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Abstract

Fiber Bragg gratings (FBGs) are regularly spaced patterns written into the core of optical fibers, which reflect certain
wavelengths while allowing others to pass. They are widely used in telecommunications, sensing, and photonics. The most
common method to create FBGs is the phase mask technique, a reliable and repeatable approach where an ultraviolet (UV) laser
is passed through a carefully designed mask, producing an interference pattern that permanently changes the fiber core’s
refractive index. The phase mask is a transparent silica plate with etched grooves that diffract the UV light predominantly into the
=+ orders, while suppressing the zeroth order to low levels (typically < 5%), resulting in an interference pattern with a period half
that of the mask grating pitch. The spectral performance of an FBG such as its Bragg wavelength, bandwidth, reflectivity,
sidelobe suppression, and spectral shape is directly influenced by the physical design parameters of the phase mask. The grating
period of the phase mask determines the Bragg wavelength according to the Bragg condition, while the groove depth and duty
cycle affect the diffraction efficiency and interference contrast necessary to produce a strong and uniform index modulation.
Variations in these parameters can lead to shifts in spectral response or decreased performance, highlighting the importance of
precise mask fabrication. This study examines the relationship between phase mask design and FBG optical characteristics by
integrating coupled-mode theory and numerical modeling to quantify how mask geometry and fabrication tolerances influence
the resulting grating performance. Understanding this relationship enables optimization of phase mask specifications for
enhanced grating reflectivity, tailored bandwidth, and reduced sidelobes, which are essential for high-speed optical
communication systems and advanced sensor designs. The insights from this work contribute to improved phase mask design
strategies, bridging the gap between theoretical modeling and practical implementation of better FBGs.
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1. Introduction

Fiber Bragg gratings (FBGs) consist of regular variationsin ~ and sensing systems [1, 2]. The wavelength reflected by an
the refractive index along an optical fiber core. They reflect ~ FBG, called the Bragg wavelength, depends on the effective
specific wavelengths while allowing others to pass, making refractive index of the fiber core and the grating period,
them highly effective as wavelength-selective filters, reflec-  following the Bragg condition: as Az = 2n.sr4 Where n,f
tors, and sensing elements in modern optical communication s the effective refractive index and A is the grating period [3].
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This selective reflection occurs due to constructive interfer-
ence of light reflected from consecutive refractive index
modulations along the fiber [4]. The performance of an FBG
including reflectivity, bandwidth, spectral shape, sidelobe
suppression, and sensitivity to temperature or strain largely
depends on the quality of the refractive index modulation and
the grating’s physical parameters [5, 6]. These parameters are
directly influenced by the fabrication method. Among the
various techniques for inscribing FBGs, such as interfero-
metric and point-by-point UV writing, the phase mask ap-
proach has become the standard in both research and industry
because it offers reproducibility, simplicity, and the ability to
produce high-quality gratings with consistent characteristics
[7, 8]. In the phase mask method, a photosensitive optical
fiber is exposed to ultraviolet (UV) light through a transparent
plate with a periodic surface relief structure the phase mask.
The mask diffracts the UV beam into +1 and —1 orders while
reducing the zero-order component. The phase mask etching
depth and duty cycle directly influence the induced refractive
index modulation (4,,) and diffraction efficiency, affecting
the Bragg wavelength, reflectivity, and sidelobe suppression.
The interference of these diffracted beams just behind the
mask forms a stationary fringe pattern with a period equal to
half of the mask period, creating a permanent modulation of
the refractive index in the fiber core [9, 10]. The grating
period produced in this way directly determines the Bragg
wavelength of the FBG. Therefore, the phase mask’s geome-
try its period, groove depth, and duty cycle are critical in
defining the optical performance of the grating. Accurate
control of these parameters affects the magnitude and uni-
formity of the index change, the diffraction efficiency of the
mask, and the final spectral properties of the grating [11, 12].
Understanding the link between phase mask design and FBG
performance is essential for optimizing gratings used in tel-
ecommunications, sensing, and advanced photonic devices
[13, 14]. This study examines this relationship through ana-
lytical modeling and numerical simulations, providing prac-
tical guidelines for designing high-performance FBGs [15].

