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Abstract

In recent years many research and development projects have been focusing on 

studying the fiber Bragg gratings. Fiber Bragg gratings have been used in sensors, lasers 

and communication systems. Some of the FBG based devices are already available, but a 

lot of questions are still to be answered. The researchers are working towards better 

understanding physical processes underlying operation of TFBGS (coated or bare). Better 

understanding of grating operation should facilitate new applications such as biosensing, 

chemical sensing and combination with other optical technologies and physical 

phenomena. The key requirements for commercialization of TFBGs and their wide 

application are going to be the low cost, compactness, and high volume 

manufacturability.

On the other hand the field of software development and programming techniques 

are also very popular. The behavior of electromagnetic light wave within a single mode 

fiber (SMF) will be analyzed using coupled mode theory (CMT). CMT is a suitable tool 

for obtaining quantitative information about the spectrum of a fiber Bragg grating. The 

goal of this project is to create a model for a SMF with a tilt angle and with a metal 

coating using commercial finite waveguide solver so that this model can be used in the 

future by other members of the research group. The procedure is carried out using 

FIMMWAVE (v 5.3.2) software developed by Photon Design and MatLab (2010b). 

Using a framework of optical waveguide theory, a firm understanding of the inner 

workings of TFBGs will be gained. The process of modeling a SMF will involve 

studying the process of mode coupling within a fiber, creating the list of modes using



Fimmwave and finally acquiring the transmission spectrum using. This new model will 

then be compared to the published experimental results obtained by former members of 

the research group.
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1 Chapter: Introduction

Fiber optics is currently a very progressive and popular area o f research. The 

demand for higher speed, more accurate devices and computing performance is growing 

rapidly, so the researchers are trying to find solutions to fulfill the demand, and photonics 

is a potential research area of the future devices. As a result, intense interest has focused 

on fiber Bragg gratings because of their ability to be used in many different applications 

such as rare-earth doped fiber lasers [1], wavelength division multiplexing [2], mode 

couplers [3], hybrid fiber/semiconductor lasers [4], grating based sensors [5] and many 

more. The other potential fiber Bragg grating applications are still in development. The 

main areas where FBGs are one of the main component is the telecommunication systems 

[6, 7] and sensing systems [8].

In order to understand the process o f light transmission through an optical fiber, the 

light transmission speed and the field distributions in cross-section of the fiber should be 

investigated. Thus the fiber modes need to be solved. There are several types of fibres 

hence different fiber modes will be supported differently. The fibers can be classified as 

single-mode fiber (SMF) and multimode fibers (MMF). Single-mode fiber can only 

support one core mode, whereas multimode fibers can support many core modes. As well 

as core mode, fibers can also support cladding modes, leaky modes and radiation modes, 

depending on the core, cladding and surrounding medium. The other classifications of 

fibers are weakly or strongly guided step-index or graded-index fiber. Different fibers 

have their significance in different applications.
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A lot of optical devices use the principle o f mode couplings and most of them are 

fiber Bragg grating based devices. The fiber Bragg gratings (FBG) were discovered by 

Hill et al. [9]. There are several writing techniques that have been developed for FBG 

writing. One of the first ones are the ultra-violet (UV) writing technique [10] and the 

phase mask technique [11]. The FBG based devices are compact in geometry, cost 

efficient, have low insertion loss and are immune to electromagnetic interference. Those 

are just some of the advantages of FBG based devices compared to the bulk devices. 

These are the reasons why FBGs play a very important role in the fiber optic 

communications and sensor systems.

A tilted fiber Bragg grating (TFBG) is a fiber Bragg grating with the prating plane 

inclined at a small angle relative to the x or _y-axis. In the TFBG, the modes are coupled 

between the forward propagating core mode to backward propagating core mode (Bragg), 

and forward propagating core mode to backward propagating cladding modes. Therefore 

both a core mode resonance and numbers of cladding mode resonances appear 

simultaneously [12]. Using the core mode back reflection as a reference wavelength in 

SMF, it is possible to measure the perturbations such as surrounding refractive index 

using the cladding mode resonance shift. The sensitivity o f TFBG to the surrounding 

media can be extended to a next level of sensitivity. The TFBG can be coated with a 

metal layer, and this coating will act as a transducer between the surrounding media and 

the fiber and as a result, the response will be different.

Suitable software and programming language are very important in a simulation. 

There are several factors, such as code reusability, speed and compatibility, should be 

taken into account when choosing the programming language. A computer simulation is
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quite significant in optical fiber research field. The use of expensive and delicate systems 

and equipment can be omitted until the design is optimized. Most of the times 

environmental and noise factors play a crucial role during an experiment, they may 

change the results dramatically. The theoretical results can be obtained using the 

simulation and then the theoretical and experimental results can be compared and the 

factors that affect the system can be found.

This thesis is organized as follows. The second chapter will contain some 

background of the FBGs, different types and the operation principles will also be 

explained. The TFBGs and coated TFBGs will also be described as well as some of the 

research that has been done on this topic. Finally, some of the applications where FBGs 

can be used will be listed. Chapter 3 will describe the theory behind FBGs that has been 

used for the simulation. Coupling coefficient and the reflectance and transmittance 

between core and cladding modes in FBGs as well as in TFBGs will be derived. Some 

examples of transmission and reflection spectra will be presented. The fourth chapter will 

be focused on the mode couplings within a step-index fiber. Different types o f modes are 

examined and used to explain the field propagation in FBGs and TFBGs. The software 

and the programming language and techniques will be described in Chapter 5. It will also 

demonstrate how these techniques can be applied to solve the fiber Bragg grating 

problem. The advantages and disadvantages of the programming languages will be 

discussed. The application of the simulation, the full description of a model will be 

presented in Chapter 6. Some results that were obtained for bare fibers and coated fibers 

will be presented. Then the transmission spectra that were obtained using the simulation 

will be plotted and then all results will be compared to the experimental results acquired
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from other members of the research group. Final conclusions and recommendations for 

future work will be presented in Chapter 7.
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2 Chapter: Fiber Gratings. Fundamentals and Overview

2.1 Literature review

First fiber Bragg gratings were introduced in 1978 by K.O. Hill et al at the 

Canadian Communications Research Centre (CRC), Ottawa, Ont., Canada [9]. They 

launched a beam of an intense UV-light through the Ge-doped core optical fiber and it 

was noticed that the intensity of the reflected light started to increase until eventually 

almost all light was reflected from the end/tip of the fiber. After spectral analysis was 

performed it was determined that interaction of UV light with Ge-doped silica resulted in 

formation of a periodic filter (subsequently called Hill gratings) [9]. Two light waves 

propagating in opposite directions created an interferometric pattern in the fiber core, 

which lead to a permanent periodic perturbation of the refractive index in it. This 

phenomenon was possible due to photosensitivity effect, which is very common for the 

silica materials with various dopants.

While Hill’s approach was based on launching UV-Light in the fiber’s core; in 

1989 Meltz et. al. introduced a new technology for fabricating Bragg gratings. A grating 

was formed by exposing a short length of a bare optical fiber through the side to a pair of 

intersecting UV beams [10]. They demonstrated reflection gratings operating in the 

visible part of the spectrum (571-600 nm) using their new holographic technique. This 

scheme provided a possibility to shift the Bragg condition to increase the wavelength 

diapason (1200 nm-1500 nm) by varying an angle between the interfering beams [13]. 

Since then, a lot of new ideas and methods for writing the grating were proposed, which 

may look similar, but differ radically on the microscopic scale. This field remains a very
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active area of research, which leads to development o f modem optical communications 

and sensor systems.

A lot of fiber grating related articles have appeared in the scientific literature and 

conferences. A general literature review was conducted to understand the fundamentals 

of FBGs and TFBGs, including theory and simulation techniques. One of the most 

important functions of the fiber grating is its ability to couple a guided mode to radiation 

modes in the fiber. In order to understand the light transmission in fiber, the field 

distribution in the in the fiber needs to be known, thus the modes need to be solved. To 

find the effective index of a mode and its field distribution several methods can be used 

such as methods that use matrix to express the fields. Some of the commercial optical 

fiber solvers can be used to find the field distribution in a fiber.

The principle of mode couplings is being employed in lots of optical devices, such 

as optical couplers, optical mode converters etc. The theory for mode couplings in optical 

waveguides was developed [14] even before the FBG was invented. There are several 

ways to analyze the mode coupling in fibers; coupled mode theory (CMT) is one of the 

most popular and the most developed [15, 16]. Erdogan et al. did the most detailed work 

for calculating the coupling constant between modes [16]. He solves analytically the 

coupling constants for a three-layer step index fiber grating. The theory proposed 

accurately models the transmission in gratings, which support both counterpropagating 

(short-period) and co-propagating (long-period) interactions.

Coupled mode theory (CMT) approach features clear physical concept and 

effective method for analyzing interactions between different modes in optical fiber 

gratings. Because the index difference at the waveguide boundary is considered, the CMT
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is the more rigorous approach and is convenient for simulating the spectrum. In 1996 a 

spectral analysis o f tilted fiber Bragg gratings was carried out by Erdogan and Sipe [15] 

on radiation-mode coupling with the complete CMT equations when the tilt angle varied 

from 0 to 15 degrees. Good agreement was obtained between the theoretical and the 

experimental results.

In this approach, one calculates the grating-induced coupling coefficients between 

the guided mode and a whole set of radiation modes; these coefficients are then summed 

up to obtain the scattering loss, and the scattered field can be determined by combining 

all the radiation modes. Because the index difference at the waveguide boundary is 

naturally taken into account, this is one of the more rigorous approaches.

