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ABSTRACT

Fiber Bragg grating has made a big revolution in telecommunication systems. The
existence of fiber Bragg grating is needed when an optical fiber amplifier and filter are used. They
can be used as band reject filter or band pass filter for optical devices. The design parameters of
the fiber Bragg grating affect the output characteristics of it. The purpose of this paper is to
simulate and analyze the spectral characteristics of the uniform fiber Bragg grating (FBG) for
achieving maximum reflectivity and narrow bandwidth. This can be achieved by studying the effect
of the structural parameters of the uniform fiber Bragg grating such as; grating length and
refractive index modulation on the reflectivity and spectral bandwidth of the FBG. The simulations
are based on the numerical solution of the coupled- mode equations. The effect of changing the
refractive index shape is also considered in this analysis. The simulation results show that the
reflectivity of FBG will increase when the grating length and the refractive index modulation
increase. Besides, the spectral bandwidth will decrease by the increase of grating length. It will
also increase when the refractive index modulation increase. This study deduces that the change of
the refractive index shape doesn't have any effect on the spectral response of the uniform FBG.

Keywords- Couple mode theory, Coupling coefficient, Fiber Bragg grating, Photosensitivity,
Reflectivity, Refractive index modulation, Spectral bandwidth.

l. INTRODUCTION

Fiber Bragg grating is a periodic perturbation of the refractive index along the core of the optical fiber.
It has an important role in optical communication system especially when designing optical amplifiers and
filters. The modulation of the refractive index can be achieved by exposing the core of the fiber to ultra-violet
radiation. This produces change in the refractive index of the core. Photosensitivity is an important characteristic
in optical fiber. It was discovered at the Canadian Communication Center in 1978 by Ken Hill et al [1]. It allows
the fabrication of FBG in the fiber core. Photosensitivity means the ability to change the refractive index of the
core when it is irradiated by a UV light [1]. There are more factors affecting the photosensitivity of the optical
fiber such as; irradiation source, fiber core composition and the past history of fiber before the irradiation. The
photosensitivity of fiber can be enhanced by hydrogen loading. The first fiber grating was called (self-induced
grating). It works only at the writing wavelength which is the ultraviolet wavelength. The refractive index of the
core is changed permanently. Germanium doped silica fibers are used in the fabrication of FBG because it is
photosensitive which means that the refractive index of the core is changed by the exposure of light. The amount
of change depends on the intensity and duration of the exposure. It also depends on the photosensitivity of fiber
so that for high reflectivity the level of doping with germanium must be high. There are several techniques for
the fabrication of FBG such as; phase mask technique, Holographic technique and point by point technique [2].
Easy fabrication is obtained by phase mask technique. FBG has many applications in optical communication
systems such as; dispersion compensation, wavelength converters, fiber grating lasers and amplifiers, laser
stabilization, wavelength division multiplexing, selective mirrors and optical Code Division Multiple
Access(CDMA) [3]. FBGs have many advantages such as; low losses, done into the fiber, stability, reduced
maintenance, flexibility in spectral characteristics, simple structure and low insertion loss [4]. The most
attractive subject in studying fiber Bragg grating is the spectral characteristics of FBG. There are several design
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parameters which affect the spectral response of FBG such as: grating length, refractive index modulation and
grating period [5, 6]. By choosing proper values for these parameters one can achieve maximum reflectivity and
narrow bandwidth for better performance of the FBG. This paper aims to design the FBG for better performance
and maximum reflectivity. Also it studies the effect of grating length and refractive index modulation on the
reflectivity and spectral bandwidth of uniform FBG.

The paper is organized as follows: section | provides an introduction to the fiber Bragg grating
including fabrication techniques and its applications. In section Il the paper presents a study of the basic
structure of fiber Bragg grating and couple mode theory which is used for the analysis of uniform FBG. The
discussion and the simulation results are presented in section 11 with illustrated graphs for each case.

1. UNIFORM FIBER BRAGG GRATING
A. FIBER BRAGG GRATING STRUCTURE
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Fig 1.Basic structure of fiber Bragg grating

The basic structure of the uniform fiber Bragg grating is illustrated in Fig 1. [7]. as shown in Fig 1, the
refractive index of the core is modulated by a period of A. When light is transmitted through the fiber which
contains a segment of FBG, part of the light will be reflected. The reflected light has a wavelength equals to the
Bragg wavelength so that it is reflected back to the input while others are transmitted. The term uniform means
that the grating period, A, and the refractive index modulation, dn, are constant over the length of the grating. A
grating is a device that periodically modifies the phase or the intensity of a wave reflected on, or transmitted
through it [5]. The equation relating the grating spatial periodicity and the Bragg resonance wavelength is given
by:iB = Zn.g A where ngis the effective mode index and /A is the grating period [6]. Fig. 2 shows the
different types of Bragg gratings which are (a) transmission (long-period) grating (Fig. 2-A) and reflection
(short-period) grating (Fig. 2-B). In reflection grating; coupling occurs between modes travelling in opposite
direction, while in transmission grating; coupling occurs between modes travelling in the same direction [8].
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Fig 2-B.Reflection or short period grating

www.ijceronline.com Open Access Journal Page 54



Optimization of Uniform Fiber Bragg...

