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Abstract

The continuously increasing demand for higher data transmission rates in modern telecommunication systems is pushing existing
optical filtering and dispersion management technologies to their fundamental limits. Among these technologies, fiber Bragg
gratings (FBGs) have emerged as key components due to their compact size, wavelength selectivity, and compatibility with
optical fiber infrastructures. However, the performance of conventional FBGs is often constrained by intrinsic limitations such as
group delay ripples, limited bandwidth control, and non-ideal spectral responses, which become increasingly critical at high data
rates. The present work focuses on the mathematical modeling and optimization of phase masks to improve the performance of
fiber Bragg gratings. The first stage of this study is devoted to enhancing the planar Bragg grating configuration. Subsequently, a
comprehensive analysis is carried out to identify and evaluate the parameters that govern the optical behavior of phase masks
and, by extension, the resulting fiber Bragg gratings. Four key parameters are systematically investigated in this study. The first
parameter is the grating length L, which plays a crucial role in determining the reflectivity, bandwidth, and spectral selectivity of
the grating. The second parameter is the refractive index modulation 4, between the exposed and unexposed regions of the fiber
core, which directly influences the coupling strength and overall efficiency of the grating. The third set of parameters concerns
the group delay and bandwidth characteristics of chirped fiber Bragg gratings, which are particularly important for dispersion
compensation and signal integrity in high-speed optical communication systems. Finally, the effect of various apodization
functions is examined, as apodization is known to significantly reduce sidelobes and improve spectral smoothness. A detailed
and systematic investigation of these parameters demonstrates that appropriate optimization can lead to a substantial reduction,
and in some cases complete suppression, of group delay ripples. The elimination of these oscillations is a critical requirement for
achieving high-fidelity signal transmission and minimizing distortion in optical communication links. The results show that the
performance of phase masks and the resulting fiber gratings depends on the combined effects of structural and optical
parameters. Optimizing these parameters together is essential to obtain high diffraction efficiency, good spectral quality, and
stable grating inscription. The proposed approach provides practical design guidelines for developing high-performance
grating-based components for next-generation optical communication systems.
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1. Introduction

Distributed optical gratings in fibers are key elements for
wavelength selection in telecommunication networks. [1, 2].
They enable multiple wavelengths to propagate simultaneously
within a single optical fiber, a key feature for wave-
length-division multiplexing (WDM) systems, where different
channels travel together before being separated to recover the
original signals. [3, 4] The performance of FBGs strongly
depends on the quality and precision of the grating structure,
which is directly influenced by the phase mask fabrication
process used to inscribe the grating into the fiber core. [5] The
main goal of this study is to improve the optical behavior of
phase masks and to identify the parameters that control grating
performance through a systematic modeling and optimization
approach. By jointly analyzing grating length, refractive index
modulation, chirp, and apodization, this work provides quanti-
tative design guidelines to reduce spectral ripples and improve
bandwidth and group delay performance. [6, 7] A systematic
analysis of these factors allows for the improvement of phase
mask performance and the definition of precise fabrication
requirements. [8] This work thus bridges the gap between
theoretical design and practical implementation, providing
guidelines for the development of high-performance and relia-
ble fiber Bragg gratings. The insights gained contribute to
advancing optical technologies for next-generation high-speed
telecommunication systems. [9, 10]

Although fiber Bragg gratings and Fourier optics have been
extensively investigated in the literature, most previous works
focus either on grating performance inside the fiber or on
qualitative descriptions of phase mask behavior. In contrast,
the novelty of this work lies in a systematic and quantitative
optimization of phase mask parameters using a Fourier optics
framework, with the explicit objective of minimizing ze-
roth-order diffraction and defining fabrication tolerances
suitable for telecommunication-grade FBGs.

This study establishes explicit relationships between grat-
ing depth, duty cycle, and diffraction efficiency, and provides
quantitative tolerance limits required to achieve less than 2%
zeroth-order power while maintaining high first-order dif-
fraction efficiency. These results offer practical design
guidelines that directly link theoretical modeling to phase
mask fabrication constraints.