In 2000 Lee and Erdogan analyzed in greater details the interaction between core 

mode and hybrid cladding modes and between core mode and higher-order core modes in 

reflective and transmissive tilted fiber gratings. In their paper it was shown that in the 

transmissive tilted grating a strong coupling occurs between core mode and cladding 

mode for almost any tilt angle, except angles close to 90°. And in a reflective grating, 

strong coupling occurs between core mode and the cladding modes occurs only for angles 

less than 5°, whereas coupling to higher-order modes occurs at angles greater than 5°. The 

numerical simulation was carried out using CMT. [17]

In 2009 Lu et al. proposed simplified CMT approach to perform analysis of for 

radiation-mode coupling in TFBG. In their work, they consider the coupling between the 

core mode and the continuum of radiation modes, based on consideration of the vectorial 

phase-matching conditions and the phase terms of the complete CMT equations. They 

demonstrated similar results as Erdogan did in 1996 [15]. Lu et al. presented a detailed
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analysis on the relationship between radiation-mode loss and tilt angle ranging from 1 to 

45 degrees for two orthogonal polarization states. With this model, they derived the same 

analytical formula for nonparaxial scattering as from the VCM (volume current method) 

analysis. The simulation showed that the radiation-mode coupling possesses a 

polarization dependence property, and particularly when the tilt angle reaches 45 degrees, 

the two polarization states can be highly separated. They also investigated the properties 

of 45°-tilted grating, which provided effective design guidance for achievement of high- 

performance in-fiber polarizer and polarization splitters [18].

In 1996 Vengsarkar et al. [19] introduced a long -period grating (LPG) technology 

that can be used as in-fiber, low-loss, band-rejection filters. In their work they described 

the interaction between the guided fundamental mode in a SMF and forward-propagating 

cladding modes in long period gratings. They developed a theory, based on CMT, for 

these filters and performed some experiments, which showed that all-fiber filters are 

versatile devices with low insertion losses and low back-reflections and have excellent 

polarization insensitivity.

In 2003 Anemogiannis et al. [20] presented a numerical method, which can 

simulate non-tilted fiber gratings. He calculated the transmittance of long-period (LP) 

grating, which has arbitrary azimuthal/radial refractive index variations. The interactions 

between core mode and high-azimuthal-order cladding modes were taken into account. 

The method was based on the CMT oh hybrid modes in step-index optical fibers and the 

transfer-matrix method was used for generation of the mode radial fields. As a result, the 

transmission spectra were built and the resonance features in it were explained by the 

coupling between the modes. Even though this particular numerical method was built
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only for the LPFG, it can also be used for simulation of fiber Bragg gratings with 

modified CMT equations.

General properties, most common fabrication techniques and the most important 

areas of application one can find in [21]. Vasiliev et al. presents the basic theoretical 

equations describing spectral properties of the LPG and the comparison to the spectrum 

obtained experimentally.

In 2001 Lee and Erdogan analyzed mode couplings in tilted fiber gratings [17]. 

They determined that a number of modes can be formed through the mode conversion 

process in the gratings and with linear combination o f four different modes. Properties of 

both the single-sided and double-sided tilted grating for core-cladding mode coupling 

were analyzed in detail. The transmission spectra built using the numerical model 

predicted by the coupled-mode theory agreed with the transmission spectra build 

experimentally.

In the same year Li et al. [22] introduced another analytic approach to calculate the 

radiation pattern o f TFBG using volume current method (VCM). Theoretical results are 

derived and discussed as well as compared to experimental measurements. The results of 

their analysis showed that tilted fiber gratings have the ability to act as fiber taps and 

efficiently couple light out in a highly directional fashion. The theory also showed that 

the greatest polarization selectively occurs for radiation coupled out at 90° with respect to 

the fiber axis, and this can be achieved by a grating with a 45°-tilt angle.

Number of useful devices is employing the polarization-sensitive mode-coupling 

characteristics o f TFBG. A thorough and extensive theoretical and numerical analysis of 

TFBG was presented by Walker et al. [23] using VCM. They review the limitations and
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shortcomings of this formulation as well as further clarify the physical relationships 

between grating’s structure and its radiation field characteristics.

In 2006 Li and Brown developed a waveguide scattering analysis based on the 

CMT and sets of hybrid HE and EH guided modes in a tilted fiber grating [24], With this 

approach they were able to get some analytical results for nonparaxial scattering as from 

the VCM analysis. Their numerical simulation showed that VCM provides a good 

estimate of the scattering profile, except at very small scatter angles. In conclusion they 

stated that there are minor differences between CMT and VCM except at very small 

scatter angles.

In 2006 He et al. [25] presented a new type of optical sensor based on a thin 

metallic film and long-period fiber gratings for measuring small changed in refractive 

index of analyte. CMT was used for theoretical analysis of the structure. The variation of 

the surrounding media was determined by looking at the change of the transmitted core 

mode power, which was calculated using two-mode coupled-mode equations at a fixed 

wavelength. The numerical simulation results showed that this configuration could be 

used as highly sensitive amplitude sensor.

Further, in 2009 Lu et al. investigated the influence of the mode loss on the 

refractive index sensors made out o f coated fiber Bragg grating. They demonstrated 

through a simulation that the gating length must be smaller or comparable with the 

propagation length of “surface plasmon polariton - mode” in order to achieve effective 

coupling. In other words, in order to achieve effective mode coupling with the help of 

waveguide grating, the grating length is bounded by the shortest propagation length of the 

modes in lossy waveguides [26],

10



In 2010 Lu et al. [27] investigated theoretically the polarization effects in tilted 

fiber Bragg grating (TFBG) refractometers. The polarization effects may have a very big 

influence on the sensor performance, thus should be considered to achieve an accurate 

measurement of surrounding refractive index. He also discusses the ways to reduce 

reduction of the polarization effects, such as all of the components between the optical 

source and the TFBG should be purely polarization independent or polarization 

maintained with respect to the TFBG grating plane, though this criteria is very difficult to 

achieve. One way to achieve this is to use the linear polarizer or polarization controller 

and the other is to average the results for orthogonal polarization states. This is needed 

for the experimental results, in theory, for simplicity only a certain polarization can be 

taken into account.

Most recently Thomas et al. [28] presented a complete vectorial analysis of 

cladding mode coupling in highly localized fiber Bragg grating. They show how the 

reflected cladding modes can be analyzed taking into account their vectorial nature, 

orientation and degeneracies. The intensity and polarization distributions of the observed 

modes are related to the dispersive properties, as well as show rapid transitions, strongly 

correlated with changes in the coupling strength.

2.2 Fiber Bragg grating operation principle

Fiber Bragg grating (FBG) is a periodic structure that can be written, for most of 

the cases, in the core of a fiber. It reflects a narrowband portion of incident light and 

transmits the rest. The wavelength of reflected band depends on the periodicity o f the 

grating.
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FBGs can be manufactured by following techniques that can be divided into two 

categories: interference and photomasking [13]. During the photomasking process a mask 

is placed between the UV light source and the photosensitive fiber. The shadow of the 

mask then gives the grating structure depending on the intensity of the incident light. As 

mentioned above, the principle o f the interference technique is in periodic altering of the 

refractive index by UV -  light illumination. The exposure creates the periodic 

perturbation of permanent refractive index, Sn, in core o f the fiber. Refractive index 

change Sn is positive for high germanium doped fibers with a magnitude ranging from 

10~5 to 10'3 [29],

Refracted index modulation can be represented by [30]:

(2 .1)n(z) = n + Sn cos c

\2 n
z

\ A )

where nc is the refractive index of the core, Sn is an amplitude of the core index change, 

z  is a fiber axial direction and A is the grating period.

FBG alters propagation of light in the fiber’s core, depending on the grating’s type 

it can backscatter light or deflect it into the cladding in at a certain angle. Scattering of 

light in a straight Bragg grating can be explained using ray optics. Fiber grating is similar 

to a multilayer dielectric mirror to a certain extent, but instead of having small amount of 

layers with high refractive index, fiber Bragg grating has thousands of layers with small 

refractive index modulation. A typical layout o f a uniform fiber Bragg grating with input 

and output signal is shown on Figure 2.1 [31]:
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Figure 2.1: Uniform fiber Bragg grating operation principle, a), power spectrum o f  incident light, b). 

power spectrum for a transmitted wave, c). general wave propagation in FBG and d). power spectrum for a 

reflected wave.

The incident light while propagating through a grating is being reflected by a small 

amount at each periodic refractive index change. All the reflected waves (“portions”) are 

then combined at a particular wavelength and the strongest mode couplings occur, if each 

of these reflections are in phase. This is called a phase matching condition. Bragg 

condition occurs only if the momentum and energy conservation are satisfied for one 

particular wavelength. This requirement means that the sum of the incoming light wave 

vector ki and grating vector kg should equal to the scattered wave vector kr [31].

ki + kg = k r (2.2)
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In the single mode waveguide the wavelength at which the momentum conservation 

occurs, is called a Bragg wavelength ABragg [4]. The wave vector o f an incident wave is 

defined as:

k j = — & -  (2.3)
ab

Since there is only one mode in a single mode fiber, reflected wave will have the

same vector as the incoming wave, but opposite in direction. Assuming that the grating

wave vector is:

k g = 2 n : / A  (2.4)

where A is the grating period. Then equation 2.2 can be written as:

eff 2 l l

Ag Ag A
(2.5)

or

A B =  2 n e ffA  (2 -6)

where nefj is the effective refractive index.

Therefore, the grating acts as a filter, which reflects the light with the wavelengths 

close to Bragg wavelength and transmits the rest.

2.3 Diversity of FBGs

Since the moment fiber Bragg gratings were discovered, considerable research has 

been done in this field and several more types of fiber gratings were invented.

The diversity of grating types can be explained by the research in fabrication of 

fiber gratings. There are several distinct types of fiber Bragg grating structures: long-
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period (LPG) and short-period (SPG) Bragg gratings, tilted Bragg gratings (TFBG), 

chirped gratings, phase -shifted gratings and a combination of grating designs [31]. LPGs 

and SPGs have been analyzed theoretically and experimentally by Erdogan in 1997 [16]. 

He modeled and measured the transmission in gratings that support both 

counterpropagating (short-period) and co-propagating (long-period) interactions. 

Specifically tilted SPG have been analyzed experimentally by Laffond and Ferdinand in 

2001 [32]. In this work they investigated the changes in the transmission spectrum of 

long period fibre gratings and tilted short-period fibre Bragg gratings versus the refractive 

index of the surrounding medium. There are several structures of FBGs, most common 

are uniform with positive-only index change, Gaussian-apodized, raised-cosine-apodized 

with zero-dc index change, chirped, discrete phase shift (of x ) ,  and superstructure [33].

