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 الاهداء
لى نفسً الطموحة جدا لمد ظننت انً لا استطٌع ولكن من لال انا لها نالها وان ابت اتٌت بها رغما عنها انا الٌوم ا

الف على عتبة تخرجً و الطف ثمار تعبً و ارفع لبعتً بكل فخر فاللهم لن الحمد لبل ان ترضى و لن الحمد اذا 
 إتمام هذا العمل و تحمٌك حلمً .......اهدي هذا النجاح رضٌت و لن الحمد بعد الرضا لأنن وفمتنً على

 والدي الى
الى الذي زٌن اسمً بأجمل الألماب من دعمنً بلا حدود و اعطانً بدون ممابل الى من علمنً ان الدنٌا كفاح و 

رتً و سلاحها العلم و المعرفة و الادب و الاخلاق الى من  غرس فً روحً مكارم الاخلاق داعمً الأول فً مسٌ
 سندي و لوتً و ملاذي بعد الله الى  فخري و اعتزازي...'رزق الله محمد الهادي '

 والدتً الى
ها الى الملب الحنون الشمعة ئبدعائد الى من جعل الجنة تحت الدامها و احتضننً للبها لبل ٌدها و سهلت لً الشدا

 ربً الى وهج حٌاتً 'شاٌب صلٌحة.'.....التً كانت لً  فً اللٌالً المظلمات سر لوتً  و نجاحً و مصباح د
 الى اخوانً و اخواتً

الى ضلعً الثابت و امان اٌامً  الى ملهمً نجاحً صناع لوتً  صفوة اٌامً و سلوة اولاتً الى الشموع التً 
تسٌر لً الطرٌك  الى من شددت عضدي بهم فكإنو لً ٌنابٌع ارتوي منها الى خٌرة اٌامً  و صفوتها الى لرة 

 كبدي ابناء اختً مشرق زٌن ,تولٌن فلذتً إلى.شٌراز و ولدان و عبد الرحٌم  عٌنً
 الى زوجً

الى رفٌك دربً وصدٌك الأٌام جمٌعا بحلوها  مرها زوجً الغالً اهدٌن هذا البحث تعبٌرا عن شكري لدعمن 
منً  بفضله إلرار المستمر الى من كان داعمً دوما فً مساندتً و تشجٌعً  الى من جاد علً بولته  و اكرمنً

 بفضله و اعترافا بحمه ....
 الى عائلتً

الى اجدادي وجداتً الاحٌاء منهم و اموات و عماتً و خالاتً و أبناء بنات عماتً و أبناء و بنات خالاتً كل شكر 
 و تمدٌر على ولوفكم بجانبً و مساندتً....

 الى اخً الكبٌر
عائلة الى حفٌد اول و محبوب جدي مهما تحدثت عنن لٌس بكافً  الى من هو الأخ و الاب الثانً و داعم لً و لً

رزق الله الى ئلة كل شكر و تمدٌر و ثناء لن الى من هو اخ لابً و حفٌد لجدي الى من هو اعز شخص فً عا
 صدٌك الكل رزق الله عاطف

 الى صدٌماتً
مشوار بنومتً ' بشبوشة ' الى الى من ولفوا معً فً مسٌرتً الى زمٌلتً و صدٌمتً كنا عون لبعضنا فٌهذا 

 أصدلاء
 طفولتً و اٌامً الصعبة الى من تحملونً فً اصعب اٌامً و ساندونً دائما و ابدا ' شهرة وسعاد' ...

 الى عصابتً
من كإنو دائما معً فً فرحً و حزنً و بكائً الى أصدلاء الروح لبل الجسد الى اخواتً الذٌن لم تلدهم امً' 

 ن لٌنة ''رٌان سندس نور ولدا
اخرا ولٌس أخٌرا اهدي نجاحً و تعبً الى من كان داعمً و سندي و تاج فوق راسً الى جدي مرحوم 'رزق الله 

 لزهاري 'تمنٌت حضوره اهدي له تخرجً و نجاحً
 
 

 رزق الله ايناس

 

 

 

 



 

 

 هداءلا ا 
ٖ اٌ إ الا تزضا اِ ذفٛل أ  ٚ عٍٛ إ  جح أِ   ٞ ذ حّذ الله اٌ ُ اٌ زح١ ْ اٌ اّ زح ُ الله اٌ أ درتاتس اِ اجرش  ٞ ذ  حّذ الله اٌ

إ جٙذا الا اّي ٚ لا ذخط١ ٚ الاو اّي  ى ٚ اٌ  ً فض سة اٌ ٠ٕ ٗ ١ٌ اٚ  ٗ  تفضٍ

 

} ١ٓ ِّ َ عْاٌَ ِ رَبِّ اٌ ذُ لِِلَه ّْ حَْ ِْ اٌ ُْ أَ ُ٘ ا َٛ آخِزُ دعَْ َٚ { 
 

 تاٌرس١ٙلاخ ٌىٕٕٟ فعٍرٙا فاٌحّذ الله ِحفٛفٌُ ذىٓ رحٍح لص١زج ٚلا طز٠ك 

 ٌٕٙا٠اخ تفضٍٗ ٚ وزِٗاٌثذا٠ح ٚ تٍغٕا ا اٌذٞ ٠سزا

 : تىً حة ٚ ِشاعز ا٘ذٞ ثّزج ٔجاحٟ ٚ ذخزجٟ اٌٝ

ِٓ إحسأا { ذ٠َْ ٌِ ا َٛ ٌْ تاِ َٚ  } ٚلضٝ رَتُّهَ ألَاه ذعثذٚا إلا إ٠ِهاُٖ 

 ��اتٟ رحّٗ الله 

 اٌٝ ِٓ شزفٕٟ تحًّ اسّٗ ..ٚاٌذٞ اٌعش٠ش رحّٗ الله اٌٝ ٔٛر اٌذٞ أار درتٟ ٚاٌسزاج

 وُ ِٓ اٌٍحظاخ اٌرٟ ذ١ّٕد ٚجٛدن ف١ٙا ٠ا اتٟاتذا  اٌذٞ لا ٠ٕطفٗ ٔٛرٖ تمٍثٟ

 تاتٕره وٕا ٕٔرظز ٘ذٞ اٌفزحح س٠ٛا ذفرخزٚجٛدن فٟ ذخزجٟ وٟ  وٕد اذّٕٝ 

 ٚ ٘ا لذ ذخزجد ا١ٌَٛ ٠ا اتٟ ٚ أد تجٛار رتٟ...