2. Mathematical Modeling Phase masks

The aim of this work is to determine the optimal parameter
values needed to produce efficient phase masks. [11]. These
parameters are crucial for determining the final performance of
fiber Bragg gratings, particularly in terms of reflectivity,
bandwidth, and suppression of spectral ripples. The parameters
considered in this study include the groove depth h, the grating
period A, and the duty cycle d, defined as the ratio of line
width to grating period [12]. These characteristics directly
influence the mask’s ability to produce precise and stable Bragg

gratings. Since this work is focused on telecommunication
applications, the target wavelength for the Bragg grating in-
scription is set at 1550 nm, corresponding to the optimal
transmission window of standard optical fibers. [13]

The Bragg condition provides a fundamental relationship
between the wavelength to be reflected and the grating period.
This relationship serves as the theoretical foundation for
designing phase masks, allowing precise calculation of the
grating dimensions required to achieve the desired optical
performance.

/1=2*neff*A (1)

Where:

nesr. the effective refractive index of the optical fiber. It
represents the average refractive index “seen” by the funda-
mental mode propagating in the fiber. This parameter directly
determines the Bragg wavelength and the propagation char-
acteristics of optical signals.

A: the Bragg grating period. It is the distance between two
successive identical structures in the grating or phase mask
pattern. The period is directly related to the reflection wave-
length through the Bragg condition.

3. Materials and Methods

Designing a Phase masks requires selecting materials with
a controlled refractive index between the core and cladding
regions. [15] To achieve this, we will implement the mathe-
matical modeling of the fiber and then simulate the results in
MATLAB.

3.1. Modeling the Phase Masks

If the wavelength A is about four times the thickness of a
single grating layer, the reflections from each layer add to-
gether. This constructive interference makes the grating act
like a mirror, reflecting light efficiently at that wavelength.

This condition for constructive interference can therefore
be expressed as:

optical thickness =n.L (2

Where:

n : the effective refractive index of the two media forming
the layer. It represents the average refractive index experi-
enced by light propagating through the combination of the
two materials. This parameter is crucial for determining the
optical thickness and the conditions for constructive inter-
ference in the grating.

L : the physical thickness of each layer. It corresponds to
the actual distance traveled by light within each material and
directly contributes to the optical thickness
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These two parameters are essential for correctly designing a
Bragg grating and ensuring that light is reflected construc-
tively at the desired wavelength.

So,

/‘{B =4.n.L (3)

with

A=2.L (4)
we thus obtain the Bragg wavelength.

An ideal binary phase mask model is adopted in this work
as a first-order theoretical approximation. This choice allows
the fundamental influence of grating depth and duty cycle on
diffraction efficiency to be isolated without the additional
complexity introduced by fabrication imperfections.

Effects such as non-vertical etching, edge roughness, depth
non-uniformity, and engraving errors are therefore not in-
cluded in the present model. The objective of this study is to
establish baseline design rules and quantitative tolerance
limits, which constitute a necessary preliminary step before
incorporating real fabrication effects. These non-ideal effects
will be addressed in future work.

3.2. Condition of Modeling the Phase Masks

An equivalent derivation of this condition can be obtained
by considering a grating with period A, illuminated by light of
vacuum wavelength A, propagating in a medium of refractive
index n, and diffracted at the Bragg order M. In optical fibers,
light propagation is essentially collinear with the grating axis,
which results in backward diffraction corresponding to re-
flected waves.

We then have:

6= (5)
and
0. = _g (6)
By substituting these values into the general equation:
. . m.A
sin6; — sinf, = o @)
we obtain:

This also gives the Bragg condition for M = 1.

For a target Bragg wavelength of 1550 nm propagating in
an optical fiber with an effective refractive index of n,qr =
1.46, the corresponding grating period in the fiber is calcu-

10

lated to be 535 nm. Consequently, the phase mask must be
designed with a period of 1070nm to satisfy the Bragg
condition.