Different grating types can be used in different applications depending on their 

properties. Some of applications require a nonuniform grating to reduce the unwanted 

side-lobes that appear in uniform grating spectra. There are many other reasons to adjust 

the optical properties of a fiber grating by tailoring the grating parameters along the fiber 

axis. It has been known that apodizing the coupling strength of a waveguide grating can 

improve the side-lobe suppression and can produce a reflection spectrum that more 

closely approximates the desired shape while maintaining narrow bandwidth [34].

Moreover, the grating can be modified to add other characteristics, such as chirp, 

which is a linear variation in the grating period. Chirped fiber gratings are useful for 

dispersion and polarization compensation, controlling and shaping short pulses in fiber 

lasers [35, 36],
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2.4 Tilted fiber Bragg gratings

Meltz et. al. were first to introduce the tilted fiber gratings in 1990 [37]. Tilted 

grating (Fig. 2.2) is a fiber grating with planes of the grating being rotated at a certain 

angle relatively to the light propagating in the core. Laffont and Ferdinand were 

monitoring the envelope of the resonances produced by a tilted grating as a function of 

the surrounding refractive index (SRI) [32]. As the SRI increased, high order cladding 

modes became leaky modes and as a result, the area covered by the envelope of the 

resonance distances decreased.

Figure 2.2: Diagram o f a step-index optical fiber showing an x-tilted fiber Bragg grating and some 

parameter definitions.

It was discovered that both a core mode resonance and several cladding mode 

resonances appear simultaneously (Figure 2.3). The advantage of TFBG spectrum is that 

all the cladding mode resonances occupy a range of spectrum from a few tens up to about 

200 nanometers The cladding mode resonances are sensitive to the external environment 

(refractive index, deposited layer thicknesses, etc.) and to physical changes in the whole 

fiber cross-section (for instance, shear strains arising from bending for instance), while 

the core mode (Bragg) resonance is only sensitive to axial strain and temperature [38],

X

core

cladding
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Phase matching condition (Equation 2.2) predicts that at any wavelength shorter 

than Bragg wavelength XB can be coupled to cladding modes by any grating. Though 

experimental results contradict this statement [39]. Previous experiments [15, 40] 

demonstrated that such coupling is much stronger for TFBGs than for FBG. This is due to 

the Bragg diffraction formation: light from the core mode hits each grating plane of the 

FBG at right angle and is reflected backwards; thought when the grating planes are tilted, 

light is reflected off axis and each grating plane reflects a small portion of light towards 

the cladding. This increases the growth of the backward propagating cladding mode at 

phase-matched wavelengths. The cladding modes that will have the strongest coupling 

are then determined by the tilt angle.

-10

C
oCOCO
ECOa
CT5 Core modei—

-20

-25

High order cladding modes Low order cladding modes

-30
1530 15351520 1525 1540 15501545 1555

Wavelength, nm

Figure 2.3: Typical Tilted fiber Bragg grating transmission spectrum.
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2.5 Coated fiber gratings

As it was mentioned above, TFBGs are very sensitive to the refractive index of the 

surrounding media. This property can be used to sense other parameters as well by 

coating fibers with materials that react to different modulations such as chemical or 

physical. These coatings act as transducers between the surrounding media and fiber, and 

as a result of deposition of a coating the spectrum will be different. The response of this 

structure depends on the overlap between the guided waves and the coating, as well as the 

refractive index of the coating, its thickness and absorption, and the refractive index of 

the medium surrounding the coating. One of the main applications o f the coated TFBGs 

is in chemical sensing and refractometry.

2.6 Applications

The fiber Bragg gratings written by UV light into the core of an optical fiber have 

developed into an important component for many applications in fiber-optic 

communication and sensor systems. This technology enabled the fabrication of a variety 

of different Bragg grating devices that were not possible to build before. A good example 

of such a device is FBG dispersion compensator [41]. Overall, the research has been 

focusing mostly on the development of the FBG-based devices for use in fiber optic 

communications or fiber optic sensor systems, as well as in laser systems and less so on 

other non-linear applications.

In recent years fiber optic telecommunication systems, used for fast, efficient and 

low-cost data transfer and storage, became a very popular area of research. Fiber Bragg
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gratings became one of the most important components in telecommunication 

applications. FBGs has been used in wavelength converters [42], Raman amplifiers [43], 

add/drop multiplexers [44], phase conjugators [45], temperature, pressure, strain sensors 

[46, 47], semiconductor lasers [48] etc.

The progress in the material science made possible the doping of the fiber core with 

different ions in order to decrease propagation loss and increase the efficiency of fiber 

lasers. Fiber Bragg gratings must withstand exceptionally high temperatures and high 

optical field resistance during high power fiber laser operation. The combination of high 

spectral selectivity and low resonator insertion loss o f fiber Bragg gratings has enabled a 

variety of devices that are not possible with electrical strain gages [49].

Optical sensing systems is one of the most promising areas of research, where fiber 

Bragg gratings play a very important role. As it was described earlier, the parameters and 

the responses of the fiber gratings are very sensitive to the surrounding environment, such 

as temperature, strain, refractive index, vibration and pressure. Thus, FBGs as well as 

TFBGs can be used in development of physical sensors, refractive index sensors and bio

chemical sensors, which can be used in different industries such as biomedicine, oil 

exploration, structural health monitoring and many more.
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3 Chapter: Theory of FBGs

A lot of methods have been developed for the analysis of the field propagation in 

gratings and interaction with media surrounding the fiber. The most common technique 

that describes the behavior of EM fields within fiber gratings is CMT [50], It is relatively 

simple and very accurate in modeling the optical properties of fiber Bragg gratings.

Coupled mode theory (CMT) was first developed in the early 1970’s before fiber 

Bragg gratings were discovered. Yariv and Snyder were some of the pioneers who 

introduced CMT to guided-wave optics to understand the process of the mode coupling in 

optical waveguides [50, 51]. The theory was initially developed for the uniform gratings, 

however, Kogelnik [52] extended the model to cover aperiodic structures.

CMT focuses on counter-propagating fields inside the grating structure, obtained by 

the perturbation in a waveguide, that are related by coupled differential equations. A fiber 

Bragg grating has periodic variations in refractive index, which acts as a perturbation, 

and as a result the mode coupling occurs. The grating type defines the mode coupling so 

the grating acts as an optical filter or coupler between the core and the cladding modes. 

The coupled mode approach is the most general case, and for complicated grating 

structures, involves the numerical solution for two coupled differential equations, since 

analytic solution is only possible for the uniform grating [31].

Wave propagation in optical fibers is analyzed by solving Maxwell’s equations 

with appropriate boundary conditions. The solutions provide the basic field distributions 

of the bound and the radiation modes of the waveguide. The coupling between the core

20



and the cladding modes will be considered for this work, with and without a tilt o f  the

grating.

3.1 Coupled-wave analysis

Equations of CMT are usually derived with the assumption of two coupled modes.

In this section the coupling coefficients between all cladding-core modes will be 

determined.

For the unperturbed dielectric medium, which is homogeneous in z-direction, the 

normal modes of propagation of the unperturbed structure can be written in the form [53]:

Ev(x ,y ,z )  = ev{x,y)e~'PvZ (3.1)

where Pv is the propagation constant of the v th mode, v is the mode index.

Power can be exchanged between modes only in a perturbed waveguide. The 

divergence of the power cross-product can be defined as [54]:

V • [ej* x H  +  E x  H* j=  -i(0£QAs(x,y, z)E  ■ E * (3.2)

where E/ and Hi are the fields of the unperturbed waveguide, and 

e{x, y, z) = e(x, y) + Ae(x, y, z) is the permittivity distribution function of a perturbed 

waveguide.

Integrating Eg. 3.2 over the entire waveguide cross section:

[ V , • [e* x H  + E x  H  ,*] ds +  f — [(e*  x H  +  E x H * \  ■ z\ds -  -icoe0 f  A e(x ,y ,z)E  ■ E*ds 
J dz •'

(3.3)

“t ” in subscript represents the transverse components o f the vectors. With two- 

dimensional divergence theorem Eq. 3.3 reduces to:
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f— [(.E]*, x H t + Et x //]',)• z\ds = -icoEQ\Ae(x,y,z)E ■ E*ds (3-4)
J dz

Any transverse field component can be expanded in terms of modes:

Et = S av(z)^v/e~ ^vZ
v _ (3.5 a,b)

V

Though the longitudinal field component of the electric field has to be treated 

differently [54]:

£ Z = Y  ^  a ^ z ) e yze - ‘̂ ‘ (3.6)
^  e(x,y) + Ae(x,y,z)

v

Thus, the fields of the perturbed waveguide are: 

e(x,y)
ev '+ z - e~v'z (3.7)E  X a v( v, £(x ,y )  + A e(x ,y ,z )

H  = Z  "v (*)[&„ + ^  ]e ^v2 (3.8)

Now consider a mode y. travelling through the guided-wave grating. In the 

following chapter, in case o f vectorial fiber modes, n  will be replaced with Im. Ej and Hi 

in terms of y. are going to be:

E \ =  (fiut + z e u z ) e
*  (3-9 a,b)

H x = ( v + f v > e~

Before going any further it should be noted that the modes are normalized by the 

time-averaged pointing vector:

P: = \ \ R  e(£v (x, y, z) x H ̂  (x, y, z))ds J [evl (x, y ) x (x, y)  + (x, y)  x hvl (x, y ) \  zds = <5v/i

(3.10)
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and is equal to 1 if > 0 and zero if /?v * f i^ .

Next step would be to substitute Eqs. 3.7, 3.8 and 3.9(a,b) into Eq.3.4:

The left hand side o f the Eq. 3.4 becomes:

fc f, x / / ,  +Et x H * t )-z = Y ^ ) e i{̂ ~ Pv)Z[e;t x h vt +evt x h ^ - z  (3.12)
V

Now integrating this expression keeping in mind Eq. 3.10, left hand side of the Eq. 