 }َٕشُذُّ عَضُذَنَ تأِخ١َِهَ سَ  {  :اٌٝ ِٓ ل١ً ف١ُٙ 

 ٓ شغً ِىاْ الاب فٟ غ١اتٗ اٌٝ ِٓاٌٝ ِٓ واْ ِعٟ فٟ صغ١زج لثً اٌىث١زج اٌٝ ِ

 ِذ ٠ذٖ دْٚ وًٍ ٚلا ًٍِ ٚلد ضعفٟ اخٟ اداِه الله ضٍع ثاتد ٌٟ

 اٌٝ ِٓ جعً الله اٌجٕح ذحد الذاِٙا اٌٝ أسأح اٌعظ١ّح اٌرٟ طاٌّا

 ذّٕد اْ ذمز ع١ٕٙا تزؤ٠رٟ فٟ ٠َٛ وٙذا

 طز٠كاٌّراعة ِّٙذا ٌٟ اٌاٌٝ ِٓ سأذٟٔ تىً حة عٕذ ضعفٟ ٚاساح عٓ طز٠مٟ 

 سارعا اٌثمح ٚالاصزار تذاخٍٟ اٌٝ عّٟ ع١سٝ ٚ اتزا١ُ٘

 اٌٝ صذ٠مرٟ ٚ س١ٍِرٟ اٌرٟ وٕا عٕٛٔا ٌثعضٕا فٟ ٘ذا ِشٛار ٔٛسح

 س٘زاء سارجحث١ثح ٔٛر اٌٙذٜ  ٚ الاسِاخ'  اٌشذائذاٌٝ اصذلاء اٚف١اء ٚرفاق اٌس١ٕٓ ٚ اصحاب 

 ' فاطّح ٔذٜ رجاء اِاي ر٠اْ غا١ٌح فض١ٍح غذ٠ز ا١ِّح عائشح 

 . وح ا٠ّٕا وٕدا٘ذ٠ىُ ٘ذا أجاس ٚ ثّزج ٔجاحٟ فاٌحّذ الله عٍٝ ِا ٚ٘ثٕٟ ٚ اْ ٠ع١ٕٕٟ ٚ ٠جعٍٕٟ ِثار
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Multicore optical fibers play a crucial role in the distribution and 

consolidation of optical power within fiber networks. This technology enables the 

division of a single power signal into multiple branches, facilitating its routing to 

various destinations for diverse applications. Various methods have been developed to 

manage and direct optical power within these branches. Among these methods, the 

most prevalent involves fusing multiple optical fibers, whether identical or not, 

together to create a fused region where power exchange occurs through proximity 

coupling. It's been noted that constructing splitters with fewer than six surrounding 

fibers can be challenging, often requiring the incorporation of dummy fibers. 

However, configurations such as 2*2, 4*4, and 1*7 fiber couplers/splitters can be 

achieved through the fusion of conventional optical fibers.  

Alternatively, the emergence of novel photonic crystal fibers (PCFs), characterized by 

airholes distributed within a silica matrix along the fiber‟s length, offers an innovative 

approach. PCFs allow for the creation of multicore structures within a single fiber 

without the need for fusion processes. This inherent flexibility makes PCFs highly 

adaptable for tasks involving optical power division or aggregation. Splitting light 

into surrounding cores within multicore PCFs is relatively straightforward. Previous 

research has leveraged PCFs with two or three cores to explore coupling 

characteristics, wavelength-flattened couplers, narrow bandpass filters, and the 

creation of multicores for applications such as generating frequency combs through 

four-wave mixing, phase-locking, and fiber laser arrays. 

In this work, we propose and investigate a new design of a multicore PCF that can 

divide a single optical power equally into four ports. The design consists of four 

identical cores surrounding an identical central core. Each core is surrounded by small 

airholes, which are created in order to have a complete power transfer among the 

cores. To optimize the performance of the proposed device, we use a full-vectorial 

finite-element method (FEM) with Comsol Multiphysics Software. 

The script contains three chapters: 

 The first chapter offers a comprehensive introduction to photonic crystals, 

encompassing their characteristics and applications.  

 The second chapter delves into the intricacies of photonic crystal optical fibers 

and the coupling mechanisms inherent within these fibers. 
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 The third chapter focuses on simulating the coupling between the central core 

and external cores utilizing the COMSOL Multiphysics simulation software.  

Finally, our work will culminate in a comprehensive conclusion summarizing the 

findings obtained. 
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1.1. Introduction 

           In recent years, significant research attention has been directed towards the 

advancement of micro and nanophotonic devices employing photonic crystals (PCs) 

owing to their adeptness in manipulating light propagation. The first chapter initiates 

with fundamental insights into photonic crystals. Subsequently, we delve into 

delineating the diverse types of photonic crystals and their distinctive characteristics. 

Concluding this initial chapter, we explore several applications within the realms of 

optics and telecommunications 

 

1.2. History 

The term "photonic crystal" was coined over a century ago, with the earliest 

notions of controlling light propagation through periodic structures dating back to 

1887, attributed to Lord Rayleigh. 

The formal exploration of photonic crystals began in 1987, when Eli Yabonovitch and 

Saie John independently introduced the concept of band gap materials, each in their 

respective contexts. In 1991, A. Genack al [1]. experimentally demonstrated the 

phenomenon of light localization in periodic structures. Concurrently, Yablonovitch 

showcased the first three-dimensional photonic band gap in the microwave spectrum. 

By 1996, Thomas Krauss presented the first optical wavelength demonstration of a 

two-dimensional photonic crystal [2]. In 2000, a milestone was reached with the 

fabrication of the first three-dimensional photonic crystal exhibiting a complete 

photonic band gap in the near-infrared range [3]. 

In recent years, the field of photonic crystals has undergone remarkable expansion, 

encompassing a wide array of scientific disciplines and achieving unprecedented 

progress. 

