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In this paper, the performance of various apodization profiles (uniform, hyperbolic
tangent and gaussian) for un-chirped Fiber Bragg Grating is investigated. Apodization
techniques are used to get optimized reflection spectra with high side lobe suppression.
The simulations are done by solving coupled mode equations in MATLAB using transfer
matrix method which explains the relationship between the guided modes. The result
shows that Gaussian profile suppresses side lobe level much more efficiently than
uniform and hyperbolic tangent profiles. Gaussian apodized Fiber Bragg Grating is used
to indicate strain by producing wavelength shift. MATLAB and Opti-grating result gives
an idea about the efficiency of the suggested scheme to analyze strain measurements by
giving a linear response.
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Introduction

Fiber Bragg Gratings (FBGs) are those filters
which works on the theory of Bragg reflection.
FBGs usually reflect light in a shorter range
of wavelength and transmit remaining wave-
lengths [1]. When light propagate through the
Fiber Bragg Grating (FBG), the total reflection
take place at Bragg wavelength and the remain-
ing wavelengths are not affected by the Bragg
grating except a few side lobes exist in reflection
spectrum [2]. Suppression of the side lobes is im-
portant for some applications such as wavelength
division multiplexing (WDM), to eliminate cross-
talk between information channels. The side
lobes suppression in the reflection spectrum is
done by gradually changing the amplitude of
the coupling coefficient along the grating length
known as apodization [3]. To meet specific pa-
rameter requirements for particular FBG appli-
cations, the apodization profile can be optimized.
Various apodization profiles are investigated for
dispersion compensation and filter applications
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[4—6].The reflection of wavelength also depends
on the strain and temperature. So FBG can be
used in sensor technology. The important feature
of these devices is that the sensed information
i.e. the strain or temperature is translated into
the wavelength, which is a key component, giv-
ing reproducible measurements in spite of optical
losses and intensity fluctuations [7]. However,
a problem with this type of sensors lies in the
detection of the small wavelength shift in the re-
flected signal due to changing in strain.

The formation of FBGs is reported by Hill
et al. [8] in 1978 at the Canadian Communica-
tions Research Centre, Canada. During an exper-
iment which is based on the study of nonlinear
effects in an optical fiber, observable light from
an argon ion laser is injected into the fiber core.
Spectral measurements are done indirectly by
temperature & strain changing of the FBG, veri-
fied that a very narrow band FBG filter is formed
through the complete 1m length of the fiber.
This grating is called the Hill’s grating work as
a distributed reflector that coupled the counter-
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propagating to the forward propagating light
beams. The beam coupling provides feedback,
which improves the quality of the reflected light
and increases the intensity of the interference
pattern, which results an increase in the refrac-
tive index at the high intensity point.

Detailed study shows that the strength of FBG
is increased with the square of the light intensity.
In novel experiments, laser radiation is reflected
from the fiber end at 488 nm resulting in a stand-
ing wave pattern that formed a FBG. A single
photon at 244 nm in the ultraviolet (UV), proved
to be more effective. Meltz et al. [8] shows that
this radiation is used to form FBG that will re-
flect any wavelength by illuminating the fiber
through the side of the cladding with two inter-
secting beams of UV light. Now the period of the
interference maxima and the index change is set
by the angle between the beams and the UV wave-
length rather than by the visible radiation which
is launched into the fiber core.

Gong et al. [9] reported a minimum variance
shift technique for wavelength detection in FBG
sensors. This technique offers high detection ac-
curacy even when the spectrum of the FBG is in
partial overlap with a neighboring FBG within
a WDM sensor array. Frazao et al. [10] came up
with a new scheme for instantaneous measure-
ment of strain and temperature using a sampled
FBG based on long period structure written us-
ing the electric arc technique. Hua et al. [11]
have successfully demonstrated the application
of Fiber Bragg Grating sensors to detect the sol-
der interconnect debounding between flip chip
ball grid array and printed circuit board in four-
point bend tests. Four sensors, due to their small
size, were surface-mounted on the four-corners
of the ball grid array substrate, about 1 mm from
the solder balls that allow more sensitive strain
measurement under board flexure. The measured
strain data is compared with the data from strain
gauge, daisy chain resistance, and dye and pry
test. The preliminary results showed that the fi-
ber sensors were capable of detecting the onset of
solder joint fracture, strain relaxation, and ex-
tent of the failure.