3.4 becomes:

I -J dz
Y ,a v ( z ) e KPft Pv)Z[e*t x h vt + evt x h*t ] ■ z ^  4Svu f= 4 J r « wO)

(3.13)

Assuming that the mode is the forward propagating mode. 

The right hand side o f the Eq. 3.4 is:

• icoe0 JA f(x,y , z ) E • E'ds -  -ico£0^  av{z)e'(P“~Pv)~ JAe(x,y, z) £(*,y)
e,t ■e,, + A'„ ;„ .. * a£(x,y) + A£(x,y,z)  

(3.14)

Combining Eqs. 3.13 and 3.14:

—  aM O) = \-KW ̂  + Kw (z ^ e «vO) (3.15)

where

Kvfi(z ) = J Aeevt • ept*dxdy

e(x,y)
4 J £(x,y) + A£(x,y,z)

evze fxzdxdy

(3.16 a,b)

are the coupling coefficients of the grating-assisted interaction of the transverse and 

longitudinal field components [54].
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Since the longitudinal fields of the fiber modes are very small in comparison with

the transverse ones, the longitudinal component of coupling coefficient k^ ( z) is much

smaller than the transverse component, so the longitudinal component can be easily 

neglected [33], And in the further calculations, the coupling coefficient will be denoted as

K  .

Eq. 3.15 describes the general case of mode coupling due to a periodic dielectric 

perturbation. In reality, only the coupling between two modes is involved. Consider a 

simple Bragg-grating structure such as a single-mode slab or a narrow-band optical filter 

(Figure 3.1). Suppose a mode of unit amplitude and effective index nef  propagates in 

positive z direction through a grating of length L, period A and coupling coefficient k  .

b(0) = ? ^ b(L) = 0

z = 0 z = L

Figure 3.1: Slab waveguide grating structure.

The reflected and transmitted power can be studied, taking into account that two 

coupled modes are propagating in the opposite directions. The modes propagating in +z 

and -z  directions can be labeled as a(z), (3V > 0 => /? and b(z), J3V < 0 => -/? respectively. 

Also let’s define the Bragg parameter:
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* /> KS = P - - J  (3.17)

Since the narrow-band reflection filter centered at the Bragg wavelength (Eq. 2.7) 

2 Tzneff
XB = 2neffA  and /? = --------- , the Bragg parameter can be written as [55]:

A
\

2 itneff  n  r
d = -----e2 L - —  = 2nneff

X 2A eJJ Jri ( 3 ' I 8 )

Then Eq. 3.15 can be split into two equations:

—  a(z) = -iKb(z)e‘2^z
dZ (3.19 a,b)
—  b(z) = in*b(z)e'2^z 
dz

The solutions for these two differential equations with boundary conditions a(0)—l

and b(L)=0 can be written as:

_ <j  cosh[<j(Z -  z)] + iS sinh[cr(Z -  z)]
a  cosh(a£) + id sinh(oi)

-  itc * sinh[cr(L -  z)]  ̂ ^
o(z) = --------------------------------

<j cosh(ai) + iS  sinh(crZ)

where a 2 = k 2 -  S 2 .

The reflection coefficient and the transmission coefficient of the grating reflector of 

length L can be found as:

R = m  = --------fc s in h  (r f)--------
cr cosh(oi) + i d  sinh( <jL )  (321)

T = a(L) = -------------- -----------------
cr cosh(oi) + id  sinh(crZ)

The power reflection and transmission coefficients, also known as reflectance and 

transmittance are
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2 2Eqs.3.20 a and b hold inside the filter stopband (<5 < k  ); in the oscillatory 

regions outside ( S 2 >rc2) cr becomes purely imaginary and the hyperbolic functions 

change into trigonometric ones [55].

It can be seen from these equations that the coupling efficiency decreases as the 5  

increases. The transmittance and reflectance are plotted as functions o f wavelength for 

kL * 3 . \  .

0 .     % , . / ■ , y  ./I ■ * Lk ! i il -J J  I-/ V. f ... - - -  L-.— . - . J

1.549 1.5492 1.5494 1.5496 1.5498 1.55 1.5502 1.5504 1.5506 1.5508 1.551
W avelength x 10^

Figure 3.2: Example o f  reflectance and transmittance o f  grating reflectors. (Grating length 1cm, radius o f  

the core o f  the fiber 1.8 fjm , ncore= 1.47, ndmJ= 1.457, An = 0.0003)

It can be seen from Figure 3.2 that the total power is conserved; power conservation 

also can be derived from Eqs. 3.22 (a,b): \R\2+\T\2=1. From Figure 3.2 it can also be



noted that the power reflection coefficient reaches its peak when the Bragg condition ( 

S  = 0 ) is met. From Eq. 3.22a the peak reflectance is:

|i?|2max = tanh2(*£) (3 .23)

3.2 Coupled-wave analysis for TFBGs

Tilted fiber Bragg gratings are gratings with grating planes tilted at a small angle 

relatively to the x- or y- axis (Fig. 3.3). TFBGs couple light both to the backward 

propagating core modes and the cladding modes [38]. The resonant wavelengths for these 

mode couplings depend differentially on external perturbations. Using the core mode 

back reflection resonance as a reference wavelength, the relative shift o f the cladding 

mode resonances can be used to selectively measure perturbations affecting the region 

outside the cladding independently of temperature.

Core

n,

5
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Figure 3.3: Diagram o f the parameters associated with a TFBG. a. is the x - tilted and b. is the_y -  tilted 

grating.

Figure 3.3 demonstrates the tilted grating, whose planes are tilted around the x-axis 

(a) or y-axis (b) at an angle 9.

The phase matching condition for the tilted grating can be re-written in a more 

convenient form for the resonance wavelength Xr o f a resonance between the core mode 

and another mode labeled “r” [56]:

k r = { N e / ° r ‘  <3 -2 4 )jj jj cost/

Where A is the period of the grating, 9 is the tilt angle, N ejy core is the effective index of 

the core mode and N ej j r is the effective index of the mode r.

The dielectric perturbation for the tilted gratings, unlike for the untilted ones, depends on 

the tilt angle [17]:

As (x ,y ,z ,9 )  -  2nQAn(x,y,z ,9)

(3.25)

where

A n(x, y, z, 0) = An cos(—  (z cos 9 + y  sin 9)) (3.26)
A

Now the coupling coefficient for the tilted grating can be calculated by substituting 

equations (3.25) and (3.26) into equation (3.16):

k  =  n n A n i  E - o r e ^ r  c o s  — ( z c o s @ +  T sin 9 )  dxdy (3.27)
2 V A

From this equation it can be seen that the tilt angle determines the strength of the mode

coupling.
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4 Chapter: Transmission characteristics of fibers

4.1 Classification and properties of modes in three-layer fibers

The basic structure of a fiber is the core surrounded by a cladding. Sometimes a 

metal coating is covering the cladding, which significantly changes the transmission 

characteristics, but for simplicity, it will not be considered in this section. To keep the 

analysis as clear as possible the simple three-layer, step-index fiber geometry with perfect 

circular symmetry (Fig. 4.1) will be considered:

core'

cladding n 2

surround n 3

Figure 4.1: Schematic drawing o f a cross section o f a three layer fiber with various refractive indexes and 

different radii o f  layers.

In Figure 4.1 the inner cylinder is the core of the fiber with radius a, and outer

shells are the cladding with radii at , the last shell usually represents the surrounding

media. The refractive index of each layer is assumed to be smaller than that o f a previous 

layer, thus the core will be of the highest refractive index.
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As previously assumed, the modes are propagating in the z-direction and can be 

described by the following equations [56, 57]:

where 1=0,+-1, +-2,... is the azimuthal mode number and m=l,2,... is the radial mode

which depends on its propagation constant f3lm (A) and the wavelength A .

The fields o f modes with 1 = 0 are symmetric and either purely azimuthally or 

radially polarized. The electric field of an azimuthally polarized mode is always parallel 

to a cylindrical surface. Thus the electric field has no z-component and such modes are 

transverse electric (TE). The same holds for the magnetic field of fully radially polarized 

modes, which are transverse magnetic (TM) [58]. In contrast, modes with l>  0 are hybrid 

modes since the z-components of neither electric field nor magnetic field vanishes. They 

are classified EH or HE modes, depending on polarization of electric field relatively to 

the magnetic field. The mode with the highest effective refractive index neff is the 

fundamental mode HEn mode. All other HE and EH ( / * 0) always come in near

degenerate pairs. For / > 1, there is a further exact degeneracy. Due to the rotational 

symmetry of the fiber, each hybrid mode Im has a degenerate orthogonal counterpart

n
whose fields are rotated by — . These are designated as “evc«” or “odd ’ modes

respectively [57], For the fundamental HEn mode these terms correspond to the axis of 

polarization being along the x- or y- axis, respectively.

Elm (X y> z) = Elm o ,  y)e l^ ,m Z 

H in, (*, y ,z )  = H lm (x, y)e Z
(4.1 a,b)

number. A mode can be also characterized with its effective refractive index n
eff 2 k
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The step-index fiber (Fig. 4.1) is the most prominent fiber geometry, which consists 

of a core of refractive index n, and radius a , , surrounded by a cladding of lower 

refractive index n2 and radius a2. The new parameters, generalized frequency V and 

generalized guide index b, can now be defined as [54]:

V = kax *Jnx -  n\

(4.2)

where X is the wavelength in free space and N  is the effective guide index such that 

j3 = kN .

If V<2.4048, the radial core fields have no root, thus only one mode can propagate. 

From Figure 4.2 it can be seen that all modes except HEn mode are cut off if V<2.4048.

HE.

0.6

0.4

m EH

HE,0.2

rV

3 40 61
V

Figure 4.2: Dispersion o f a fiber and electric field lines o f  some modes. [5 4 ]
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4.2 Characteristic equations of modes

Erdogan et al. [16] presented a full analytical solution of the three-layer structure 

which yields all hybrid modes with the azimuthal and radial integer indices / and m . 