 

1.2.1. Photonic Crystals 

1.2.2. Definition 

     Photonic crystals are dielectric or metal-dielectric materials with a periodic 

variation in refractive index at the scale of the wavelength of light. This periodicity 

causes a prohibition of photon propagation in certain spectral ranges, known as 

photonic band gaps (PBGs) [4]. These materials can effectively control and 

https://www.sciencedirect.com/science/article/pii/B9780128035818005555
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manipulate the propagation of light, making them useful in various fields such as 

integrated optics, photonics, and advanced optical devices. 

                              Figure 1.  1 : Photonic crystals in a vacuum. 

There are different types of photonic crystals classified according to their 

dimensionality [5]: 

1. One-Dimensional (1D) Photonic Crystals: These photonic crystals are 

periodic in one dimension, often formed by a series of flat layers of dielectric 

materials. 

2. Two-Dimensional (2D) Photonic Crystals: These photonic crystals are 

periodic in two dimensions, formed by a lattice of dielectric structures in air or 

air holes in a dielectric matrix. 

3. Three-Dimensional (3D) Photonic Crystals: These photonic crystals are 

periodic in three dimensions, typically consisting of three-dimensional arrays 

of dielectric microstructures or nanostructures. 

Each type of photonic crystal exhibits unique optical properties and can be used for 

various applications in the field of optics and photonics. 
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Figure 1.  2 : the types of photonic crystals one-dimensional (1D), two-dimensional 

(2D) and three-dimensional (3D). 

1.2.3. Two dimensional photonic crystal 

Two-dimensional periodic lattices primarily fall into three main families: 

 Square lattice: The lattice nodes are located on one side, defined by the 

length (Figure 1.3). It has been demonstrated that this type of lattice is highly 

sensitive to the angle of incidence and the polarization of the electromagnetic 

wave [6]. Therefore, achieving a complete band gap, meaning a band gap that 

prevents propagation regardless of the angle of incidence or polarization, is 

challenging. 

 

Figure 1.  3 : The square network 

 Triangle lattice: The triangular lattice is the 2D lattice with the highest 

symmetry when restricted to a single "atom" per unit cell. Each lattice node is 

spaced from its nearest neighbor at a uniform distance (Figure 1.4). This 
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structure is less sensitive to the angle of incidence than the square lattice, but 

achieving complete band gap remains challenging [7]. 

 

Figure 1.  4 : The triangular network. 

 Hexagonal lattice: In a hexagonal lattice, if all nodes are identical and spaced 

by a distance "a" (see Figure 1.5), then this structure is called "graphene" 

because it is similar to the crystalline structure of grapheme [8]. 

 

 

 

 

Figure 1.  5 : Graphite structure. 

1.2.4. Photonic crystal parameters 

A photonic crystal is characterized by several parameters: 

A. Periodicity: These geometric parameters, chosen according to the frequency 

domain studied, influence the characteristics of the photonic band gap. The period 

a is defined as the sum of   the thickness of the layer with permittivity   , and  

  the thickness of the layer with permittivity   . 
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Figure 1.  6 : The periods of a one-dimensional photonic crystal. 

B. Lattice Parameter: This is the fundamental distance between two constituent 

bricks. It determines the spectral region where the photonic crystal interacts with 

the wave. 

 

C. Index Refraction Contrast: In photonic crystals, refractive index contrast refers 

to the difference in refractive indices between the constituent materials of the 

crystal. A photonic crystal is typically composed of materials with alternating high 

and low refractive indices, forming a periodic structure that can manipulate the 

flow of light in specific ways. 

The refractive index constrast is a critical factor in determining the photonic band 

structure of the crystal, which dictates how light of different wavelengths 

(frequencies) propagates through it. A higher refractive index constrast generally 

leads to more pronounced photonic band gaps, which are ranges of frequencies 

where light propagation is prohibited or strongly inhibited. These band gaps are 

essential for applications such as controlling the flow of light in optical devices, 

including waveguides, filters, and sensors.                                                              

D. Fill Factor: The fill factor f can be compared to the width of the periodic 

potential in solid-state physics. When taken for the high-index material, for 

example, it is defined as the ratio of the volume occupied by this material in the 

unit cell of the crystal to the total volume of this cell. The influence of these 

different parameters on the behavior of a photonic structure can be understood by 

analogy with a periodic potential induced by the arrangement of atoms in a 

semiconductor. 
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1.3. Application 

1.3.1. Photonic Crystal Waveguide 

By introducing a linear defect, such as omitting one or more rows of holes, in 

the photonic crystal, it is possible to guide light in a chosen direction. A photon 

remains confined in the guide if its energy lies within the band gap (Figure 1.7). 

Transmission through these devices can be optimized by modifying the size or shape 

of the holes at the bend or junction, in order to minimize coupling between the guided 

mode and radiated modes at the bends [9]. 

 

Figure 1.  7 : Different components based on linear defects, (a) straight guide, (b) 120◦ 

bend and (c) Y junction. 

 

1.3.2. CAVITIES 

The first cavities using two-dimensional photonic crystals were developed in 

1996. These cavities were created by introducing point defects into the photonic 

crystal lattice. It has been demonstrated that these devices exhibit a high quality factor 

for resonant modes due to the excellent reflection properties of the crystal, even for 

large cavities with multiple modes. Cavities on suspended membranes, with very 

small dimensions, are illustrated in Figure 1.8٫ showing a triangular-shaped cavity 

and another with a hexagonal shape, immersed in a triangular photonic crystal. 



Chapter 1:  Photonic crystals 
 

11 
 

    

Figure 1.  8 : Spectral signatures of hexagonal cavities obtained by 

photoluminescence. 

 

1.3.3. Wavelength Division Multiplexing (WDM) 

A particularly important function in integrated optics that could be achieved 

with photonic crystals is wavelength division multiplexing (WDM) [10]. The goal is 

to insert or extract specific wavelengths in a data stream. This device can be realized 

by exploiting the selectivity of a resonant cavity coupled to waveguides. 

                                

Figure 1.  9 : Schematic diagram of a multiplexing device  [11]. 