In this paper, the performance comparison of
various apodization profiles (uniform, hyperbolic
tangent and gaussian) is analyzed. The param-
eters observed in this work are side lobe suppres-
sion and reflectivity. The apodized FBG profile
with high side lobes suppression is then analyzed
under strain sensor. The remainder of the paper
is organized as follows. Section II presents the
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fiber Bragg grating. The coupled mode theory
(CMT) is introduced in this section, and transfer
matrix method (TMM) is used to solve the cou-
pled mode equations. In Section III the apodized
fiber Bragg grating (AFBG) and various apodiza-
tion profiles are discussed. Section IV describes
AFBG under a strain sensor. Results and discus-
sion are presented in Section V. Finally, Section
VI concludes the paper.

Fiber Bragg Grating

A FBG is a periodic variation of the refractive
index along a definite length of the core of an op-
tical fiber formed by using an intense UV source
through point-by-point, interferometric or phase
mask technique. When light travels through the
periodic regions of higher and lower refractive
index inside the fiber core, it is reflected by co-
herent scattering from the index variations [3].
The periodic variation in the refractive index is
given by the following function

}, (1)

where z is the coordinate of light propagation
along the length of FBG, gneff(z) is the spatially
dc index change over a grating period, v is the
fringe visibility of the index change, and ¢(z)
is the grating chirp. The CMT is used to model
the FBG, which is discussed in the next section.

i—nz—&—d)(z)

SMgps (2)=Onggy (z){l +vcos
0

Coupled Mode Theory

CMT is generally used to study light propa-
gation in a weakly coupled waveguide medium.
Fiber Bragg grating is a weakly coupled wave-
guide structure. The basic idea behind the CMT
is that the uncoupled structure modes are solved
first. A linear combination of these modes is
used as a testing solution to Maxwell’s equa-
tions for complicated coupled structures [12].
The derived coupled mode equations can be
solved analytically or numerically. The theory
assumes that the field of the coupled structures
may be effectively represented by a linear super-
position of the modes of the unperturbed struc-
tures. In various practical cases, this assump-
tion gives a perceptive and exact mathematical
description of electromagnetic wave propagation
[13-16].

In the ideal mode approximation, the trans-
verse component of the electric field along the
grating is expressed as the superposition of the
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backward and forward propagation modes, as fol-
low [17]:

_'(x,y,z, ) Z[ exp(LB] )

Where A,(z) and B/(z) are gradually varying am-
plitudes of the j-th mode backward and forward
respectively, whereas, é'jt (x,y) describes across
field distribution of j-th mode, B is the propaga-
tion constant of the j-th mode and w is angular
frequency.

CMT is a special tool for obtaining quantita-
tive information about the spectral response of
FBGs. In our simulation, we consider a Bragg
reflection grating in a single mode optical fi-
ber and assume the optical fiber is weakly guid-
ing and no energy is coupled to radiation modes.
The mode evolution of A(z) and B/(z) along the
grating length L are defined in Eq. (3) and (4).
R is the forward propagating wave and S is the
backward propagating wave. These two waves are
mutually related by the CMEs as [17]

dR i .
o SR(z)+ikS(z), (3)
Z‘j — —i6S(2)~ixR(2), 4)

where R(z) is the amplitudes of forward propa-
gating mode and S(z) is the amplitudes of back-
ward propagating mode defined by [16]

R(z)=A(z)exp(idz—¢/2), (5)