However this work is mainly focused on cladding mode reflections o f conventional fiber 

gratings, for which only 1 = 1 resonances occur. In 2011, Thomas et al. [59] looked at 

higher order modes with 1 > 1. They used the notation employed by Erdogan, but 

expressed the azimuthal dependence in trigonometric rather than exponential form. In 

cylindrical coordinates (r, (f>, z), the electric E and magnetic H fields o f the cladding 

modes inside the core (r < at ) can be expressed in terms of Bessel functions Jn o f the 

first kind [59]:

£ . = Elm — P J ^ r )  sin(/,» + «>y

Er = iElm i j [(1 -  P)J,_,(u,r) + (1 + P )JM (K ,r)]sin(/* +

= /£,„ y  [(1 -  P ) J , - 1 (« ,r ) -  (1 + P ) J M  ( u ,  r )]co sW  +

n eff U2 /a *\ (4 -4 )
H ,  = E,m cos(/<* + «>)e,(^ " >

Z 0 p

2 2 

= iE,m [-(1 -  P \ V , . ,  («.'•) + (1 + P ~ ) J M  («,r)]cos(V + p )eiW;-“ > 
o 2

2 2 

H* = ~iEim (u,r)  -  (1 + («,r)]sin(/* +
Z 0 2  n ejf nef f

with the transverse wavevector u = —  -  n 2ff . The constantZ0 = y]/J0/ e 0 ~ 376.7Q
A

is the electromagnetic impedance in vacuum. The mode parameter P characterizes the 

relative strength of the longitudinal field components, and is used to classify modes as 

HE or EH.
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Note that Eqs. (4.4) represent two orthogonal sets of solutions, distinguished by the 

rotation angle (j> , which is ^ = 0 for even modes or tj> = —id 2 for odd modes. Thus, all 

hybrid mode solutions appear as degenerate pairs o f fields with orthogonal polarization 

states.

4.3 Modes in FBG and TFBG

Consider a FBG that was inscribed in standard single mode fiber (SMF-28) with the 

light transmitted through the core with wavelength A = 1.55frni. It is possible to calculate 

the modes of this FBG with the waveguide solver FIMMWAVE by PhotonDesign, which 

will be described later.

There are number of typically observed intensity patterns for this grating is 

depicted in Figure 4.3.

The mode patterns can be classified as “rings” (Fig. 4.3(a)), “bow ties” (Fig. 

4.3(b),(c)) and “quad ties” (Fig. 4.3(d),(e)). Figure 4.3 shows the intensities of various 

modes with different effective indexes of SMF-28 in air.

(a) (b) (c) (d) (e)

Figure 4.3: Typical mode patterns observed: (a) ring, (b) and (c) bow tie, (d) and (e) quad tie.

The HE and EH “bow-tie” are oriented 90° to each other (Fig. 4.3 (b) and (c)). For 

the “bow-tie” modes guided by a grating the spatial orientations of the “bow-ties” in the 

doublet swaps if the polarization of the incident light is rotated by 90°. In that case the
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longer wavelength peak becomes the horizontal “bow-tie” and the shorter wavelength 

peak becomes the vertical “bow-tie” [28],

The grating index modulation has a well-defined orientation in space, which breaks 

the fiber’s symmetry according to the tilt direction (assume the _y-tilted). Thus there are 

two different cases where input electric field linear polarization is along x  (corresponding 

to S-po lari zed light incident on the grating planes) or_y ( /’-polarized).

Then the scalar product between the electric field vectors in Eq. (3.27) reduces to a 

simple multiplication between x- or y- polarized fields (depending on the polarization 

direction of the input mode). As a result, for a certain grating, the cladding modes for 

which Eq. (3.27) provides strong coupling will be different depending on the orientation 

of the input mode polarization relative to the tilt plane (because the Ex and field 

components of a given cladding mode are quite different). Figure 4.4 shows an example 

of Ex and Ey components o f the core mode and of a typical high order cladding mode. It

is quite obvious from symmetry considerations that this cladding mode can only be 

strongly excited when the input core mode is S-polarized (i. e. along x)[39].
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H E „ An(x,y) H E mn

*  X

Figure 4.4: Three functions inside the integral for the coupling coefficient between the core mode (HEn) 

and for a typical high order mode (HE™,), depending on the polarization o f  the input mode. The top row 

corresponds to S-polarized input light, and the bottom row to P-polarized light [39].
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5 Chapter: Software and Simulation Technique

It is important to look at the different theoretical models that describe performance 

of Bragg gratings before conducting any experiments. It is essential to study these 

models, as each approach often offers a unique insight into physical mechanism of the 

grating-electric field interaction. There is a number of commercial software tools 

available that can be used to simulate and give a very accurate prediction for the FBGs 

behavior. The main challenge is dealing with the data, extracting it and then using it to 

calculate the transmission spectra. Suitable programming languages and software are 

very important in creating a model that is very close to real life experiment. The 

simulation program has to fulfill two requirements: the first is to provide the visual and 

user-friendly interface, so that the user can use it without any programming knowledge 

and obtain data by just changing the parameters. The other one is that the software has to 

provide a user with an amount of data that would be enough to build an accurate model. 

Results presented in this thesis were obtained using Matlab (2010b) as well as finite 

waveguide solver FIMMWAVE (v 5.3.8), commercial software offered by [Photon 

Design].

5.1 FIMMWAVE

FIMMWAVE is software that uses finite element method and can be applied 

towards modeling of light propagation within a variety of 2-dimentional and 3- 

dimentioanal waveguide structures. It includes a variety of user interfaces that allows one 

to build an accurate prototype of different waveguides. It also provides different mode
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solvers to model these structures, such as numerical method or semi-analytical. Thus it 

enables a user to choose the most efficient and accurate method for a design of choice.

FIMMWAVE has three different interfaces for optical waveguides: ridge 

waveguide (RWG), fiber waveguide (FWG) and mixed geometry waveguide (MWG). 

The RWG is typical for defining epitaxially grown structures. The FWG is used to build 

cylindrically symmetric waveguides such as optical fiber. The MWG is the most abstract 

tool, which allows designing almost anything including an assembly of primitive shapes 

[60].

This software allows user to take full advantage of each mode solving methods. It 

also includes a fully automatic mode scanner/finder -  the MOLAB (Mode List Auto 

Builder), which allows defining the modes manually. As it has been said there are two 

types of mode solvers: semi-analytical which includes film mode matching (FMM) solver 

[61], and numerical mode solver, which includes finite-difference method (FDM) and 

finite element method (FEM). Fimmwave also includes an effective index solver for 

quick modeling of low A/tor 2D structures and a cylindrical coordinate solver for 

modeling structures like optical fibers, which will be used for this work [60].

Once the waveguide has been defined as described in the Chapter 2 o f Fimmwave 

manual [60], the modes then can be found using MOLAB finder. It is capable of finding 

the modes with almost complete certainty in a given range. Once the mode list has been 

build, each mode can be examined assuming that found mode is the mode of interest and 

if it is accurately generated. The list of modes usually consists of pairs o f modes (even 

and odd). Figure 5.1 shows a pair of one mode of a single mode fiber (SMF-28). The 

accuracy of a mode is determined by accuracy of the propagations constant and the
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accuracy of the profile. Calculating the largest overlap between different modes can be a 

good test for modal accuracy; this is also called modal orthogonality. Ideally it should be 

zero, in case of perfectly orthogonal modes. But in the reality the number should be kept 

as low as possible, acceptable values are between 10~4 and 10~3.
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Figure 5.1: The intensity o f  even and odd components o f  one o f  the cladding modes o f  a fiber. Top row 2- 

D and bottom row in 3-D. Intensity is measured in nJ/m3; the x- andy-axes are in f jm .
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When it comes down to the mode amplitudes, Fimmwave gives already normalized 

modes, so that the power density is lmW/m2. To be more precise, referring to Chapter 4.4 

of the Fimmwave manual, resultant modes have the following property:

f E x •H vds
TEfrac = L i  (5 1 )

TEfrac is the fraction of the pointing vector with horizontal electric field and the

flux |  Pz (s)ds  integrated over the surface is 1W. Since the modes are already normalized,

it won’t be necessary to normalize them. And after the extraction of data the fields can be 

used as is to perform necessary calculations using other programming language such as 

C++ or MatLab. In this work MatLab will be used.

5.2 MatLab

MatlLab is a mathematically-oriented interpreter language [62]. It is mainly used 

for simulation calculations, but it can also be used as numerical and symbolic calculator, 

a programming language, a modeling and data analysis tool etc. It uses symbolic 

expressions to provide a general representation of mathematics. Relatively simple syntax 

makes it easy to learn and use. It also makes the debugging process easier and faster than 

in other programming languages. It is very simple to manipulate complex and matrix 

arithmetic, compared with other languages. With MatLab it is not necessary to do any 

additional work when using complex numbers and matrix algebra. Along with useful 

toolboxes MatLab has a lot of useful functions built in [63],

One of the limitations of MatLab is the simulation running speed and the flexibility 

of the graphic user interface (GUI) when working with a large project. In this work the
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simulation can be broken into smaller parts, which will increase the speed significantly 

and in terms of managing a large project, it will be divided into two parts.

Due to its features MatLab is a very useful tool for this particular project. It will be 

used to acquire and to analyze data from Fimmwave. There are two ways of obtaining the 

data from FIMMWAVE: first is to access FIMMWAVE from MatLab remotely, and the 

second one is manually save the data from FIMWAVE and open it later with MatLab. 

Both of these ways have their advantages and disadvantages.

Fimwave can be accessed remotely via TCP/IP. In order to achieve that 

fimmwave.exe has to be started with the -p t argument: -pt <port No> [60] is the TCP/IP 

port number on which Fimmwave should communicate with MatLab. Both Fimmwave 

and MatLab will connect to the host machine via this port. Thus MatLab can then control 

Fimmwave. MatLab interface connected to Fimmwave has been designed to be relatively 

simple while being very powerful -  most commands pass through one central function, 

which can accept any arbitrary MatLab expressions. It then automatically returns any 

data from already running Fimmwave project as appropriate types (strings, real or 

complex numbers or arrays etc.). The disadvantage o f this approach is it requires a lot 

from the operating system. The machine that operates this must be very powerful, has lots 

of memory; on the other hand, the simulation can be running with almost no manual 

work. Though a user will have to make sure that the modes that are being used are the 

correct ones, so some manual work still requires in order to use the correct modes for the 

calculations.