Chapter 1:  Photonic crystals 
 

11 
 

1.3.4. Add/Drop Filter 

The add/drop filter [12] consists of two waveguides coupled by one or two 

resonators. In an experimental setup, nearly 80% of the power is transferred forward 

into the drop waveguide. The resonator is a linear cavity composed of ten missing 

holes (Figure 1.10), whose precise design and utilization of slow optical modes have 

allowed access to two degenerate modes in the cavity. These modes were compatible 

for an add/drop functionality. 

 

 

Figure 1.  11 : ( a) Representation of an Add /drop filtre, (b) operating principle 

 

1.4. Conclusion  

Photonic crystals exhibit fascinating properties due to their periodic structure, 

notably the opening of a photonic band gap that blocks the propagation of light. 

Although manufacturing three-dimensional structures remains a technical challenge, it 

is possible to control light in all spatial directions by etching the crystal into a 

conventional waveguide. Among the geometries used, the triangular hole lattice is 

particularly effective in opening a wide band gap, making it the preferred approach in 

the literature. Photonic crystals thus offer promising opportunities for the realization 

of compact and novel planar optical components, positioning them as an ideal 

platform for miniature integrated optics. 
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2.1. Introduction   

Photonic Crystal Fibers (PCFs) represent a significant advancement in the 

field of optical fibers. Their internal periodic structure, composed of air-filled 

capillaries arranged in a hexagonal lattice, enables unique functionalities. Unlike 

conventional optical fibers, PCFs offer considerable design flexibility, allowing 

manipulation of several parameters such as lattice pitch, shape and diameter of air 

holes, glass refractive index, and lattice type. This design freedom overcomes 

limitations of conventional optical fibers, such as constraints on core diameter for 

single-mode operation, modal cutoff wavelength, and material limitations. PCFs can 

be engineered to exhibit desired dispersion properties, such as zero, low, or anomalous 

dispersion across a wide range of wavelengths. Furthermore, dispersion can be 

flattened over an extended range. The combination of anomalous dispersion with 

small mode field areas can result in exceptional nonlinear fibers. Conversely, it's 

possible to manufacture large-core single-mode fibers, whether solid or with an air 

core. They (PCFs) offer a wide range of functionalities and design possibilities, 

paving the way for new applications in various fields, ranging from 

telecommunications to optical sensors to medical and defense technologies.  

  

2.2. Optical Fiber  

An optical fiber is a dielectric waveguide possessing circular symmetry. A 

conventional optical fiber consists of a core with refractive index 𝑛  surrounded by an 

optical cladding with refractive index 𝑛  lower than 𝑛  (see Figure 2-1). The index 𝑛  

ensures the condition of total internal reflection for a ray propagating in the core, 

thereby ensuring efficient light propagation through the fiber.                    

 

  

Figure 2.1:  Schematic of a step-index optical fiber 
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Figure 2.2:  optical fiber 

 

                                    

Traditionally used fibers in the telecommunications domain guide light through total 

internal reflection. Air-silica microstructure fibers (ASMFs), which are experiencing 

considerable development today, either utilize this guiding principle when the core is 

made of pure silica, or utilize photonic bandgap guidance, especially in the case of 

hollow-core fibers [13]. 

The operating principle of an optical fiber is as follows: When a ray of light 

enters an optical fiber through one of its ends at an appropriate angle, it undergoes 

multiple total internal reflections. This phenomenon allows the ray to propagate to the 

other end of the optical fiber without experiencing significant losses, following a 

zigzag path inside the fiber. Thus, light propagation in the fiber can occur with very 

low losses, even when the fiber is bent.  

 

2.3. Photonic-crystal fiber  

Photonics crystal fibers, also referred to as microstructured fibers or cavity 

fibers consist of a regular or irregular arrangement of air channels with micrometer-

scale dimensions arranged along the axis of propagation. The parameters defining this 

arrangement and adjusting the optical properties of the fibers include the distance 

between the centers of two adjacent holes, denoted by Λ (pitch), and the diameter of 

the holes, denoted by d [14]. These opto-geometric parameters define the d/Λ ratio 
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corresponding to the proportion of air present in the fiber. The hole arrangement can 

take the form of a triangular, hexagonal, or random matrix. The central region of the 

fiber, which allows light guiding, is considered the fiber core. Typically, in the case of 

solid-core fibers, the core is made of pure silica.       

  

 

Figure 2.3:  Cross section of a PCF with its parameters. 

 

       

The guiding of light in a photonic crystal fiber relies on two main mechanisms:  

A. Total Internal Reflection (TIR) Guiding: Similar to conventional optical 

fibers, light is guided along the fiber by undergoing total internal reflections at 

the interfaces between the core material (typically silica) and the air channels. 

This mechanism allows light to propagate through the fiber by following a 

zigzag path.  

B. Photonic Bandgap (PBG) Guiding: In some photonic crystal fibers, 

especially those with a hollow core, guiding can also be achieved by creating a 

photonic bandgap, where certain wavelengths of light are forbidden from 

propagation. This can be achieved by adjusting the geometry of the fiber to 

create a periodic structure that interferes with the propagation of light at 

certain frequencies.  
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These two guiding mechanisms enable light to propagate efficiently through the 

photonic crystal fiber, offering unique optical performance and flexible design 

possibilities.  

  

2.3.2. Classification of photonic crystal fibers 

In photonic crystal fibers, light guidance can occur in two different ways 

depending on the specific geometry of the fiber: either the core index is higher than 

that of the cladding, or it is lower [15].  

 

Figure 2.4:  Classification of FMAS according to their guidance mechanisms [16]. 

 

  The wide range of possibilities offered by photonic crystal fibers (PCFs) in 

terms of degrees of freedom allows for the creation of fibers with specific dispersion 

characteristics, such as zero dispersion at a given wavelength or constant dispersion in 

a desired band. Moreover, it is feasible to manufacture polarization-maintaining fibers 

with birefringence up to two orders of magnitude higher than conventional fibers. The 

significant nonlinear properties of these fibers can also be exploited to generate a 

continuum of light. It is possible to design single-mode PCFs with a core size 

considerably larger than conventional fibers, even exceeding fifty times the 

wavelength of operation, using suitable photonic structures [17]. 