2. Mathematical Relationship Between
Phase Masks and Bragg Gratings in
Optical Fibers

Phase masks are essential tools for creating fiber Bragg
gratings (FBGs) within optical fibers [8, 12]. They are optical
components that split and diffract a UV laser beam to produce a
regular interference pattern, which is then transferred into the
fiber core. This process generates a periodic variation in the
refractive index, forming a Bragg grating that selectively re-
flects certain wavelengths while allowing others to pass. Un-
derstanding how phase mask design affects the resulting grat-
ing is key for developing accurate FBGs for telecommunica-

tions, sensing, and optical signal processing applications [9, 10].

The coupled-mode equations are solved for each fiber segment

and then combined into a transfer matrix to determine the
overall grating response. This approach allows the simulation
of both uniform and non-uniform gratings efficiently.

2.1. Modeling Operation

Various approaches exist to model the behavior of Bragg
gratings. In this work, the coupled-mode theory is adopted
due to its simplicity and its ability to closely match experi-
mental observations. In this framework, a Bragg grating is
treated as a regular modulation of the effective refractive
index, denoted as (8,.¢£(2)), along the fiber axis:

Nefr = Neore  * sin (9) (1)

The variation of the fiber’s effective refractive index,
(8nerr(2)), along the grating can be expressed as:

Sners () = Brogs@ {1+ vxcos (2240} @

With:

Onerr(z): the mean amplitude of the refractive index vari-
ation across a single grating period.

v: the magnitude of the refractive index variation.

A: the spacing of one complete cycle of the grating.

®(z): the relative position or shift of the grating pattern.

2.2. Classification of Bragg

Bragg gratings can be categorized as follows:
For an unchanging grating, the Bragg structure behaves like
a standard optical diffraction grating.

m=10

Figure 1. Reflection of light during its propagation through the
FBG.

3. Materials and Methods

Creating a phase mask involves choosing materials that
have a precise refractive index contrast between the fiber core
and cladding. To accomplish this, the fiber is first modeled
mathematically, and the results are then simulated using
MATLAB.

3.1. Modeling the Phase Masks

Therefore, the influence of the grating on a light wave
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traveling at an angle 6, can be described by the following
equation;

nsin(6,) = nsin(6,) + m *% 3)

With:

1) 6,: the angle at which the light is diffracted.

2) m: the diffraction order of the beam.

This relation gives the angle 6, where the interference
pattern forms, but it does not indicate the wavelength at which
the grating achieves maximum mode coupling. For a reflec-
tive Bragg grating, only the interaction between the incident
and reflected light is considered, leading to the following
expression; [7, 11]

(6, = —6,) (4)
We then introduce the propagation constant: [6]
B = (2mA) * negp ®)
And it can be rewritten as follows:
Br =P +m= (6)
In a reflective Bragg grating, the primary contribution
comes from the first diffraction order. By taking m = 1, the
following relation is obtained:

Nepp =N *sin(6,) <0 (7)

Since the diffraction corresponds to the first order (m = 1),
the relation can be written as:

By =B +m=T ®

From this, the wavelength at which a mode with effective
index nrr, couples to a mode with n.sr, can be deter-
mined as:

A= (Nepra = Negra) * A ©)
For 6, = —6,, This leads to the following expression:

A=2xnpp %A (10)

3.2. Modeling Transfer Matrix Method

For this work, the transfer matrix technique was employed
to simulate the spectral behavior of Bragg gratings. This
method provides an efficient and accurate way to model the
optical reflection characteristics of the grating. [13, 14]

Additionally, it offers flexibility, making it suitable for
analyzing non-uniform gratings as well. A cross-sectional

length of 10 periods (5.35 pm) was chosen to balance simu-
lation accuracy and computation time. Convergence analysis
confirmed that this segmentation does not introduce numeri-
cal artifacts compared to single-period segments.

The forward and backward-propagating electric fields
within a fiber segment of length [ in the Bragg grating can be
expressed as:

E (z,t) = A(z)e'Wt=B2 (11)
Ey(z,t) = B(z)e!Wt+F?) (12)
—1
E,(0,¢) E,(L1t)

Ep(0,t) ey — E,(1/2,1)

z=0 —» le— z=1

Figure 2. lllustration of light power distribution through the transfer
matrix approach.