B. THEORY AND PRINCIPLE OF OPERATION

Studying the spectral characteristics of the uniform fiber Bragg grating is accomplished by the solution
of coupled-mode equations. Coupled-mode theory is an important tool for understanding the design of fiber
Bragg grating [7]. FBG can be considered as a weak waveguide structure so that the couple-mode theory can be
used for the analysis of light propagation in weak waveguide structure such as FBG. The couple-mode equations
that describe light propagation in FBG can be obtained using couple-mode theory. The couple mode theory was
initially introduced in the early 1950's for microwave devices and later applied to optical devices in the
early1970's [5]. It is the most straightforward technique as it accurately models the optical properties of the most
fiber gratings [9]. Assume that the transverse component of the electric field can be written as a superposition of
the ideal modes labeled j (i.e. the modes in an ideal waveguide with no grating perturbation), such that:

EiGuyzt) = 5[4 @) exp (jBz) + G @exp (—i,2)]. &G ydexp (—iot), (11)
Where 4;(z) and C;(z) are slowly varying amplitude of the j™ mode travelling in the +z and —z directions,
respectively. The transverse mode fields &;; (x y) might describe the bound core or radiation LP modes, or they
might describe"_cladding modes.

B = T err (1.2)
Where |3]- is the mode propagation constant. While the modes are orthogonal in an ideal waveguide and hence,

don't exchange energy, the presence of a dielectric perturbation cause the modes to be coupled such that the
amplitudes A; and C; of the jth mode evolve along the z axis according to:

2 = i DA Ky + Kipenp [(i (B — ;) 2] + 1 T G (Kyg — Kiy Jesp [~ (B, + B, 2] .1)

aLj . . . . . .

2= = i DA ®y - Kiewp [(i (B, +B;)7] - 1 TG (kg + K dewn -i1(B - B7]  (22)
WhereKy (z)is the transverse coupling coefficient between modes j and k and is given by:

Ky(z) = -, dxdy Ae(x, y, 2085 o y). 8 G y) (3)

wherefizis the perturbation to the permittivity, approximately Az = 2n@nwhenén << n. The longitudinal
coefficient Ki;(z) is analogous to Ky;(z) but generally K () <« Ky (=) for the fiber modes, so this coefficient

is usually neglected. The two new coefficients are:

o (2) = T2 8ngc (@) [, e dxdy S (o). 8 Go y) 4)
by (z) = ‘!"lrn Bn,, (2) JI: ore Ady Eh-t Ge.y). E:;t ey ®)

Where o is the Direct-Current (DC) (period-averaged) coupling coefficient and k is the Alternating-Current
(AC) coupling coefficient.éng, is the "dc" index change over the grating length and &ng. represents the
distribution of the index change due to apodization.

The general coupling coefficient is given by:

Kig(2) = 05 (2) + 2k(2) cos [Z 2+ 0(2) 6)
Where A is the grating period and @(z} describes grating chirp.

Equations (2) to (6) are the coupled-mode equations that describe fiber grating spectra.
For a single-mode Bragg grating the simplified coupled-mode equations can be expressed as:

== ul) + k() (7.1)
T = —jovia) - jhulz) (7.2)
Where the amplitudes u and v are given by:
u(z) = A@exp (i5z - 2/y) (7.3)
v(z) = Cl) exp iz + 9/, (7.4)
The coefficient & is the general "DC" coupling coefficient and is given by:
§=8+o-:2 ®)
Where = is the "DC" coupling coefficient. For a single mode fiber it is given by:
o= :;—_ gléng, (@) + Cong,, (=)] 9

The constant C is a parameter that accounts for additional UV- induced change of the average index along the
fiber. g is the overlap integral of the guided mode in the photosensitivity region.
The "AC" coupling coefficient is given by:

k= : géng.(z) (10)
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C. SOLVING COUPLE MODE EQUATIONS FOR UNIFORM FIBER BRAGG GRATING

For uniform fiber Bragg grating the coupled mode equations will be simplified to first-order ordinary
differential equations with constant coefficients. To find the reflectivity of uniform fiber Bragg grating by
applying boundary conditions:

u(7L/;) = 1and v(I/;) = 0. (12)
So the analytical solution for the coupled mode equations for amplitude and power reflection coefficients will
be:

—ksinh(vK-F L)
e (12)
T muhl_r_-.'k* - LJI+|-.'k* -I nnshl_r_-.'k* = LJI
sinh?(+12 57 L)
r= ? (13)

cosh? IZ-.'k: -g° L;I—%

=B (V)

For uniform fiber Bragg grating with sinusoidal refractive index variation k = ———=where n{V} is a function of
fiber V parameter and is, approximately given by: ’
0 =1 -1 (14)
The detuning & is given by:
5 = 2nna(; — ). (15)
For maximum reflecti.\/ity.:EI
Rpﬂk = tanh® (kL). (16)

Reflective bandwidth &gz of uniform FBG is defined as wavelength bandwidth between the first zero reflective
wavelength of both sides of peak reflection wavelength. It can be calculated by:

Adhgg = u:f.ﬂ" [(kL)? + 7], 17)
Where L is the grating length, ngg is the effective mode index and kg is the Bragg wavelength.