To analyze the optical behavior of the phase mask, a Fou-
rier optics approach is employed to model the interaction of
the mask with normally incident ultraviolet radiation at a
wavelength of (1 = 248 nm). Within this framework, the
amplitude transmission function of an ideal binary phase
grating, denoted by t(x), is defined as follows:

e P 0<x<dx*A
= SXS 9
£x) {1, d*A<x <A ©
With:
to =d(exp(i® —1)+1 (10)

tn = =—{exp(ip) [exp(—2mnd) — 1] + [1 — exp(i2nnd)]} (11)

The light intensity for each diffraction order can then be
obtained by computing the squared magnitude of £, and t,,

The application of the Fourier transform:

I, = 2d? — 2d + 1 + 2(d — d?)cos(®) (12)

1
n2n?

I, =

[1- cos(2ndn)](1 — cos(q.’))) (13)

This framework makes it possible to quantify how light is
distributed among different diffraction orders, explicitly
accounting for the effects of grating depth and the proportion
of line width to the grating period.

The numerical simulations were performed using a Fourier
optics approach implemented in MATLAB. All relevant
simulation parameters are summarized in Table 1 to ensure
reproducibility of the results.

Table 1. Simulation parameters used in this study.

Parameter Symbol Value
UV laser wavelength y! 248 nm
Target Bragg wavelength A 1550 nm
Effective refractive index Neff 1.46

Fiber grating period A 535 nm
Phase mask period Apm 1070 nm
Grating depth range h 0 —400 nm
Duty cycle range d 03-0.7
Number of sampling points N 4096
Spatial resolution Ay A/4096
Diffraction orders considered n 0,+1,+2
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4. Results

Figure 1 shows that the zeroth-order light power is lowest
when the grating depth h is 248 nm. This corresponds to the
wavelength of the laser used. For a different wavelength, the
minimum zeroth-order power would occur at a different
grating depth.

The figure further demonstrates the influence of the duty
cycle d on zeroth-order diffraction. The minimum ze-
roth-order power occurs at d = 0.5, indicating that the grat-
ing line widths are equal to the spacing between adjacent lines.
Deviations from the optimal grating depth h or duty cycle d
result in a marked increase in zeroth-order light intensity.
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Figure 1. Zeroth-order diffraction efficiency (%) as a function of the grating depth h (nm) and the duty cycle d. The minimum zeroth-order

power is obtained for h = 248 nmand d = 0.5.

100

i Ordre 0

80 -

70 -

40

30 ; p
 Ordre +1 .~

10 Jue® b v
0-—;—1".——7 a0} [ R o | v

0 26 50 75 100 125 150 175 200 225 250 275
Profondeur (nm)

Puissance lumineuse (%)
3
T

45 T T T T T T T T

o

<

2 d=05 | |

g 25} ——d=055| T

E d=06

8

e 15 =

©

7] P

2 Bl

P N o

a \\ ~ -
sk R S e i
(] 1 1 l 1 51 1 —'-1 l B~
200 210 220 230 240 250 260 270 280

Profondeur (nm)

Figure 2. Distribution of light power in the zeroth order (%) as a function of grating depth h (nm) and line-width-to-period ratio

d(unitless).

The grating depth was set at h = 248 + 20nm and the line-width-to-period ratio at d = 0.5 + 0.05, with vertical etch
profiles. These conditions reduce the zeroth-order power to below 2%.
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Figure 3. Variation of light power in the different diffraction orders
(%) as a function of grating depth h (nm) on the mask.

Ray-tracing simulations were performed for single-core
and dual-core fibers. The guided power fraction and ray
trajectories were analyzed as a function of launch angle.