The coupled-mode theory represents the complex ampli-
tudes A(z) and B(z) in the following way:

Y9 = ikB(2)e 207, 0 <z <1
az
dB(2) ; (13)
—— = —ik"A(2)e™ 47, 0 <z <
With:
1) The coupling constant k = %‘"
288 =5~

The following relationships serve as the foundation for
simulating Bragg gratings in optical fibers. By applying the
boundary conditions:

B(0) = BO (14)
A = Al (15)

Solving this system of equations provides the expressions
for how these two waves vary along the z-axis:

a(z) = A(z)e F? (16)
b(z) = B(z)e'#* 17)
The backward-propagating wave a(0) and the for-

ward-propagating wave b(l) can be represented through a
scattering matrix formulation:

Lal=ls 52l )
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By replacing a(0) and b(l) from the equation (18), the
resulting relations are:

ise~Pol

S11.= 522 = —Ap sinh(S1)+iScosh(Sl) (19)
_ kK 2ol — Ksinh(Sl)
S12 = K* Sp1€770 = —Ap sinh(S0)+iScosh(SL) (20)
With:
S =KZ=Ap? (21)

Using the matrix along with the definitions of S;; and
S12, the resulting transfer matrix can be written a:

a(O)] [Tn T12] [a(l)
= 22
ol =17 r2llso) @)
With:
T, = T*zz _ AB sinh(Sl)i;—iScosh(Sl)e_iﬁol (23)
Ty, =T = 7Ksm.h(51) e~Pol (24)

is

Calculating the transfer matrix enabled efficient modeling
of various Bragg grating types. The grating is segmented into
N uniform sections, each spanning one or more grating pe-
riods. When simulating a grating with gradually varying
periods, careful consideration must be given to the maximum
size of each segment.

Certainly, if the sections are too long, oscillations appear in
both the reflection spectrum and the group delay. Therefore,
the section length must be limited to ensure that the Bragg
grating behaves like one with a linearly varying period.

The optimal approach is to use sections containing a single
grating period. To keep simulation times reasonable, however,
a section length of 10 periods (I = 5.35 um) was chosen as
a practical compromise and applied throughout this study.
The optical response of each section is then cascaded to
determine the overall response of the Bragg grating of total
length L. This approach allows assigning a distinct period to
each section, enabling the simulation of non-uniform gratings.
Mathematically, this can be expressed as:

[TL] = [T1][T2] [TN] (25)
We obtain:

b)) = Tl 5] @9)

The wavelength calculation involves determining the
transfer matrix for each section and multiplying them to
derive the overall response of the Bragg grating. This results
in a transfer matrix T of the form:

T, le]
T] = 27
T1=|r,. 7, (27)

It is thus possible to obtain the reflectivity r and the phase
6 of the light from the reflection coefficient r:

T21

(28)

Ty1

6 = arg (ﬁ) (29)

T11

For a uniform grating, in which the effective refractive
index and the period are constant, we obtain:

K?sinh?(SL)

r(l,A) = AB2sinh2(SL)+KZ2cosh?(SL) (30)
Thus, for the Bragg wavelength A, with:
Apg= 0 (31)
We obtain:
r(L, Ag) = tanh?(KL) (32)

This modeling method allows assigning a unique period to
each section, enabling the simulation of non-uniform Bragg
gratings. It also makes it possible to calculate the group delay
(zr), representing the time each wavelength takes to be re-
flected, with the formula below:

2
T, =-22 (33)

With:

Where:

1) 0: the phase

2) c: the speed of light

Similarly, the effect of apodization a technique consisting
of applying a varying refractive index change along the grat-
ing can.

4. Results

In this work, we analyzed the main factors affecting the
behavior of Bragg gratings, including:

The total grating length, L; [2, 5]

The refractive index difference, A, , between the
UV-exposed and unexposed regions of the fiber; [1, 9]

The bandwidth and group delay characteristics of chirped
gratings. [12, 13]

4.1. Results of Uniform Bragg Grating Modeling

From equation (33), it can be seen that, for a con-
stant-period Bragg grating, the key parameters to optimize are
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limited to the grating length and the induced change in effec-
tive refractive index. [2, 6]

4.2. Influence of Grating Length

To check the accuracy of the results, simulations were car-
ried out on constant-period Bragg gratings of varying lengths,
using a refractive index contrast of:

A, =2e™* (34)

Figure 3 presents the reflected power of the Bragg grating
versus the light wavelength for various grating lengths.