1. RESULTS AND DISCUSSIONS
The parameters used for the simulations are; diameter of the core (Dpgpe = 1.8pm), core index
(n., = 1.47), cladding index(ng = 1.437) and Bragg wavelength(%z = 1559nm}).When choosing sinusoidal

refractive index profile as shown in Fig 3., the dependence of reflectivity and spectral bandwidth on the grating
length is investigated as shown in Fig 4.

W E

Fig 3. Sinusoidal refractive index profile

In the analysis we choose &n = 4 = 10™*, It is obvious from the results of this figure that the spectral
characteristics of the uniform fiber Bragg grating takes the form of sinc function. As the grating length is
increased, reflectivity is increased but the spectral bandwidth is decreased. Also the side lobes are increased
with the increase of the grating length. With the increase of the grating length we found that the reflectivity
reaches its maximum value then it saturates. The reflectivity reaches unity at grating length equals 4mm. by the
increase of the grating length the reflectivity remains unity. It was observed also that the maximum wavelength
equals Bragg wavelength (%5} and the increase of the grating length doesn't have any effect on the maximum

wavelength as it remains the same with the increase of the grating length.
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Fig 4. Reflectivity spectrum for different grating length with sinusoidal refractive index profile

Next we study the effect of refractive index modulation (3n) on the reflectivity and the spectral
bandwidth as shown in Fig 5.
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Fig 5.Reflectivity spectrum for different refractive index modulation values with sinusoidal refractive index
profile

We choose L=4mm in the analysis. It can be observed that as the refractive index modulation is increased, both
the reflectivity and the spectral bandwidth are increased and the side lobes are increased as well. It was obvious
from the figure that the reflectivity would be increased until it reached its maximum value then it saturates at a
specific value of the refractive index modulation. It reaches unity at &n = 4 = 10~* then it saturates. Also the
change of refractive index modulation doesn't affect the maximum wavelength which will equal Bragg
wavelength for any value of refractive index modulation.

Let us now turn our attention to the effect of square refractive index profile as shown in Fig 6.
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Fig 6.Square refractive index profile

When studying the effect of grating length and refractive index modulation on the reflectivity and spectral

bandwidth with the new refractive index shape the following results have been obtained:
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Fig 7.Reflectivity spectrum for different grating length with square refractive index profile
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Figures 7 and 8 show that the shape of the refractive index profile doesn't affect the spectral characteristics of
the uniform FBG. So changing the refractive index profile doesn't have any effect on the spectral characteristics
of the uniform fiber Bragg grating.

In Fig 9. A relation between maximum reflectivity and grating length has been investigated.
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Fig 9.Relation between maximum reflectivity and grating length
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It was observed that, as the grating length is increased, maximum reflectivity is obtained until it reaches its
maximum value then it saturates. It will reach unity at L=4mm.
The relation between the maximum reflectivity & the refractive index modulation is shown in Fig 10.
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Fig 10.Relation between maximum reflectivity and refractive index modulation

It was clear that, as the refractive index modulation is increased, the maximum reflectivity is obtained and then
it saturates. It will reach unity atén =4 = 10~* The relation between the spectral bandwidth and the grating
length is shown in Fig 11.
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Fig 11.Relation between spectral bandwidth and grating length for different values of dn.

It was investigated that, for grating length shorter than approximately 1mm a small variation in length produces
a big variation in the bandwidth. For grating length larger than approximately 5mm it was investigated that the
bandwidth isn't affected by the change of grating length, while it is increased by the increase of refractive index
modulation.

In Fig 12. A relation between spectral bandwidth and amplitude of refractive index modulation was investigated.
It was clear that as the amplitude of refractive index modulation is increased, spectral bandwidth is increased.
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Fig 12.Relation between spectral bandwidth and refractive index modulation for different grating lengths

For better performance of the uniform FBG, proper values for L and &n must be chosen to satisfy maximum
reflectivity and narrow bandwidth. If L and &n are chosen as L=5mm andn =4 =107* the maximum
reflectivity and narrow bandwidth can be obtained but the problem of side lobes can be solved by using a
podization which means modulation of the amplitude &n along the grating length.
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V. CONCLUSIONS
From all the previous work it was concluded that the structural parameters of the uniform fiber Bragg

grating have a significant effect on the reflectivity spectrum and the bandwidth. It was clearthat the spectral
characteristics of the uniform fiber Bragg grating takes the shape of sinc function. It was investigated that as the
grating length is increased, reflectivity is increased but the spectral bandwidth is decreased. With the increase of
refractive index modulation both reflectivity and spectral bandwidth are increased. The shape of the refractive
index profile doesn't effect on the spectral characteristics of the uniform fiber Bragg grating. For better
performance of the uniform fiber Bragg grating proper values for grating length and refractive index modulation
must be chosen to achieve maximum reflectivity and narrow bandwidth.
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