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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 Δn 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 𝛬, 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. 

𝜆 = 2 ∗ 𝑛𝑒𝑓𝑓 ∗ Λ              (1) 

Where: 

𝑛𝑒𝑓𝑓: 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. 

𝛬: 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 λ 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, 

𝜆𝐵 = 4. 𝑛. 𝐿                 (3) 

with 

Λ = 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 Λ, illuminated by light of 

vacuum wavelength 𝜆, 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: 

𝜃𝑖 =
𝜋

2
                    (5) 

and 

𝜃𝑟 = −
𝜋

2
                   (6) 

By substituting these values into the general equation: 

𝑠𝑖𝑛𝜃𝑖 − 𝑠𝑖𝑛𝜃𝑟 =
𝑚.𝜆

𝑛.Λ
             (7) 

we obtain: 

𝜆𝐵 = 2. 𝑛𝑒𝑓𝑓 . Λ                (8) 

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 𝑛𝑒𝑓𝑓 =

1.46, the corresponding grating period in the fiber is calcu-

lated to be 535 𝑛𝑚. Consequently, the phase mask must be 

designed with a period of 1070 𝑛𝑚  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 (𝜆 = 248 𝑛𝑚). Within this framework, the 

amplitude transmission function of an ideal binary phase 

grating, denoted by 𝑡(𝑥), is defined as follows: 

𝑡(𝑥) = { 𝑒(𝑖ϕ)        0 ≤ 𝑥 ≤ 𝑑 ∗ Λ
1,             𝑑 ∗ Λ ≤ 𝑥 ≤ Λ

          (9) 

With: 

𝑡0 = 𝑑(exp(𝑖Φ − 1) + 1          (10) 

𝑡𝑛 =
𝑖

2𝜋𝑛
{exp(𝑖𝜙) [exp(−2𝜋𝑛𝑑) − 1] + [1 − exp (𝑖2𝜋𝑛𝑑)]} (11) 

The light intensity for each diffraction order can then be 

obtained by computing the squared magnitude of 𝑡0 and 𝑡𝑛 

The application of the Fourier transform: 

𝐼0 = 2𝑑2 − 2𝑑 + 1 + 2(𝑑 − 𝑑2)cos (Φ)      (12) 

𝐼𝑛 =
1

𝜋2𝑛2
[1 − 𝑐𝑜𝑠(2𝜋𝑑𝑛)](1 − 𝑐𝑜𝑠(𝜙))      (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 𝜆  248 𝑛𝑚  

Target Bragg wavelength λ𝐵  1550 𝑛𝑚  

Effective refractive index 𝑛𝑒𝑓𝑓  1.46 

Fiber grating period 𝛬  535 𝑛𝑚  

Phase mask period ΛPM  1070 𝑛𝑚  

Grating depth range ℎ  0 − 400 𝑛𝑚  

Duty cycle range 𝑑  0.3 − 0.7  

Number of sampling points 𝑁  4096  

Spatial resolution Δx  𝛬/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. 

 
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 nm and d = 0.5. 

 
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 π 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 𝐼0 and 𝐼𝑛 

(Equations (12) and (13)) provide quantitative insight into 

how grating depth and duty cycle influence light redistribu-

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 ±50 𝑛𝑚 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 1550 nm in a fiber with an effective 

refractive index 𝑛𝑒𝑓𝑓 = 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 yield 

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 = 248 𝑛𝑚  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 535 𝑛𝑚 

period for a reflection wavelength of 1550 nm, assuming an 

effective refractive index of𝑛𝑒𝑓𝑓 = 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 

𝐼𝑂  Zeroth-order Light Intensity 

𝐼𝑁  Nth-order Light Intensity 

𝛬  Grating Period 

𝜆𝐵  Bragg Wavelength 

𝑛𝑒𝑓𝑓  Effective Refractive Index 
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