S(z)=B(z)exp(idz + ¢/2). (6)
A single mode FBG has the following relations [17]:

1dy
6=8+0-
° 9 dz (7
Tc —
K =—Vdn(2), (8)
A
21—
0 ="t (2), 9)
1
0 =2y —_—]- (10)
Ag

The parameter & is a “dc” self coupling coef-
ficient, x is an “AC” coupling coefficient, ¢ is a
“DC” coupling coefficient and & is a detuning,
respectively. For unchirped FBG the parameter
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1d¢
2 dz
matrix method (TMM) is used to solve the CMEs
and to get the spectral response of the FBG, ex-
plained in the next section.

=0. In this work the illustrious transfer

Transfer Matrix Method

TMM is a flexible technique for determining
the input and output fields of the FBG. In TMM,
the grating of length L is divided into N short
uniform sections, each section is characterized
by a 2x2 matrix. By multiplying all the matri-
ces, a global matrix representing the entire grat-
ing is obtained. The greatest advantage of this
technique lies in its flexibility to be used for both
uniform and non-uniform gratings. The accu-
racy of TMM depends on the number of sections
N used the analysis. A large value of M implies
a higher accuracy [18-19].

Fig. 1 demonstrates how the TMM is applied
to uniform and non-uniform gratings. As stated
earlier that in the implementation of TMM, each
section is characterized by a unique matrix con-
taining information specific to the section. This
makes it possible to apply the technique to non-
uniform grating such as apodized gratings dis-
cussed in the next section.

The transfer matrix of the individual i-th sec-
tion is assumed to be given by T;, which satisfies
the following relation:

R R

0 [T} N
So Sy
Rol_ 7 [p3) Bv
SO k=1 SN

Fig. 1. Illustration of the grating using transfer
matrix method. a — uniform grating, b — non-
uniform grating.
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where
Ty, = Tjy = cosh(y3Az, )~ i——sinh(ypAz,), (12)
YB

T}, =Tji = —i—sinh(yzAz) (13)
TB
are the solutions to the coupled mode equation
for the i-th section. The coupling coefficient &
and « are the local values of the segment i-th, Az
is the section length, and y5 is defined by

Yp=vK>+6° . (14)

The entire transfer relation through the sections
can then be described by

(15)

The transfer matrix of the whole grating T can
be expressed as

[T|=[Ty [Ty -a]- o [T 1] (16)

As the boundary condition, R(0) is normalized
to 1 and the reflected field amplitude at the out-
put of the grating S(V) is zero. The reflectivity
and transmissivity of the whole grating is ex-
pressed by

Ty,

R:E, an
1

T=—o. 18
T, (18)

Apodized Fiber Bragg Grating

The spectral response of a grating with a uni-
form index modulation along the fiber length has
harmonics on the sides of the main lobe which are
undesirable and may be suppressed by the proce-
dure called apodization. Apodization is a varia-
tion of the modulation depth along the grating
length. The apodized fiber Bragg grating plays
an important role in order to suppress the side
lobes while maintaining the reflectivity and nar-
row bandwidth. The side lobes are due to multi-
ple reflections at the grating ends. From Eq. (1)
8ng;(2) can be assumed to have different apo-
dization profiles defined by
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Fig. 2. Refractive Index modulation peak of dif-
ferent apodization profiles. a — uniform (non-
apodized) index change, b — tangent hyperbolic
apodized index change, ¢ — Gaussian apodized
index change.

Seg (2) = Onegef (2)s (19)

where Sn; is the refractive index modulation
peak and f(2) is the apodization profile.
Apodization profiles investigated in this work
are Uniform, Hyperbolic Tangent and Gaussian
profile, as defined by
1. Uniform (no apodization)

f(z)=1, (20)
2. Hyperbolic Tangent

f(z)=tanh(s-2z/L)-tanh

i3

L (21)
+1-tanh?(s/2),

3. Gaussian

(z—L/2)

s-L

2
f(z)exp|—4~log(2)~ J, (22)
where Lis the grating length, z is the coordinate
of light propagation along the length of FBG and
s is taper parameter used for fine tuning of re-
flection spectrum.