These fibers are of considerable interest for transmitting high optical powers in 

various domains such as telecommunications, high-power lasers used for cutting or 
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marking, as well as for doped fiber lasers or amplifiers [18] .In the remainder of our 

study, we will focus on this type of solid-core fibers, which we will refer to as 

photonic crystal fibers or PCFs.  

 

2.4. Advantages and applications of Asmfs:  

Air-Silica Microstructure Fibers (ASMFs) offer several advantages over 

conventional optical fibers, leading to various applications [19]: 

2.4.1. Advantages  

a. Low Nonlinearities: ASMFs can have lower nonlinearities compared to 

conventional fibers due to the air holes' presence, allowing for higher power 

handling capabilities without nonlinear effects becoming dominant.  

b. Tailored Dispersion: ASMFs allow for precise control over dispersion 

characteristics, enabling customized dispersion profiles for specific applications 

such as dispersion-compensating fibers in optical communications.  

c. High Birefringence: ASMFs can achieve higher levels of birefringence compared to 

conventional fibers, making them suitable for polarization-maintaining applications 

like sensing and polarization-based signal processing.  

d. Large Mode Area: ASMFs can be designed with a larger mode area, reducing 

nonlinear effects such as stimulated Brillouin scattering and enabling high-power 

laser delivery for applications like material processing and medical treatments.  

2.4.2. Applications  

i Telecommunications: ASMFs are used in optical communication systems for 

dispersion compensation, wavelength division multiplexing (WDM), and high-speed 

data transmission.  

ii Sensing: ASMFs are employed in various sensing applications, including 

distributed sensing, biomedical sensing, and environmental monitoring, due to their 

tailored dispersion properties and high birefringence.  

iii High-Power Laser Delivery: ASMFs are used to deliver high-power laser 

beams in material processing, laser surgery, and defense applications, where precise 

control over dispersion and large mode area are critical.  

iv Nonlinear Optics: ASMFs are utilized in nonlinear optics research and 

applications such as supercontinuum generation, frequency conversion, and optical 

parametric amplification due to their low nonlinearities and tailored dispersion 
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characteristics. Overall, the unique properties of ASMFs make them valuable tools in 

various fields, ranging from telecommunications to sensing to high-power laser 

delivery and nonlinear optics.  

   

2.5.  Multicore Fiber (MCF)   

Multicore fibers (MCFs) are a type of optical fiber that contains multiple 

cores, each capable of carrying independent optical signals. These cores are typically 

arranged in a regular pattern within the fiber structure. MCFs offer several advantages 

over single-core fibers [20]:  

A. Increased Capacity: By utilizing multiple cores within a single fiber, MCFs 

can significantly increase the transmission capacity compared to single-core fibers. 

This is particularly useful in applications where high data rates or multiple channels 

of communication are required.  

B. Space Efficiency: Instead of laying multiple single-core fibers, MCFs allow 

for multiple channels of communication to be transmitted within a single physical 

fiber, saving space and simplifying installation.  

C. Fault Tolerance: MCFs can provide redundancy and fault tolerance by 

allowing signals to be rerouted through different cores in the event of a core failure or 

damage, improving the reliability of the communication network.  

D. Flexible Network Design: MCFs offer flexibility in network design, allowing 

for the implementation of various transmission schemes such as wavelength division 

multiplexing (WDM) or spatial division multiplexing (SDM), which can further 

increase the transmission capacity and adapt to changing network demands.  

MCFs find applications in various fields such as telecommunications, data centers, 

and high performance computing, where high-capacity and reliable communication 

links are essential. They are also being explored for emerging technologies such as 

quantum communication and sensing.  
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Figure 2.5:  Multicore fiber 

 

2.6. Coupling in optical fiber  

In the context of optical fiber, coupling refers to the transfer of light between 

different components or sections of the fiber optic system. This transfer can occur at 

various interfaces within the system [20]:  

A. Input Coupling: This refers to the process of launching light into the optical fiber 

from an external source, such as a laser or LED. Proper input coupling is essential 

to efficiently couple light into the fiber core without excessive loss.  

B. Coupling between Fibers: In situations where multiple fibers are connected, such 

as in patch panels or splices, coupling refers to the transfer of light from one fiber 

to another. This coupling can occur through physical contact, as in the case of 

connectors, or through evanescent field coupling in fused or tapered fibers.  

C. Component Coupling: Optical fibers are often used to connect various optical 

components, such as lasers, modulators, detectors, and amplifiers. Coupling in this 

context refers to the transfer of light between the fiber and the component, 

ensuring efficient interaction between them.  

D. Mode Coupling: In multimode fibers, coupling can occur between different modes 

of light propagating through the fiber. This can lead to mode dispersion and modal 

noise in the fiber system.  

 

Efficient coupling is crucial for achieving high-performance optical fiber systems with 

minimal losses. Techniques such as lensed fibers, graded-index fibers, and mode 

conditioning cables are often used to optimize coupling efficiency in optical fiber 

systems.   

There are mathematical equations and models used to describe and control coupling in 

optical fiber systems. Some of the key equations and concepts include:  
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1. Fresnel Equations: These equations describe the reflection and transmission 

coefficients at an interface between two media with different refractive indices. They 

are used to calculate the amount of light reflected and transmitted at various interfaces 

within the optical fiber system.  

2. Coupling Efficiency: Coupling efficiency is a measure of how effectively 

light is transferred between components in the optical fiber system. It can be 

calculated using equations that take into account factors such as the numerical 

aperture of the fiber, mode matching between components, and alignment losses.  

3. Overlap Integral: The overlap integral quantifies the degree of spatial overlap 

between the optical mode of the input source and the mode of the optical fiber. It is 

used to calculate the coupling efficiency between the source and the fiber.  

4. Mode Coupling Equations: In multimode fibers, mode coupling can be 

described using coupled mode theory, which involves a set of coupled differential 

equations governing the evolution of the modal amplitudes along the fiber length. 

These equations can be solved numerically to predict the modal behavior and 

coupling effects in the fiber.  

5. Graded-Index Profile: In fibers with a graded-index profile, such as graded-

index multimode fibers or tapered fibers, the coupling efficiency can be optimized by 

designing the refractive index profile to match the mode profiles of the input and 

output components. 