L 1 1
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Figure 3. Reflected power of uniform Bragg gratings with lengths
ranging from 1 mm to 10 mm, a period of 535 nm,, and different
A, = 2x10°(—4).

For:
A, =2e™* (39)

It is observed that the grating reaches a reflection plateau at
its maximum. As the refractive index contrast A, decreases,
the reflected power drops correspondingly, with saturation
disappearing for A, < 2.5e7>.. In practice, A, varies de-
pending on the amount of energy delivered to the fiber. This
trend, previously confirmed by experimental studies, supports
the validity of the mathematical model for simulating
non-uniform gratings. Therefore, to avoid saturation effects, a
value of A,~2.5e~> is considered optimal and is adopted for
all subsequent grating simulations in this chapter.

4.3. Chirped Bragg Gratings

For the simulation of chirped gratings, the mathematical
model is modified to closely replicate their optical behavior.
In a Bragg grating with a linearly varying period, each section
(still 5.35um long) is assigned a slightly longer period. The
overall grating period for such a Bragg grating can then be

expressed as: [13, 15]

_ AN

(36)

With:

1) A1 and A2: the grating periods at the ends of the grating

2) L: the total length of the grating

This method enables the simulation of gratings with grad-
ually changing periods without extending computation time.
In this work, the specified periods correspond to those en-
graved on the phase mask, resulting in a fiber grating period
that is half of the mask period.

Simulating FBG with a linearly varying period illustrates
how a gradual period change affects both reflection and group
delay. For the cases shown in Figure 4, we adopted parameters
from the reference, which, to our knowledge, provide optimal
dispersion performance, with a grating period variation of
0.055nm/cm.

Figure 4(a) presents the group delay versus wavelength,
while Figure 4(b) displays the reflected power as a function of
wavelength.
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Figure 4. Simulation of a 5cm-long Bragg grating with a refractive
index contrast 4,, = 5e~5and a period chirp of 0.05 nm/cm.

Linear variation of the group delay with respect to wave-
length allows estimating the grating dispersion. We thus
obtain a dispersion of 1404 ps/nm, which is close to the
experimentally measured value of 1311ps/nm, thereby
validating our modeling.

5. Discussion

The modeling and simulation results obtained in this study
provide a comprehensive understanding of the behavior of
fiber Bragg gratings (FBGs) under various design parameters.
Several aspects of the FBG performance were examined,
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including the effects of grating length, refractive index mod-
ulation, chirping, and apodization on reflectivity, group delay,
and dispersion. The study demonstrates that accurate control
of the phase mask period, groove depth, and duty cycle is
critical for achieving high reflectivity, desired bandwidth, and
effective sidelobe suppression.

5.1. Uniform Bragg Gratings

For Bragg gratings with a constant period, the simulations
indicate that reflectivity is mainly influenced by two factors:
the grating’s total length LLL and the difference in refractive
index A, [2,5].

Longer gratings and higher A, values lead to stronger re-
flection and faster saturation of the reflected power. However,
excessively high A, can result in over-saturation and unde-
sirable spectral side lobes, which may compromise the spec-
tral purity of the reflected signal [6, 11].

Our results indicate that a refractive index contrast around
2.5x 1075 provides a good balance between reflection
efficiency and suppression of side lobes. This value is con-
sistent with previous experimental studies and validates the
accuracy of the transfer matrix modeling approach [9, 15].
The simulation also confirms that the reflection spectrum of
uniform FBGs is narrow and symmetric, which is advanta-
geous for wavelength-selective filtering applications in opti-
cal communications [3, 4].

5.2. Chirped Bragg Gratings

The modeling of chirped FBGs demonstrated the ability to
control the group delay and dispersion properties by linearly
varying the grating period along the fiber [13, 15]. Simula-
tions showed a linear dependence of group delay on wave-
length, with a calculated dispersion of 1404 ps/nm, closely
matching experimental measurements of 1311 ps/nm. This
confirms that the transfer matrix method accurately captures
the dispersive properties of chirped gratings and can be used
to design devices for dispersion compensation in optical fiber
networks [12, 14].