For this work a computer with Windows 7 Professional (© 2009) with Intel® 

Core™ 2 CPU @2.40GHz, with 3 GB of RAM and 64-bit operating system was used. In
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order to achieve relatively high accuracy when calculating the coupling coefficient, the 

matrixes of the fields required to be as big as possible. It was deduced, that 100x100 

complex matrix is sufficient to get an accurate result. For this matrix size the amount of 

RAM was not enough to run the simulation with the above described data acquisition.

Another way to acquire data from Fimmwave is to run the project in Fimmwave, 

then save the data for each mode in the MatLab folder on a disc and then use this data in 

MatLab for further calculations. In this way only the modes of interest will be used, the 

mode list can be polished, and the machine that is being used does not have to be very 

powerful, since Fimmwave can only work on a single core.
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6 Chapter: Modeling of the Tilted Fiber Bragg Grating and Results

6.1 Building a Fiber Waveguide and Finding its modes

Fiber waveguide (FWG) can be built in Fimmwave as described in Section 2.2 o f a 

user manual [60]. The FWG node type is used to describe a circularly symmetric 

waveguide. One of the building steps of a FWG is the type of a fiber, in this project. As it 

was mentioned previously, the step-index type {stepped) is going be chosen. The 

refractive index profile n(r) varies in discrete steps; the user defines the refractive index 

of each step or a layer (Figure 6.1). In this project the thickness as well as the refractive 

index (material) of each layer will be chosen as follows:

Layer thickness {jum) material

Core 4.15 Ge02-SiO2 (concentration 0.03)

Cladding 58.35 S i02

Surrounding media 20 Varies from 1 to ~neff of a mode

Table 6.1: Layers o f a bare fiber and the properties o f  each layer
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Figure 6.1: The cross section o f chosen fiber (left) and its refractive index profile (right)

Now that the fiber has been build, it is possible to create a mode list using MOLAB 

single mode fiber (FDM) complex solver. This solver implements a full-vectorial finite- 

difference method and allows one to accurately model waveguides with high-step 

refractive index profiles, slanting/curved interfaces and gradient profiles. The FDM  

Solver models both real and lossy materials and anisotropic dielectric tensors (diagonal 

tensor).

User has to specify the azimuthal quantum number, w-order (which was identified 

as /-number in previous chapters) and the polarization number p-order (which was 

identified as m-number in previous chapters) in the solver parameters, m-order follows 

the conventional indexing of the cylindrical modes so that the fundamental mode (the 

fastest propagating mode) HEn is given by m-order = 1, not zero! Setting m-order = 0 

gives the TEom, TMom modes. , zero indicates the mode, which is always pure TE-like or 

TM-like. The scalar approximation produces solutions that 2-fold or 4-fold degeneracy, 

for instance there are always 2 or 4 modes with the same effective index. For m -0 , p  can
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be 1 or 2, giving the fundamental modes that have either Ex=0 or Ey=0 — typically 

referred to as HEn modes. The table 6.2 summarizes the different modes for different m 

and p  values [60]:

m-order = 0
p-order Name

1 TEom
2 TMom

m-order > 0
p-order Name Notes

1 odd HE/m and odd EH/m The modes appear in the list ordered
2 even HE/m and even EH/m as follows: HE/y, EH//,HE/y, EH yy, etc.

Table 6.2: Modes with various m- andp-  vlues

It is simple to distinguish if the mode is even or odd, since it is defined by the p- 

number. In this work the even modes will be considered {p = 2). In addition, the field 

profiles are going to be taken only in the middle of the fiber, i.e. x and y  are not going to 

be from 0 to 160 pm as shown in Figure 5.1, but for better accuracy x and y  components 

are going to be from 70 to 90 p m , since the important data is confined near the core 

region and closer to the cladding the values are nearly zero. The matrixes are still going 

to be 100x100 so that the resolution is higher for more precise result. Now each mode 

can be individually examined and the data for all field profiles can be extracted and 

saved. It is important to note that the modes are complex, i.e. each matrix value has real 

and imaginary parts.

Then this data can be used to perform necessary calculations in MatLab. Equations 

derived in Chapter 3 (coupled mode equations) will be used to calculate the transmission 

spectra for various refractive indexes of surrounding media. Luckily MatLab handles 

easily complex matrixes and it is easy to perform any calculations with this software.
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It then becomes a simple matter of putting necessary equations into the MatLab. 

The coupling coefficient will be calculated using Eq. 3.27. Then the transmission and 

reflection can be calculated using Eqs. 3.22 a and b respectively. Then the transmission 

can be plotted as a function of wavelength, which can be calculated using the grating 

phase matching condition (Eq. 3.24). Results o f such simulations will be presented in the 

following section.

6.2 RESULTS

6.2.1 Bare SMF in different surrounding media

Using the model described above, the modes can be built for cases when different 

media with corresponding refractive indexes surrounds fiber. Overall, the modes can be 

calculated for any range of effective index. The simplest example is the bare fiber 

surrounded the air (n = l). As well as the effective index of each mode, TE component 

represents the fraction of the Poynting vector with horizontal electric field, i.e. the 

fraction of the Poynting vector given by Ex and Hy (Eq. 5.1). TE can be plotted as a 

function of wavelength that was calculated using Eq. 3.22:
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Figure 6.2: Polarization of found modes as function of resonance wavelength found for bare SMF-28 

surrounded by air.

Similar plot can be generated for a fiber immersed in surrounding media, for 

example Figure 6.3 shows polarization components for fiber immersed in water 

0n=1.315):
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Figure 6.3: Polarization of found modes as a function of resonance wavelength found for bare SMF-28 

immersed in water.

The data used for Figures 6.2 and 6.3 was directly transported from Fimmwave to 

Excel. The azimuthal number (m-order) for the above figures was ranging from 0 to 3; 

and the polarization number (p-order) was from 1 to 2. From these figures it can be seen 

that the modes do pair up and the polarization content changes dramatically depending of 

the refractive index of the fibers’ environment. Figure 6.3 shows the change in 

polarization of a mode as a function of wavelength, the change in polarization of modes 

as effective index of cladding modes increases and approaches the value of the effective 

index of the core mode can be observed.
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6.2.2 Gold-coated SMF in different surrounding media

This model can be extended to find modes propagating in a metal coated fiber. A 

thin (0.05/um) gold layer with complex refractive index of (0.55-/77.5) can be added 

between the cladding and the surrounding media. In practise certain amount of light is 

lost due to scattering and diffraction, so the simulation tool makes it as close to real case 

as possible. The complex part o f the effective index of each mode can be attributed to the 

fact that modes in metal coated waveguide become lossy. It can be plotted as a function 

of wavelength calculated in the similar manner as in the previous example.
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Figure 6.4: Imaginary part o f modes propagating in Au-coated fiber as a function o f  wavelength; in air.
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Figure 6.5: Imaginary part of modes propagating in Au-coated fiber as a function of wavelength; in water.

Figures 6.4 and 6.5 demonstrate once again the dramatic change in the response as

refractive index of surrounding media changes. On Figure 6.5 there is a very big spike in 

the mode loss, which should correspond to excitation of the surface plasmon polariton 

(SPP). SPP is a non-radiative, surface electromagnetic wave that propagates at the 

boundary between mediums having dielectric constants of the opposite sign. Usually, one 

medium is dielectric while the other is metal or doped high-mobility semiconductors such 

as InSb [64] This phenomenon is explained in more details by Y. Shevechenko et al. [65], 

In this work they explain the concept of surface plasmon polaritons and show that the 

tilted-grating-assisted excitation of surface plasmon polaritons on gold-coated single

mode optical fibers depends strongly on the state of polarization of the core-guided light. 

In particular, they demonstrate that when the external refractive index changes or when 

the surface of the gold is modified (by the addition of a biolayer for instance), the
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complex effective index of the plasmon changes and different cladding modes become 

attenuated. Their simulations show that the loss of a small subset of the cladding modes 

resonances increases sharply almost exactly at the location of the experimentally 

observed surface plasmon.

6.2.3 Gold-coated TFBG in different surrounding media

The transmission spectrum can be plotted for different wavelengths transmitted 

though a 10-degree grating to support the experimental results obtained by Y. 

Shevchenko et al [65]. The mode list was built for SMF and a cladding mode with 

effective index of 1.357039595 in air was chosen. This mode has m-order = 1 and the p- 

order = 2, the same as for core mode. The other modes, with m-order 3 and 5 and 

effective indexes close to the above value, are also used for better accuracy. Thus, three 

modes with very similar effective indexes and w-order = 1 , 3  and 5 are taken, the three 

calculated values for the transmittance and wavelengths are averaged for every entry of 

wavelength of incoming wave. The transmission spectrum was calculated using Eq. 3.22

(b), where the parameters were chosen to be the following: tilt angle 10°, wavelength of 

an incoming wave is rangingl.525...1.555//m, speed of light in vacuum c0 =3.0x108 m/s2,

—  12electrical permittivity £$ =8.85x10 F/m. The transmission spectra were built (Fig. 

6.6) for a surrounding refractive indexes o f air (n = 1) and water (n = 1.315).
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Figure 6.6: Transmission spectrum as a function of wavelength for the 10-degree grating surrounded by
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Figure 6.7: Transmission spectrum as a function of wavelength for the 10-degree grating surrounded by 

water.

Figures 6.6 and 6.7 can be compared to the experimental results obtained by 

Shevchenko et al. [65]. It can be seen that the transmission spectrum changes as the 

refractive index of surrounding media changes. As predicted in the previous section, on 

Fig. 6.7 there is a very big spike in the transmission, which corresponds to excitation of 

the surface plasmon polariton (SPP).