5. Discussion

The results demonstrate that grating depth and duty cycle
are the dominant parameters governing diffraction efficiency
in binary phase masks. [1, 2]. The minimum in zeroth-order
diffraction observed at h = 248 nm corresponds to a © phase
shift between the exposed and unexposed regions, leading to
destructive interference in the zeroth order. [5, 6]

The optimal duty cycle d = 0.5 ensures symmetry between
the grating lines and spaces, maximizing constructive inter-
ference in the first diffraction orders. [7, 8] The impossibility
of simultaneously suppressing the zeroth order and higher
diffraction orders reflects a fundamental trade-off inherent to
binary phase masks. These findings highlight the importance
of precise fabrication tolerances to achieve high-performance
FBG inscription. [11]

Figure 2 illustrates the distribution of light power in the
zeroth order as a function of (h) and (d). [12] This
demonstrates that precise control of these parameters is
essential to achieve minimal power in the zeroth order,
which is critical for high-efficiency diffraction into the +1
orders. [13] Figure 3 further confirms that under optimal
conditions, nearly 80% of the incident light is transferred
into the first-order diffractions, while the remaining energy
is distributed among higher orders. This indicates that it is
impossible to simultaneously suppress both the zeroth order
and higher-order diffractions, emphasizing the need for
precise grating design.

The Fourier optics analysis and calculations of I, and I,
(Equations (12) and (13)) provide quantitative insight into
how grating depth and duty cycle influence light redistribu-

12

tion. To maintain the zeroth-order power below 2%, fabrica-
tion tolerances should be h = 248 + 20nm and d = 0.5 +
0.05, corresponding to a +50nm variation in line widths.
Maintaining vertical etch profiles is also crucial to achieve
these performance targets.

In addition to mask design, light propagation in optical fi-
bers plays a significant role in FBG performance. Single-core
fibers provide straightforward guiding, while dual-core fibers
can expand the guiding region and enable core-to-core inter-
actions. [10, 11] Using simplified ray-tracing simulations, the
guided power fraction and ray trajectories were analyzed as a
function of launch angle, providing insight into the efficiency
and modal distribution of light within different fiber geome-
tries. [12]

Finally, the Bragg condition analysis demonstrates that for
a target wavelength of 1550nm in a fiber with an effective
refractive index n.rr = 1.46, the grating period in the fiber
should be 535 nm, corresponding to a phase mask period of
1070 nm. These calculations link theoretical design to prac-
tical implementation, ensuring that fabricated FBGs achieve
the desired reflection wavelength, bandwidth, and suppres-
sion of spectral ripples. [15]

Figure 3 shows how optical power is distributed across
different diffraction orders as the grating depth (h) changes.
When h = 248 + 20nm, about 80% of the incident light is
directed into the 1 diffraction orders, achieving maximum
first-order efficiency. The remaining 20% spreads into
higher orders, while the zeroth-order power is minimized.
(8]

This figure emphasizes two critical observations:

1) Trade-off between zeroth-order suppression and high-
er-order diffraction: It is impossible to simultaneously
minimize the zeroth order and completely suppress
higher orders. This underscores the importance of pre-
cise control over grating depth and duty cycle during
phase mask fabrication.

2) Sensitivity to fabrication tolerances: Small deviations
from the optimal grating depth cause a rapid increase in
zeroth-order power and a redistribution of light into
higher orders, demonstrating the strict tolerances re-
quired to achieve high-performance FBGs. [11, 12]

Together with Figures 1 and 2, Figure 3 provides a com-
prehensive understanding of how phase mask parameters
affect light propagation and diffraction efficiency, offering
quantitative guidance for designing masks that vyield
high-quality fiber Bragg gratings for telecommunication
applications. [13-15]

Overall, the study highlights the importance of optimizing
both phase mask parameters and fiber launch conditions to
achieve high-performance FBGs. The results provide clear
guidelines for precise mask fabrication, effective diffraction
management, and improved light guidance, enabling reliable
implementation in next-generation high-speed optical com-
munication systems. [1-3]
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6. Conclusion

This study presents a comprehensive analysis of phase
mask design and its impact on the performance of fiber Bragg
gratings (FBGs) for telecommunication applications. By
combining theoretical modeling, Fourier optics simulations,
and parameter optimization, the work demonstrates the criti-
cal role of grating depth (h) and line-width-to-period ratio
(d) in controlling diffraction efficiency and light distribution
among diffraction orders.