Chirped gratings also exhibited broader reflection band-
widths compared to uniform gratings. This is a direct conse-
quence of the varying Bragg wavelength along the grating
length, which spreads the reflected spectrum. The ability to
engineer the bandwidth through the chirp rate offers practical
advantages in applications requiring tailored spectral profiles,
such as optical pulse shaping or broadband sensing [10, 13].

5.3. Effect of Apodization

The simulations demonstrated that applying apodization
along the grating can reduce side-lobe levels and improve the
spectral quality of the reflected signal. Apodization, achieved
by varying A, gradually along the grating, suppresses un-
wanted reflections from the grating edges and smooths the

reflection spectrum [11, 12]. This effect is particularly sig-
nificant for long gratings or high-reflectivity designs, where
side lobes can otherwise distort the transmitted signal. Ap-
plying the Gaussian apodization function reduced side-lobe
levels and improved spectral quality.

5.4. Implications for Phase Mask Design

The study highlights the critical relationship between phase
mask parameters and FBG performance. The period, groove
depth, and duty cycle of the phase mask directly influence the
induced index modulation and the resulting Bragg wavelength.
Accurate phase mask design is essential to achieve the desired
grating properties, whether for uniform, chirped, or apodized
FBGs. The simulation results provide guidelines for selecting
phase mask parameters to optimize reflection efficiency,
spectral bandwidth, and dispersion characteristics [7-9].

5.5. Limitations and Future Work

While the transfer matrix method provides accurate and
efficient modeling of FBGs, some limitations exist. The
approach assumes idealized refractive index modulation and
does not fully account for fabrication imperfections,
non-linear effects, or temperature variations in the fiber.
Future work could extend the model to include these effects
and validate the simulations with additional experimental data.
Moreover, the influence of higher-order chirp profiles and
complex apodization functions on advanced optical applica-
tions could be explored [10, 14].

6. Conclusion

In this work, we explored how the design of phase masks
affects the optical behavior of fiber Bragg gratings (FBGS)
through both analytical modeling and numerical simulations.
By combining coupled-mode theory with the transfer matrix
method, we achieved an efficient and versatile way to predict
reflection spectra, group delay, and dispersion for uniform as
well as non-uniform gratings.

For uniform FBGs, the grating length and the refractive
index contrast were identified as the most critical parameters
for achieving maximum reflectivity and controlling spectral
properties. In chirped gratings, linearly varying the grating
period along the fiber allowed precise control over dispersion
and reflection bandwidth, as confirmed by the simulated
group delay and reflection spectra. The estimated dispersion
values closely matched experimental measurements, validat-
ing the accuracy of the modeling approach.

Furthermore, the study highlighted the advantages of the
phase mask technique, including its reproducibility and ca-
pability to produce high-quality gratings with tailored optical
properties. By dividing the grating into sections and simulat-
ing non-uniform period variations, the method enables effi-
cient optimization of grating designs while maintaining
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manageable computation times. The inclusion of apodization
and controlled period chirp provides additional flexibility for
suppressing sidelobes, controlling bandwidth, and managing
dispersion, which is essential for advanced optical commu-
nication and sensing applications. The method can be applied
to both linear and nonlinear chirped gratings, enabling opti-
mization for advanced optical communication and
pulse-shaping applications.

Overall, this work demonstrates that careful design of
phase masks, combined with robust modeling techniques,
allows the fabrication of high-performance FBGs with pre-
dictable and tunable optical characteristics. The methodolo-
gies and insights presented here provide a practical frame-
work for optimizing gratings for telecommunications, sensing,
and other photonic systems.

Abbreviations

FBG Fiber Bragg Grating

WDM  Wavelength-Division Multiplexing
Iy Zeroth-order Light Intensity

Iy Nth-order Light Intensity

A Grating Period

Ag Bragg Wavelength

Ness Effective Refractive Index
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velopment and emerging communication infrastructures in Mada-
gascar. His work reflects a strong commitment to advancing opti-
cal communication solutions adapted to local and regional tech-
nological needs. He actively participates in scientific activities
through teaching, research supervision, and conference contribu-
tions.
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