     These equations and models are used in the design and optimization of optical 

fiber systems to maximize coupling efficiency and minimize losses.  

  

2.7. Conclusion   

Photonic crystal fibers combine the properties of 2D photonic crystals and 

conventional fibers. Research on photonic crystal fibers is still in its early stages, and 

we can expect numerous new developments, as well as more precise and efficient 

modeling and characterization methods. Guiding mechanisms based on the photonic 

bandgap have been implemented and tested. Several new interesting properties such 

as hollow-core guidance and endless single-mode fibers, as well as tuning properties 

with liquid crystals, have been studied. Dispersion engineering is possible in PCFs in 

a range inaccessible to conventional fibers (flat dispersion over a wide range, zero 

dispersion, and anomalous dispersion in the visible domain).  
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It is still difficult to estimate the impact of PCFs on the development of photonics, but 

we can expect a series of new applications in the fields of telecommunications, 

sensing, beam delivery, surgery, spectroscopy, and fiber lasers in the coming years.  
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3.1. Introduction 

Simulation is an essential step in realizing a structure, as it guides and directs 

us toward selecting the correct static parameters and operating conditions according to 

predefined objectives. Therefore, the objective of simulation is to elucidate the 

specific characteristics of the objects under study to facilitate their design. When 

aiming to optimize structure parameters, it is crucial to focus on the design phase and 

utilize appropriate software. This chapter presents a series of simulation results 

obtained using COMSOL software (finite difference method). Where we explore the 

properties of Photonic Crystal Fibers (PFCs), including chromatic dispersion, 

effective index, and coupling coefficient for a multicore fiber.  

3.2. Simulation method 

COMSOL Multiphysics is a powerful finite element analysis (FEA) and 

simulation software used for modeling and simulating physics-based systems. It 

allows engineers, scientists, and researchers to simulate and analyse various physical 

phenomena across multiple disciplines, such as electromagnetics, structural 

mechanics, fluid dynamics, heat transfer, acoustics, and chemical reactions. 

COMSOL provides a user-friendly interface where users can create, simulate, and 

analyze complex multiphysics models. It offers a wide range of built-in physics 

modules and predefined material properties, making it suitable for simulating a 

diverse array of problems. Additionally, COMSOL allows for customization and 

scripting, enabling users to implement specific modelling techniques or algorithms 

tailored to their needs. 

Overall, COMSOL is a versatile and comprehensive simulation tool used in academia, 

research, and industry for solving challenging engineering and scientific problems 

involving coupled physical phenomena (for more details see Appendix 1). 

3.3. Proposed fiber design 

The proposed multicore Photonic Crystal Fiber (PCF) design [21], illustrated 

in Figure 3.1, features a cladding comprised of air holes with constant diameter and 

pitch, with multiple cores created by single missing air holes at various locations. Our 

design includes five cores, labeled 1 through 5, with core 1 positioned centrally, 
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serving as the launch point for optical power. Cores 2 and 4 are horizontally placed, 

while cores 3 and 5 are aligned vertically. Careful selection of core positions 

maintains structural symmetry, allowing us to simplify analysis by considering only 

one quarter section of the multicore PCF. 

The spacing between cores 1 and 2, and cores 1 and 3, varies, leading to different 

coupling coefficients for cores 1–2 and cores 1–3. Achieving equal power transfer 

between neighboring cores requires equal horizontal and vertical coupling 

coefficients. To ensure this balance, we adjust the vertical coupling coefficient by 

reducing the diameter of air holes (denoted by   ) located above and below each core, 

as indicated by red circles in Figure 3.1 .The size of these small airholes is optimized 

to equalize horizontal and vertical coupling coefficients. 

In our numerical calculations, the background material silica has a refractive index of 

1.45, and we neglect material dispersion due to the short length of the proposed fiber 

splitter (a few millimeters) and its operation within the C-band. However, for 

operations at shorter wavelengths (e.g., 800 nm), consideration of silica's wavelength 

dependency is necessary. 

 

 

Figure 3.1: (a) Schematic view of multicore PCF-based 1x4, (b) The mesh of the one 

core fiber 

           

The mesh of the structure (one core) is depicted in Figure 3.1 (b), showing the 

division of the structure into small finite elements connected together to form a 

continuous network. Each finite element is characterized by a set of nodes or 

interpolation points, and the physical properties of the structure are assigned to these 

(a) 
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elements. This mesh is used to represent the design parameters and enable the search 

for optimal configurations by adjusting the shape, size, or position of the elements. 

The parameters of our structure are summarized in the table above: 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 .1: The parameters of proposed fiber design. 

3.4. Coupled mode theory 

In our analysis of the proposed multicore PCF power splitter, we utilize 

standard coupled-mode equations [22]. The mode coupling between the cores can be 

described by a simple set of equations. We define the coupling coefficients    and   , 

which represent the coupling between horizontally placed cores (core 1-core 2 or core 

1-core 4) and vertically aligned cores (core 1-core 3 or core 1-core 5), where core 1 is 

the central core. Figure 3.2 illustrates the conceptual coupling between the isolated 

cores. It's important to note that we neglect the coupling between the adjacent outer 

cores (core 2 and core 3), because the coupling coefficient    between the adjacent 

outer cores is sufficiently small compared with the horizontal and vertical coupling 

Coefficients. The coupling characteristics are succinctly captured by the coupled-

mode equations. 

Name  

 

Value Expression 

DCL  (Cladding outer 

diameter) 

120[um] / 

Λ 
1550[nm] / 

Pitch 

 

3.8 [um] ᴧ 

T  (The thickness of 

the air core) 

 

0.6 [um] / 

N  (The number of 

repeated cladding air 

hole) 

15  

/ 

Dhol ( The cladding air 

holes diameter) 

 

/ 0.9*P 

PML  (The perfectly 

match layer) 

 

/ 4*λ 
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Figure 3 . 2: Schematic picture of coupling between the cores. 
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          (     )        (3.5)     

 

Where     (k= 1, 2, 3, 4, 5) are the amplitude of the fundamental mode in core 

             k, is the propagation constant of the fundamental mode, 

                  And    are the coupling coefficients between the horizontally placed 

cores and   The vertically aligned cores, respectively.  