The results indicate that the zeroth-order power reaches a
minimum at h = 248nm and d = 0.5, conditions under
which nearly 80% of the incident light is efficiently trans-
ferred to the +1 diffraction orders. Deviations from these
optimal values lead to significant increases in zeroth-order
power and redistribution of energy to higher orders, high-
lighting the strict fabrication tolerances required for
high-performance FBGs. For practical implementation, the
study identifies tolerances of h = 248 + 20nm to ensure
efficient diffraction, combined with vertical etch profiles for
reliable mask fabrication.

The Bragg condition calculation shows that a phase mask
period of 1070 nm produces a fiber grating with a 535nm
period for a reflection wavelength of 1550 nm, assuming an
effective refractive index ofn.rr = 1.46. This directly links
theoretical design to practical mask production, ensuring the
grating achieves the desired wavelength, bandwidth, and
spectral smoothness.

Overall, this work bridges the gap between phase mask
design and FBG performance, providing clear guidelines for
optimizing grating parameters and fabrication tolerances. The
insights gained are directly applicable to the development of
high-performance, reliable FBGs for next-generation
high-speed optical communication systems and advanced
photonic devices.

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

Conflicts of Interest

The authors state that they have no financial or personal
connections that could have affected this work. The study
received no funding or support from any commercial or
external organization and was carried out independently.
There are no competing interests related to the methods,
results, or conclusions of this study.

References

[1] Kashyap, R. Fiber Bragg Gratings, 2nd Ed.; Academic Press:
London, 2010. Comprehensive treatise on FBG fundamentals,
fabrication, theory, and applications.

[2] Daud, S.; Ali, J. Fibre Bragg Grating and No Core Fibre
Sensors; SpringerBriefs in Physics; Springer: Singapore, 2018.
Introduction to FBG design and sensor applications.
https://doi.org/10.1007/978-981-10-8598-9

[3] Cusano, A.; Cutolo, A.; Albert, J. (Eds.). Fiber Bragg Grating
Sensors: Recent Advancements, Industrial Applications and
Market Exploitation; Bentham Science Publishers: Sharjah,
2011. Overview of fabrication methods and commercial ad-
vances. https://doi.org/10.2174/97816080534331110101

[4] Ghatak, A. K.; Thyagarajan, K. An Introduction to Fiber
Optics; Cambridge University Press: Cambridge, 1998. Fun-
damental textbook covering optical fiber theory and gratings.

[5] Bures, J. Optique guidée. Fibres optiques et composants passifs
tout fibre; Presses Internationales Polytechnique: Montréal,
2009. Detailed coverage of guided optics including Bragg
structures.

[6] Meltz, G.; Ouellette, F. (Eds.). Optical Fiber Sensors: Ad-
vanced Techniques and Applications; SPIE Press: Bellingham,
WA, 2003. In-depth treatments of FBG sensor technology.
https://doi.org/10.1117/3.521867

[7]1 Senior, J. M.; Jamro, M. Y. Optical Fiber Communications:
Principles and Practice, 3rd Ed.; Pearson: Harlow, 2009.
Classic optical fiber communications textbook with FBG
context.

[8] Agrawal, G. P. Fiber-Optic Communication Systems, 4th Ed.;
Wiley: Hoboken, NJ, 2010. Authoritative resource on fiber
communications including filters and gratings.
https://doi.org/10.1002/9780470918524

[9] Snyder, A. W.; Love, J. Optical Waveguide Theory; Chapman
and Hall: London, 1983. Fundamental theory of guided waves
relevant to FBG modal analysis.

[10] Ghatak, A. K.; Thyagarajan, K. Introduction to Fiber Optics;
Cambridge University Press: Cambridge, 1998. Foundational
theory on fiber modes and gratings.

[11] Marcuse, D. Theory of Dielectric Optical Waveguides, 2nd Ed.;
Academic Press: San Diego, 1991. Mathematical foundations
for waveguide and grating design.