6.2.4 Spectral response of bare TFBG immersed in different surrounding media

Now the transmission spectra can be plotted for a certain cladding mode of a tilted 

fiber Bragg grating placed in various surrounding media. As it was described above, the 

mode list was built for SMF and a cladding mode with effective index of 1.353209 in air
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was chosen. This mode has w-order = 1 and the p-order -  2, the same as for core mode. 

The other modes, with m-order 3 and 5 and effective indexes close to the above value, are 

also used for better accuracy. As in the previous section, three modes with very similar 

effective indexes and m-order = 1 , 3  and 5 are taken, the three calculated values for the 

transmittance and wavelengths are averaged for every refractive index of surrounding 

media change. The transmission spectrum was calculated using Eq. 3.22 (b), where the

parameters were chosen to be the following: tilt angle 6 = 6°, wavelength of an incoming 

wave is 1.55 fj.m, speed of light in vacuum Co =3.0x108 m/s2, electrical permittivity

—12Cq = 8 .85 x 10 F/m. The transmission spectra were built (Fig. 6.8) for a range of

surrounding refractive indexes from 1 to the value of the effective index of a mode. This 

value is called cut off value, in this case it is 1.35.
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Figure 6.9: Same spectra as Fig. 6.8 but zoomed in.

Figure 6.9 shows data presented in Figure 6.8 but at a bigger scale.

In order to examine this plot each peak of this transmission spectrum was plotted as 

a function of wavelength:
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Figure 6.10: Transmission loss o f  a certain resonance as a function o f wavelength.

The effect of effective index change can also be examined as the outside refractive 

index increases. From Figure 6.10 it can be seen that the effective index of a mode 

gradually increases as the outside refractive index (rtouj increases. More dramatic 

increase is noticeable as nout approaches the cut off value.
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Figure 6.11: Effective index o f a mode as a function o f refractive index o f  surrounding media.

Now the simulation results can be compared to the experimental data that was 

obtained by Chan et al. [66]. Chan et al. examined short-period fiber Bragg gratings with 

weakly tilted grating planes and determined that multiple strong resonances in 

transmission were generated. The experimental results showed that the wavelength 

separation between selected resonances allows the measurement of the refractive index of 

the surrounding medium (nou,) for values between 1.25 and 1.44 with an accuracy 

approaching 10"4 [66].

The results are for the measurements that were performed for the TFBG (tilt angle

= 6°) immersed in sucrose solutions. Figure 6.12(a) shows an experimental grating

transmission spectrum measured in air. For the same grating Figures 6.12(b) and 6.12(c)

present overlapped spectra for several values o f nout ranging from 1.377 to 1.43. There is
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a notable shift of the hight-order cladding modes while lower-order modes and Bragg 

resonance are not affected. Then the relative resonances (with respect to AB) can be 

plotted as a function of refractive index of a surrounding media (noul).

■t 
-8 5

4
S  -953»

f *10 
I  -105

1 -11
£  -115

-12
•125

.13

-5
•9

f *
I "

•12

-13

•14

-15

Figure 6.12: a). Typical experimental TFBG transmission spectrum (SMF-28 fiber, 6  — 6°  ) measured in 

air. b). Several measurements with various refractive indices o f  the outer medium near the Bragg 

resonance, (c) Same spectra as (b) but zooming in on a particular resonance near 1535.5 nm [66].

As it can be seen from Figure 6.9 the peaks of the transmission spectrum are shifted 

in the same manner as in Figure 6.12(c). The transmission “dip” decreases slightly as the 

refractive index of the outside medium increases and grows as the effective index o f a 

mode approaches the value of the refractive index of surrounding media (nout). 

Comparing the theoretical model to the experimental results obtained by Chan et al. one

YiT/VWsV

1W 56 15368
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can see that the shapes and the way the peaks shift are quite similar, meaning that the 

model was constructed correctly. The two figures (Fig. 6.9 and 6.12) were constructed 

with some differences in parameters. Thus, they can be compared only qualitatively.

6.2.5 Spectral response of Gold-coated TFBG immersed in different surrounding 

media

The next step will be plotting the transmission spectrum as a function of 

wavelength for the gold-coated tilted fiber Bragg grating. Nothing needs be changed in 

the MatLab code, but the gold layer needs to be added to the simulated structure in the 

same manner as it was performed in section 6.2.2.

The transmission peaks will be plotted as a function of wavelength:
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Figure 6.13: Tramsission loss o f  a modes propagating in a gold coated SMF-28.
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By comparing the results obtained for bare TFBG with results for coated TFBG, it 

is quite clear that the Figure 6.13 is quite different from Figure 6.10. On Figure 6.13 the 

transmission “dip” does not decrease as the refractive index of surrounding media 

increases, but the value maintains the same; though as the nou, approaches the cut off 

value, the peaks behave in the same manner as for the bare TFBG. If one takes a closer 

look at these figures, it can be noted that the effective index of the mode, hence the 

wavelength, does not change as dramatically for the gold-coated fiber as for the bare one. 

In the bare fiber case the effective index of mode changed from 1.353242 to 1.354501 (

Aneff ~ 1-259 x 10 ) and in the coated fiber case, the effective index of a mode changed

from 1.35243813 to 1.35243828 (&nef f  = 1-259xlO-7 ). The same can be said about 

Figure 6.11 and Figure 6.14. The effective index of the mode changed significantly as it
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can be seen from Figure 6.11 and in Figure 6.14 for the gold-coated fiber; the change in 

effective index is very small, even though the refractive index of the surrounding media 

was changed identically in both cases. By comparing these figures quantitatively, one can 

see that the shapes of the plots are somewhat similar, though there is a noticeable 

discrepancy in the resultant values. These differences can be explained by the generation 

of the models using different parameters, i.e. the presence o f the gold layer.
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7 Chapter: Conclusions and Future Work

The main goal of this project was to study the fiber Bragg gratings, and especially 

tilted fiber Bragg gratings. To develop a model that will allow studying the mode 

coupling within an optical fiber. Component modeling is a fundamental step in a process 

of designing of the fiber optical sensors and communication systems. Simulation software 

is a very efficient and economical way to design and analyze fiber optical systems. 

Commercial software have been used to develop a SMF model and built a mode list. It is 

easily extendible and reusable according to circumstances.

Fiber Bragg gratings play a very important role in the field o f communication and 

sensor systems. The coupled mode theory and two mode approximation are simple and 

accurate theories to study the grating. In this project the optical fiber Bragg gratin was 

modeled, simulated and discussed. The optical fiber was modeled and the field 

components were calculated using FIMMWAVE, and the transmission spectra was built 

in MatLab using CMT.

The results were presented in Chapter 6, where first the SMF and coated SMF were 

emerged in air and in water. From the results it can be concluded that the refractive index 

of a surrounding media makes a huge difference in the mode propagation response. Gold 

was chosen to be a metal coating, since a lot of experiments were performed using gold- 

coated fibers. When the gold -coated fiber was in the water, the presence of surface 

plasmon was observed. Then, the simulation results were compared to experimental 

results.
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Then the transmission spectra for various refractive indexes of surrounding media 

were produced for a cladding mode with effective index of 1.353209 of TFBG with a tilt 

angle of 6°. Then the result was compare with the experimental results done by Chan et 

al. [66]. The peaks in transmission spectrum are shifted with the refractive index of 

outside media (ne//) changed in both cases, and the transmission loss decreases as nejj  was 

approaching the cut off value.

The last step was to create the transmission spectra for the coated TFBG. The same 

parameters were used except between the cladding and the surrounding media a layer of 

gold was placed. The results showed that the transmission shifts in a different manner 

compared to the uncoated TFBG. There are no experimental results that can be used to 

support this hypothesis.

During the project a number of problems have been encountered. The project took 

more time than it was expected. The computer set up took some time; the numerical 

model had to be modified several times until it was working properly.

Many problems remain to be solved and many careful experiments are still to be 

done. From the results it can be seen that the simulation can be used to analyze the 

problems of fiber Bragg gratings. One of the next steps would be to prove or to contradict 

the last hypothesis, theoretically and experimentally, built transmission spectra for 

different modes and different tilt angles and compare the results. Study the dependence of 

the tilt angle, thickness and type of coating material. All those parameters influence the 

outcome significantly.
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Appendices

Appendix A 

A .l User Manual

1. Install FIMMWAVE v 5.3.8

2. Install MatLab

3. Open SMF28_50nmAu.prj for gold-coated fiber or SMF28.prj for bare fiber

4. Add the materials database to the FIMM WAVE. To do so add refbase.m to the 

MATLAB folder, open FIMMWAVE, click on Solver, Add database and choose 

refbase.m

5. Click on Edit, Waveguide or on H k  button and edit the properties of the 

waveguide. As it is described in the Chapter 2.2 (pg. 26) o f the Fimmwave user manual. 

Click on each layer and edit its properties in the lower portion of the window using Table 

6.1 for bare fiber. Note to click on the mat instead of rix(iso) option for each layer. When 

dealing with gold-coated fiber, use refractive index for gold 0.55-HJ.5. And click OK.

6. Now go on to lactation of the modes of the waveguide. Use user manual Chapter

2.2.3 and in the FWG waveguide editor click ®  button to open MOLAB options. 

Choose FDM complex solver. Define the range for the effective indexes of the modes and 

the amount of modes you wish to calculate. Note it takes longer to calculate large amount 

of modes. For the mode profile resolution put nx -  20 and ny = 20. Click Edit solver 

parms. Edit the wavelength (Lambda (um)), m-order and p-order and resolution if

needed. Click OK. And in the MOLAB options click OK. Now click button and
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click on “Build list” button and click “start”. Note: Click “yes” if you wish to delete all 

existing modes and you want to start a new list or click “no” if you wish to add more 

modes to the existing list.

7. After the mode list has been generated choose the mode you wish to examine and 

click on “Detail”. If the m-order and p-order are the numbers you are looking for, then 

click OK. Then click on “Inspect”. In “plot area” region pill in the fields for xmin=70 

xmax=90 ymin=70 ymax=90 and nx ny =100 and 100. In “AMF file” region add format 

string=%10.15f (the number of decimal places after 10. determines the amount of 

decimal places each value of a matrix will have). Click on “Write AMF”. Save this file in 

your MATLAB folder. Repeat this procedure for core mode and for cladding mode with 

different effective indexes and different m-order values as described in Chapter 6.2.1.