Since the cores 2 and 4 and cores 3 and 5 are identical, the mode amplitude shall be 

equal. Therefore, coupled-mode equations can be reduced to (3.6)-(3.8) as below: 

  
   

  
         *                +           (3.6) 

   
   

  
                                   (3.7) 

    
   

  
                                                             (3.8) 

 

1 

5 

2 
4 
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With boundary conditions    (0) =1,   (0) =   (0) =0.  

For simplicity, the coupling coefficients are assumed to be polarization independent.  

By making the substitution 

     =   expo (-j (   ) ) into (3.6)-(3.8), the characteristic equation can be written 

as     

  

            |

         

     
     

| = 0                                                                          (3.9) 

 

Where   in (3.8) is an eigenvalue calculated by solving (3.8), resulting into three 

eigenvalues and corresponding three eigenvectors. The eigenvalues are 0, 

√  (  
    

 )     √   (  
    

 ) . 

 

 

The field at a position can be represented by the linear combination of the 

eigenvectors. Each eigenvector represents a mode. 

 

 

 

 

 

 

 

                       

 

Figure 3. 3: Relative amplitude and phases of supermodes in the proposed multicore 

PCF splitter, (a) denotes all modes of isolated cores are in phase, (b) modes in outer 

cores are out of phase to each other, and (c) all modes in outer cores are in anti-phase. 
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3.4.1. Coupling coefficient 

To compute the coupling coefficients of the proposed multi core PCF coupler, 

we use Finite Element Method (FEM) [23].  

The geometrical parameters of the multicore PCF are d/⋀ =0.45, d’/⋀,  

Where d is the hole diameter of large air holes in the cladding,  

   is the hole diameter of small air holes, 

And ⋀ is the separation between two consecutive air holes.  

The size of small air hole d‟ is obtained by the coupling characteristics.  

 As a first step of our numerical simulations, we evaluate the horizontal and 

vertical coupling coefficients using the FEM solver by varying the diameter of 

small air holes and maintaining the pitch ⋀ constant .  

 The cross-coupling between the adjacent outer cores, namely, core 2-core 3, 

core 3-core 4, core 4-core 5, and core 5-core 2 is neglected, because the cross-

coupling coefficient     is sufficiently small in comparison to    And     . 

The variation of the coupling coefficients at a 1550 nm wave length is shown in 

Figure 3.4  as a function of normalized pitch constant  (⋀/λ) for different d‟/⋀ values, 

namely, d‟/⋀ = 0 .20, d‟/⋀ =0 .30 and d‟/⋀ =0 ,40 

The dashed black curves correspond to the horizontal coupling coefficient    and the 

dashed red curves stand for vertical coupling coefficient     . 
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(b) 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Coupling coefficient variation as a function of normalized pitch  

for different values of small hole diameter, namely, (a) d‟/⋀ = 0.20,   

(b) d‟/⋀=0.30 and (c) d‟/⋀ =0.40 

 

The vertical coupling coefficient is smaller than the horizontal coupling 

coefficient when d‟/⋀ is 0.40, 0.30 and 0.20 and decreases exponentially as 

normalized pitch increases Through numerical simulations, we arrive at d‟/⋀ =0.23, 

where    and     become equal at a normalized pitch value of 1.7, suggesting the 

complete power transfer in surrounding cores with equal coupling ratio. As the 

operating wavelength is set to 1550 nm, the pitch value can be computed as 2.64 m, 

where   =   . The variation of coupling coefficient as a function of pitch for          

d‟/⋀ =0.23 is plotted in Figure 3.5, the coupling length is computed as 5.8 mm with 

⋀ =2.64 µm at 1550 nm with length. 
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Figure 3.5: Coupling coefficient variation as a function of normalized pitch. 

 

At The crossing point,   =    indicating the complete power transfer to surrounding 

cores. The computed pitch value is 2, 64 µm at 1550 nm wavelength. 

3.4.2. Effective index 

The change in the effective index with wavelength is shown in Figure 3.6.                 

 

                

 

 

 

 

 

 

 

 

Figure 3.6: Variation of effective index with wavelength 

We observe that the change in the effective index, experienced by light propagating 

within the fiber, is particularly rapid in multicore PCFs. This phenomenon is primarily 
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attributed to various factors inherent in the structure of these fibers, with core-to-core 

coupling being a key contributor. In multicore PCFs, light can couple between 

adjacent cores due to evanescent field interactions. As the wavelength changes, the 

coupling between cores undergoes variation, thereby influencing the effective index 

of the guided modes. Notably, when the wavelength aligns with specific coupling 

conditions, such as phase matching, significant and rapid changes in the effective 

index can manifest. 

 

3.4.3. Chromatic dispersion 

We note that the proposed device offers high negative dispersion of -3500ps/nm.km, 

as shown in Figure 3.7 

                                         

 

  

 

    

 

 

 

 

 

 

 

Figure 3.7: Variation of dispersion with λ for Multicore PCF 

3.5. Conclusion  
         In this chapter we have presented the 1x4 power splitter based on multicore 

PCFs. Coupled mode equations are derived to show the power transfer to the 

neighbouring cores with 25% coupling ratio, the proposed multicore PCF divides the 

power equally into the neighbouring cores.  
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In recent years, photonic crystal fibers (PCFs) have emerged as a promising 

platform for various optical applications due to their unique properties and versatile 

functionalities. Among these, the development of powerful splitters within PCFs has 

garnered significant interest, enabling efficient splitting of optical signals for diverse 

applications ranging from telecommunications to sensing and beyond. 

In this work, we present a novel multifunctional photonic crystal fiber incorporating 

1x4 powerful splitters. These splitters, integrated within the PCF structure, offer 

unprecedented capabilities for splitting optical signals with high efficiency and 

minimal loss.  

The integration of powerful splitters within the PCF platform opens up new avenues 

for advanced optical functionalities, including wavelength division multiplexing, 

polarization-sensitive imaging, optical coherence tomography, and beyond. 

Additionally, the compact and versatile nature of PCFs makes them well-suited for 

integration into various optical systems and devices, paving the way for next-

generation optical communication networks and photonic applications. 