[12] Okamoto, K. Fundamentals of Optical Waveguides, 2nd Ed.;
Academic Press: Burlington, MA, 2006. Widely used gradu-
ate-level text on fiber and waveguide optics.
https://doi.org/10.1016/B978-0-12-525096-2.X5000-1

[13] Senior, J. M. Optical Fiber Communications: Principles and
Practice, 3rd Ed.; Pearson: Harlow, 2009. Detailed sys-
tem-level view of fiber components including filters.

[14] Hecht, J. Understanding Fiber Optics, 5th Ed.; Pearson: Boston,
2015. Accessible introduction with practical insights on fiber
components.


http://www.sciencepg.com/journal/ajist

American Journal of Information Science and Technology

http://www.sciencepg.com/journal/ajist

[15] Kashyap, R. Photonic Devices; Applied Optics and Optical
Engineering Series; Academic Press: London, 2012. Broader
context of photonic devices including grating fabrication.

Biography

Randriana Heritiana Nambinina Erica is a
lecturer and researcher at the University of
Antananarivo and a faculty member at the
Polytechnic School of Antananarivo (ESPA).
He is also a doctoral candidate within the
EDSTII doctoral school, specializing in tele-
communications. His research focuses pri-
marily on optical fiber technologies, including performance opti-
mization, signal propagation, and applications in high-speed
communication systems. He has contributed to several academic
and applied research projects related to broadband network de-
velopment and emerging communication infrastructures in Mada-

14

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.

Research Field

Randriana Heritiana Nambinina Erica: Telecommunication,
transmission, optical fiber, optical communication, Signal Pro-
cessing.

Ando Nirina Andriamanalina: Telecommunications, Control
Systems, Signal Processing.


http://www.sciencepg.com/journal/ajist
https://www.google.com/search?q=Polytechnic+School+of+Antananarivo&sca_esv=7dade2f00a4d3607&sxsrf=AE3TifO0fPm5q8D3NIImEY-I7WbusNJQmA%3A1767193337941&source=hp&ei=-TpVaen2N6jw7M8Pn-PD2Qo&iflsig=AOw8s4IAAAAAaVVJCXmp1i-F11CmS68jd1eunWRC4hjY&ved=2ahUKEwjKibacjOiRAxWYUEEAHfBEDskQgK4QegQIARAB&uact=5&oq=%C3%89cole+Sup%C3%A9rieure+Polytechnique+d%E2%80%99Antananarivo+en+anglais&gs_lp=Egdnd3Mtd2l6IjzDiWNvbGUgU3Vww6lyaWV1cmUgUG9seXRlY2huaXF1ZSBk4oCZQW50YW5hbmFyaXZvIGVuIGFuZ2xhaXMyCBAAGIAEGKIEMgUQABjvBTIIEAAYgAQYogQyBRAAGO8FSKslUABY1CJwAXgAkAEAmAGAA6ABiiGqAQYyLTMuMTC4AQPIAQD4AQL4AQGYAg6gAuAhwgIHEAAYgAQYDcICBhAAGBYYHsICCBAAGBYYHhgKwgIHECEYChigAZgDAJIHCDEuMC4xLjEyoAeXR7IHBjItMS4xMrgH2iHCBwc0LjcuMi4xyAclgAgB&sclient=gws-wiz&mstk=AUtExfBzfx5-nvxt5oZOVOGrogzyZzm4guqe1Aisv2oTzXCFWTxkNOmjK5rutkjMuqUjowrGK4Z_ITUDUENCUW4etTQCQ22O5zakg1I4ENgLbpV0gebIzk40SbTFURkYMtahZi2G0lmkbVcm0wtYB4JQZdDYLjrD0UI_aTlLAoU0JYx5z0fl120GL3swNjwMGfBDlzm46GIqpC5waxqUv2-8WRxgMwYHGDWzGOjR2JRvsFPaHqRyM86cWPeeVW-XBeoWk6UB-wavMgWdauad68Uk-Lcf&csui=3