The variation of the refractive index change
along the fiber axis determines the optical prop-
erties of FBG. The refractive index modulation
peak of various profile apodization profiles is
shown in fig. 2.

Apodized Fiber Bragg Grating
As Strain Sensor

Strain in any material is the fractional in-
crease in its physical length when stressed.
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In linear form, strain is equal to the ratio of the
applied stress divided by Young’s modulus of the
material. The strain variation in the grating por-
tion is determined by the wavelength shift from
the sensor. According to the Bragg’s law, the
reflected wavelength is determined as

)\’B :zneff/\, (23)

where n.. the effective is refractive index and
A is the grating period of the index modulation.
For measuring strains it is necessary to introduce
a mechanism that relates the change of strains to
the change of core refractive index and the grat-
ing period.

1
Ngge =Megy _Engffg[pm —u(pi +P12)}’ (24)

A =A[14+(1-P)|-¢, (25)

where ng, is the modified refractive index, A’
is the modified grating period, ¢ is the axial
strain along the fiber and P is an effective strain
optic coefficient i.e.

2

n
pP= esz [P12 —w(pi1 + Pr2 )]’ (26)

P11 & ppg are strain optic tensor components, and
u is Poisson’s ratio of the fiber. For a standard
germane-silicate fiber p;; = 0.113, p;, = 0.252,
p=0.17, and n, = 1.458.

Hence the updated Bragg wavelength will be-
come

hp=2ngA. (27)

The amount of the mechanical strain (AL/L) is

calculated by the variations in the Bragg wave-

length shift can be expressed by the following
equation [20]:

o
3
T
B

o
o
T

Reflectivity

o
N
T

il b

0
1,545 1,5454 1,5458 1,5462 1,5466 1,547
Wavelength, pm

Ay =2g(1-P)s, (28)

where Ap is the Bragg wavelength shift. The
above equation shows that the wavelength shift
is proportional to the axial strain of the fiber.
A wavelength shift is calculated by putting the
different values of strain varying from 100 pe
to 800 pe and giving the linear response in fig. 7
and 8.

Results & Analysis

In this paper MATLAB codes are written to
solve CMEs for the analysis of AFBG strain sen-
sor. The simulations are done by assuming that
the AFBG is inscribed into standard telecommu-
nication single-mode optical fiber of L = 20 mm
and n, = 1.458. Bragg wavelength is set at
1545.5 nm. MATLAB and Opti-grating (ver-
sion 4.2) from Opti-wave are used for simulation
purpose. The results of various apodization pro-
files are simulated in MATLAB and verified by
the standard software of Opti-grating. The apo-
dization profile with high side lobe suppression
is then analyzed under strain sensor in order to
get the better wavelength shift.

Apodized Fiber Bragg Grating Results

The plot of various apodization profiles is
drawn between wavelength and reflectivity.
Fig. 3 shows the graph of uniform (non-apodized)
grating both in MATLAB and Opti-grating.

Simulation shows that the main lobe keeps
80% of reflected light power. Strength of side
lobes in the reflectivity spectra of uniform FBG
plotted in MATLAB is same as compare to that
of Opti-grating plot. Fig. 4 shows the graph of

r (b)

o
oo
T

o
o
T

Reflectivity
2

o
N
T

0 1 |
1,5450 1,5455 1,5460 1,5465
Wavelength, pm

Fig. 3. Uniform gratings. a— MATLAB, b — Opti-grating.
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Fig. 4. Tangent hyperbolic apodized gratings. a — MATLAB, b — Opti-grating.
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Fig. 5. Gaussian apodized gratings. a — MATLAB, b — Opti-grating.

tangent hyperbolic grating both in MATLAB and
Opti-grating.