The power coupling characteristics of this newly designed multicore PCFs were 

demonstrated numerically by employing accurate FEM (with Comsol software). The 

coupled-mode equations have also derived to compare the power transfer among the 

neigh- boring cores with 25% of coupling ratio. The proposed multicore PCF can split 

a single input power into four ports with equal power in each four cores, showing the 

capability to acts as 1x4 power splitter. Through numerical simulations, it has been 

revealed that the power can be divided into four cores in the multicore  PCF  having, 

d/ᴧ=0.45 at  1550  nm  wavelength.   



 

 

Appendix 

COMSOL Multiphysic is a numerical simulation software based on the finite element 

method and which encompasses all stages of the modelling process: from the 

definition of geometries, material properties and physics, describing specific 

phenomena, to the resolution and post-processing of models while ensuring precise 

and reliable results. 

Creating a new model 

You can configure a template guided by the template wizard or start from a blank 

template as shown in the figure below. 

 

CREATE A TEMPLATE GUIDED BY THE TEMPLATE WIZARD 

The model wizard will guide you in configuring the spatial dimension, physics and 

study type in a few steps: 

 Start by selecting the space dimension for your model component: 

                           3D, 2D Axisymmetric, 2D, 1D Axisymmetric or 0D 

 add one or more physical interfaces. These are organized into several branches 

of physics in order to facilitate their location. 

 These branches do not correspond directly to the products. When products are 

added to your COMSOL Multiphasic Installation, one or more branches will be 

populated with additional physical interfaces. 

 



 

 

 

Select the study type that represents the solver or set of solvers that will be used for 

the calculation. 

Finally, click done. The desktop is now displayed with the template tree configured 

according to the choices you made in the template wizard. 

CREATING A BLANK TEMPLATE 

The Blank Model option will open the COMSOL Desktop interface without any 

Component or study. You can right-click the model tree to add a component of a 

certain spatial dimension, physical interface, or study. 

The following images show the method used to construct and simulate the photonic 

crystals . 
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Abstract 

Optical fiber is the preferred medium for transmitting information in modern times. 

However, to keep up with the growing demands spurred by the internet's expansion, 

continuous enhancement of fiber propagation properties is imperative. A new 

generation of fibers aims at reducing losses and enhancing overall performance 

compared to traditional counterparts. This study introduces a hexagonal photonic 

crystal fiber (PCF) design for analyzing various optical properties across different 

wavelengths. The geometry is utilized to examine parameters such as effective 

refractive index, dispersion, effective mode area, nonlinearity coefficient, and 

birefringence. Silica glass is selected as the base material, with the cladding area 

composed of layers of air holes. The research focuses on modeling and analyzing 

wave propagation characteristics in optical crystal fibers.  

Keywords: finite-element methods (FEMs), microstructured fibers, optical fiber 

devices, photonic crystal fiber, power splitter 

Résumé 

La fibre optique est un guide de lumière qui constitue aujourd'hui le support privilégié 

pour le transport de l'information. Cependant, afin de répondre aux besoins croissants 

générés par le développement d‟Internet notamment, il était nécessaire d‟améliorer 

toujours les caractéristiques de propagation dans les fibres. Une nouvelle génération 

de fibres a été conçue dans le but d'obtenir des pertes moindres et de meilleures 

performances que les fibres classiques. Ce travail présente une conception de la 

géométrie de la fibre à cristal photonique hexagonale (PCF) pour l'analyse différentes 

propriétés optiques en ce qui concerne la plage de longueurs d'onde. Cette géométrie a 

été utilisée pour analyser l'indice de réfraction effectif, la dispersion, la zone de mode 

effectif, le coefficient non linéaire et la biréfringence. Le verre de silice est choisi 

comme matériau de base et la région de revêtement est constituée de couches de trous 

d'air. Ce travail s'appuie sur la modélisation et l'analyse des caractéristiques de 

propagation des ondes dans une fibre à cristal photonique 

Mots clés : méthodes d'éléments finis (FEM), fibres microstructures, dispositifs à 

fibres optiques, fibre à cristaux photoniques, répartiteur de puissance. 

 



 
 

 

 

 يهخض
رنك ، يٍ أجم حهبٍت  الأنٍاف انضٕئٍت ًْ دنٍم بظشي انٍٕو ْٕ انٕسٍهت انًفضهت نُمم انًعهٕياث. ٔيع

الاحخٍاجاث انًخضاٌذة انُاجًت عٍ حطٌٕش الإَخشَج عهى ٔجّ انخظٕص ، كاٌ يٍ انضشٔسي دائًا ححسٍٍ 

خظائض اَخشاس الأنٍاف. حى حظًٍى جٍم جذٌذ يٍ الأنٍاف نهحظٕل عهى خسائش ألم ٔأداء أفضم يٍ الأنٍاف 

خظائض بظشٌت  ( نهخحهٍمPCFلأنٍاف انبهٕسٌت انضٕئٍت )حظًًٍا ُْذسٍا سذاسً يٍ ا انخمهٍذٌت. ٌمذو ْزا انعًم

يخخهفت فًٍا ٌخعهك بُطاق انطٕل انًٕجً. حى اسخخذاو ْزِ انُٓذست نخحهٍم يعايم الاَكساس انفعال ، ٔانخشخج ، 

ٔيُطمت انٕضع انفعال ، ٔيعايم انلاخطٍت ، ٔالاَكساس. ٌخى اخخٍاس صجاج انسٍهٍكا كًادة خهفٍت ٔحخكٌٕ يُطمت 

سٕة يٍ طبماث يٍ فخحاث انٕٓاء. ٌعخًذ ْزا انعًم عهى ًَزجت ٔححهٍم خظائض اَخشاس انًٕجاث فً الأنٍاف انك

 انبهٕسٌت انبظشٌت.

ف راث انبٍُت انذلٍمت ، أجٓضة ( ، الأنٍاFEMsلاسَاث الأنٍاف ، طشق انعُاطش انًحذٔدة ) -يظطهحاث انفٓشط 

 الأنٍاف انضٕئٍت ، الأنٍاف انبهٕسٌت انضٕئٍت ، يمسى انطالت.

                                
 


