eight-channel case. The simulation results are shown in Fig. 5(a) and (b). For Fig.
5(a) the FWHM of the UV beam is 400um, the scan step during the exposure for each
channel are 300 um (equivalent to total number 100 steps), 300 um (100 steps), 400um
(75 steps), 200um (150 steps), corresponding to the central wavelength of 1550nm,
1550.8nm, 1550.4nm, 1549.6nm respectively. For Fig. 5(b) the FWHM of the UV
beam is 320um, the scan step for each channel are 375um (120steps), 250um
(180steps), 375um (120steps), 250um (180steps), 300um (150steps), 300um(150steps),
300um(150steps), 250um(180steps), corresponding to the central wavelengths of

1550nm, 1550.8nm, 1550.2nm,1549.6nm, 1550.6nm, 1549.8nm, 1550.4nm, 1549.4nm
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respectively. These two figures present the trend that the reflection spectra are
worsened approximately 1 dB per 1% random error. Thus 5% errors lead to
degradation of about 5dB, *£10% errors make the reflection spectrum worsen to about
-20dB isolation outside the channel (10dB degrade). It is better than the original case
without any optimization process even when the ¥10% random errors are counted.
These simulation results show that with the proposed fabrication platform, up to £10%
random errors of the UV beam size and intensity for each step may be tolerable for the

designed multichannel FBGs.
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— —— Initial distortion
%‘ . 10 (c.1)
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Fig. 3. Four-channel FBG filter with 50GHz spacing corrected by the LMO method.
(a) Reflection spectra before and after optimization correction to meet the -30dB target.
(b) The position distribution and the corrected index modulation. (c.1) The reflection
spectrum of each channel without any correction, here is the example of 1550nm
channel wavelength. (c.2) The original index modulation of each channel before

correction.
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Fig. 3-1 Reflection spectrum of four-channel FBG filter.
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Fig. 3-2 Optimization correction to the target -30dB side-lobe suppression

outside the channels by the LMO algorithm.
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Fig. 3-4 Corrected index modulation for the channel wavelength 1550.8nm

in the four-channel case.
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Fig. 4. Eight-channel FBG filter with 25GHz spacing corrected by the LMO method.
(a) Reflection spectra before and after optimization correction to meet the -30dB target.
(b) The position distribution and the corrected index modulation. (c.1) The reflection
spectrum of each channel without any correction, here is the example of 1550nm
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Fig. 4-4 Corrected index modulation for the channel wavelength 1550.8nm

in the eight-channel case.
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Fig. 4-5 Corrected index modulation for the channel wavelength 1550.2nm

in the eight-channel case.
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Fig. 4-6 Corrected index modulation for the channel wavelength 1549.6nm

in the eight-channel case.
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Fig. 4-7 Corrected index modulation for the channel wavelength 1550.6nm

in the eight-channel case.
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Fig. 4-8 Corrected index modulation for the channel wavelength 1549.8nm

in the eight-channel case.
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Fig. 4-9 Corrected index modulation for the channel wavelength 1550.4nm

in the eight-channel case.
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Fig. 4-10 Corrected index modulation for the channel wavelength 1549.4nm
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Fig. 5-2 5% random errors of the UV beam size and intensity for each scan step

with 2% random position phase errors in four-channel case.
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Fig. 5-3 £10% random errors of the UV beam size and intensity for each scan step
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Fig.5-4 Reflection spectra for £2%, +5%, +10% random errors of four-channel FBG
filter. The red line is the original distortion; the black line is £10% random errors; the
blue line is +5% random errors; the orange line is +2% random errors and green line is

the target reflection spectrum.
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Fig. 5-8 Reflection spectra for £2%, +5%, £10% random errors of eight-channel FBG
filter. The red line is the original distortion; the black line is £10% random errors; the

blue line is +5% random errors; the orange line is +2% random errors and green line is

the target reflection spectrum.
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Chapter 5

Conclusions and Future work

5.1 Conclusions

In conclusion, an optimized spectral distortion correction method for multichannel
FBGs based on the Lagrange multiplier optimization method is presented. This is a
hybrid algorithm starting with other multichannel FBG design methods which may
cause the spectral distortion and then employing the LMO algorithm for optimization.
Due to the initially very close-to-optimum index modulation profile, it can fast
converge to the target reflection spectra with just a little profile variation modified by
the LMO algorithm and still retains the merits-of other multichannel design methods
such as the easy-fabrication advantage of superimposed FBGs. Compared with other
optimization algorithms or inverse design-methods; the former may need long time for
iteration from the initial guessed ‘index modulation profile or stochastic optimum
calculation and both of them may be limited by the feasibility of practical fabrication
with many steep jumps of the index profile when the number of channels increase. In
this work a new FBG fabrication platform has also been proposed and investigated.
The tolerance errors of fabricating the designed FBGs based on this fabrication
platform are calculated. We find that with £10% random errors of the UV beam size
and intensity for each scan step and with +2% random position phase errors, the
corrected FBGs still perform better than the original FBGs in terms of the reflection
spectrum quality. This shows the potential advantages of the new fabrication scheme.
Finally, it is believed that the proposed hybrid correction algorithm is attractive and

can effectively reach the optimum solution and reduce the difficulties of complicated
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FBG fabrication. The new fabrication platform can also enhance the error tolerance

when practically fabricating the FBG devices.

5.2 Future work

Some of possible future work include to use the LMO correction method for the
sampled FBG cases or to practically implement the new FBG fabrication platform and
to produce a long FBG device like an ultra-narrowband FBG filter for demonstrating

the high performance and high error tolerance advantages.
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