Simulation shows that the main lobe keeps
85% of reflected light power. Strength of side
lobes is decreased in reflectivity spectra of tan-
gent hyperbolic apodized FBG and an excellent
agreement of MATLAB results with Opti-grating
results is observed.

Fig. 5 shows the graph of Gaussian apodized
grating both in MATLAB and Opti-grating.

Simulation shows that the main lobe keeps
100% of reflected light power. Strength of side
lobes is completely minimized in reflectivity
spectra of Gaussian apodized FBG and an excel-
lent agreement of MATLAB results with Opti-
grating results is observed.

Apodized Fiber Bragg Grating with Strain
Sensor Results

MATLAB codes are written to solve CMEs for
the analysis of Gaussian AFBG under strain sen-
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sor. The MATLAB & Opti-grating plot of Gauss-
ian AFBG under strain sensor is drawn between
the Bragg wavelength shift and reflectivity, cal-
culated by putting the different values of applied
strain varying from 100 pe to 800 pe as shown in
fig. 6.

The parameter observed in the graphs is the
Bragg wavelength shift under various strains. The
results show that an excellent match of MATLAB
results with Opti-grating results is observed.

Bragg Wavelength Shift

The MATLAB and Opti-grating values of
Bragg wavelength shift are obtained against ap-
plied strain by using Eq. (28) and are given in
table. The graphs are plotted between the applied
strain versus Bragg wavelength shift shown in
fig. 7 and 8.

In MATLAB plot, a fine linear response is seen
among applied strain and Bragg wavelength shift
through the calculated region.
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Fig. 6. Various Applied Strains. a — MATLAB, b — Opti-grating.
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Fig. 8. Applied Strain vs Bragg wavelength shift
(Opti-grating).

Strain, pe 100 200 300 400 500 600 700 800
Wavelength Shift, nm | 0.12335 | 0.24672 | 0.37010 | 0.49351 | 0.61693 | 0.74034 | 0.86378 | 0.98724
(MATLAB)

Wavelength Shift, nm | 0.12336 | 0.24673 | 0.37012 | 0.49354 | 0.61697 | 0.74041 | 0.86387 | 0.98734
(Opti-grating)

In Opt1-grat1r}g plot,‘a fine linear response is P er—
seen among applied strain and Bragg wavelength 1 DMATLAB
shift through the calculated region. £

7 08h
. <
Comparison of MATLAB E}, 06
and Opti-grating Results . i
>

Single mode FBG sensors are used in the pres- g 04k
ent study. Strain measurements in AFBG sensor &
are conducted through MATLAB coding. A com- & 02
parison plot of the MATLAB and Opti-grating -

. . 1 1 1 1 1 1 1 1 1 1
values of applied strain versus Bragg wavelength 0 200 200 500 200 1000

shift are shown in fig. 9. The typical difference
of wavelength shift between MATLAB and Opti-
grating value is 0.001 nm and a superb match
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Applied Strain (micro strain)

Fig. 9. Applied Strain vs Bragg wavelength shift
(MATLAB & Opti-grating).
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of MATLAB results with Opti-grating results is
observed.

Conclusion

In this research work, the performances of
FBG of several apodization profiles have been
compared in terms of side lobe suppression in
reflected wavelength spectra. Suppression of
the side lobes is important in order to eliminate
crosstalk between information channels. Power is
also wasted because of these side lobes. Simula-

tion results shows that the strength of side lobes
is completely minimized in reflectivity spectra
of Gaussian AFBG and an excellent agreement of
MATLAB results with Opti-grating results is ob-
served. The Gaussian profile with high side lobe
suppression is then used for strain sensing appli-
cations. In conclusion, the Gaussian AFBG sen-
sor provide superior solution in detection of the
small wavelength shift in the reflected signal due
to strain changes, providing reproducible mea-
surements despite optical losses and intensity
fluctuations.

* % % % %
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