8. Open FW complex.m file in MatLab. Make sure that s0= is the core mode AMF 

file and sm is the cladding modes AMF files. In this file it is possible to change the tilt 

angle on line 14.

Note: change the number of the file ‘FileName_#.txt’ in line 181 each time you run the 

simulation (for each refractive index of surrounding media change). Also each time you 

change the refractive index of surrounding media, save (copy/paste) the result values 

from the Command window into an Excel file and record the value for the surrounding 

media refractive index. In Excel file it is possible to monitor all the result values and plot 

all necessary graphs. After all the desired calculations were done for all he refractive 

index changes of the outside media, the transmission spectra can be built as a function of 

wavelength.

9. Open plotm atrixes.m  file in Matlab and run it.
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Note: make sure that the x values in line 5 are the same as the values in line 158 of 

FW com plex.m  file.

A.2 M atLab Codes

FW complex.m code:

%For this program the FIMMWAVE Window must be centered on the origin 
clear all 
close all
%lambdaO = input('what is the free space wavelength in microns?') 
lambdaO = 1.55

w = 2*pi*(3e+14)/lambdaO
epsilonO = 8.85e-18; %in Farads per micron

%deltan = input('what is index modulation amplitude?') 
deltan = 0.0035
%theta = input('what is the tilt angle in degrees?'); 
theta = 6.0

%L= input('what is the length of the grating in mm?');
L = 10

L=L*1000; %in microns 

index = 1.45
%s0 = input('what is the file name of the input core mode?’,'s') 
sO = 'core_2.amf'

»sm = input('what is the file name of the cladding mode?','s') 
Ism = 'ml44397TE.amf'

fid = fopen(sO);
t=fscanf(fid,'%s', 2); %to skip first line 
N = fscanf(fid,'*u',1) %to read the matrix dimension N 
dummy=fscanf(fid,'%g',1); %to skip the second matrix dimension 
dummy=fscanf(fid,'114c',1); %to skip the other characters on that line 
A = fscanf(fid,'%g') %to read the coordinates of the window

fclose(fid);

isetting up the matrix coordinates in x and y 
xmin=A(1);xmax=A(2);ymin=A(3);ymax=A(4); 
deltaX=(xmax-xmin)/ (N+l) ;
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deltaY=(ymax-ymin)/ (N+l); 
centerx=xmin+(xmax-xmin)/2 
centery=ymin+(ymax-ymin)/2 
for i = 1:N+1

f o r  j  =  1 : N + l
xcoord(j,i) = xmin+(i-1)*deltaX;

end
end
for i = 1:N+1

for j = 1:N+1
ycoord(i,j) = ymin+(i-1)*deltaY;

end
end

%assume Bragg at lambdaO and Neff(O) = 1.4469

period = lambdaO/(2*1.4469)
KY = 2*pi/period

% tilt is in the y-z plane

for i = 1:N+1
for j = 1:N+1

Intcos(i,j) = cos(KY*(ycoord(i,j)-centery)*tand(theta)); 
Intsin(i,j) = sin(KY*(ycoord(i,j)-centery)*tand(theta));

end
end

= = = = = = = = = = = = = = =  [r Read data from FIMMWAVE file sO]

ExO = d lm r e a d (s O , [ 1 0 ,  0 ,  10+N , 2 * N + 1 ] ) . ' ;
EyO = d l m r e a d ( s O ,  ' ' , [ 12+N,  0, 1 2+2*N,  2 * N + 1 ] ) . ';
%EzO = dlmread(sO, '' [14+2*N, 0, 14+3*N, N]).';
sHxO = dlmread(sO, '' [16+3*N, o, 16 + 4 *N, N] ) . ' ;
%HyO = dlmread(sO, '' [18 + 4 *N, 0 , 18 + 5*N, N] ) . ' ;
%HzO = dlmread(sO, '' [20+5*N, 0 , 2 0 + 6 * N , N]).';
E x O r e a l = E x 0 ( l : 2 : e n d : ) ;
ExOim ag = E x 0 ( 2 : 2 : e n d : ) ;
E y O r e a l = E y 0 ( l : 2 : e n d : ) ;
EyOim ag = E y 0 ( 2 : 2 : e n d : ) ;
ExO = E x O r e a l+ li* E x O im a g  
EyO = E y O r e a l + l i * E y O i m a g ,

f o r  a = 1 : 1 : 3
%sm = input('what is the file name of the cladding mode?','s') 
sm = ['clad_' n u m 2 s t r ( a )  '.amf'] 
f i d  = f o p e n ( s m ) ;
t = f s c a n f ( f i d ,  '%s ', 2 ) ;  %to skip first line
N = f s c a n f ( f i d , '%u',1) %to read the matrix dimension N
d u m m y = f s c a n f ( f i d , ' %q' , 1 ) ;  %to skip the second matrix dimension
d u m m y = f s c a n f ( f i d ,  '%14c', 1); %to skip the other characters on that line
A = f s c a n f ( f i d , ' %g' )  %to read the coordinates of the window
dummy = f s c a n f (f i d ,  '%2lc',1); %to skip the other characters on that line
dummy = f s c a n f ( f i d , '%s’,6); %to skip the next line with 1 1 1 1 . . .
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dummy =fscanf(fid,'%38c',1); %to skip the other characters on that line 
beta = fscanf(fid,'*f ',2); 
fclose(fid);

[r Read data from FIMMWAVE file sm]

Exm = dlmread(sm, '', [10, 0, 10+N, 2*N+1]).’;
Eym = dlmread(sm, '', [12+N, 0, 12+2*N, 2* N+l]).
sEzra = dlmread(sm, '', [14 +2 *N, 0, 14 + 3 * M, N] ) . ’
hHxm = dlmread(sm, '', [16+3*N, 0, 16+4 *N, N] 5 . '
%Hym = dlmread(sm, [18+4*N, 0 , 18+5*N, N] ) . ’
%Hzm = dlmread{sm, '', [20+5'*N, 0 , 2 0 + 6 * N, N] ) . '
Exreal = Exm(1:2:end,:) ;
Eximag = Exm(2:2:end,:) ;
Eyreal = Eym(1:2:end, :) ;
Eyimag = Eym(2:2:end,:) ;
Ex = Exreal+li*Eximag; 
Ey = Eyreal+li*Eyimag;

%========================== Filter to integrate over the core
only========
F=zeros(N+l,N+l);
Rcore=4.15; 
for kx = 1:N+1

for ky = 1:N+1
rad=sqrt((xcoord(kx,ky)-centerx)^2 + (ycoord(kx,ky)- 

centery)~2);
if Rcore > rad

F(ky,kx) = 1;
end

end
end

Results

% the following calculates the integral of (el dot e2) multiplied by 
I the index modulation amplitude
i  and then multiplies the result by omega*epsilonO*refractive index of 
% undisturbed core and divided by 2

i n t e g r a n d c o s  = ( ExO. * ( c o n j ( E x ) ) + EyO. * ( c o n j ( E y ) ) )  . * I n t c o s ;  
i n t e g r a n d s i n  = ( ExO. * ( c o n j ( E x ) ) + EyO. * ( c o n j ( E y ) ) ) . * I n t s i n ;

%subplot(2, 3,1) ; imagesc(ExO), colorbar, title('Ex') ; subplot(2,3,2); 
imagesc(EyO), colorbar, title('Ey') ; subplot(2,3,3); imagesc(Intcos), 
colorbar, title(’Intcos') ; subplot(2,3,4); imagesc(HxO) , colorbar, 
title('Hx') ; subplot(2,3,5); imagesc(HyO), colorbar, title('H y 1) ;
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subplot(2,3,6); imagesc(intsin), colorbar, title('Intsin') ; colormap
jet, set(gcf, 'Color', 'w');

'ifigure; % to open a new figure for the second mode set

isubplot(2,3,1) ; imagesc(Exm), colorbar, title'’Exm’) ; subplot(2,3,2);
imagesc(Eym), colorbar, title('Eym') ; subplot(2,3,3);
imagesc(integrandcos), colorbar, title('integrandcos') ;
subplot(2,3,4); imagesc(Hxm), colorbar, title('Hxm') ; subplot(2,3,5);
imagesc(Hym), colorbar, title('Hym') ; subplot(2,3,6);
imagesc(integrandsin) , colorbar, title('integrandsin’) ; colormap jet, 
set(gcf, 'Color', 'w');

Mallcos = integrandcos*deltaX*deltaY*deltan;
Moore - Mallcos.*F;
integralcos = abs(sum(sum(Mcore)))
kappacos = w*epsilon0*index*integralcos/2

reflection_lin = (tanh(kappacos*L))A2 
format ('shortE')
transmission_dB = 10*logl0((1-reflection_lin))

x = 1.500:0.000002:1.502; 
neff = beta(1)*1.555/(2*pi) 
neff_im = beta(2)*1.555/(2*pi);
Lam = (neff+index)*period
dk = 2*pi*index.*((1./x)-1/Lam);
sig = sqrt(kappacos.A2-dk.A2);
T = sig.A2./(sig.A2+kappacos.A2 .*(sinh(sig.*L)). A2 ); 
T_db=10.*logl0(T); 
mat (a,:) = T_db;
M = sum(mat);
mat_tr(a,:) = transmission_dB 
format long 
mat_neff(a,:) = neff 
mat_neff_im(a,:) = neff_im 
% plot(x, T_db(2))
%T =T.'; 
end

% plot(x, mat);
% legend('1', '2', '3 ’, ' 4 ', ’5')
% figure; 
plot (x,M)

dlmwrite('FileName l.txt', M, 'delimiter', '\t’);
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plotmatrixes.m Code:

clear all; 
clc;
close all;

x = 1.500:0.000002:1.502;

for a = 1:10
s = ['FileName_' num2str(a) '.txt'] 
fid = fopen(s);
A = fscanf(fid, '%f '); 
fclose{fid);
Mat (a, : ) = A;

end

%surf (x ,Mat,Mat )
%M(34,1001) = (x ,Mat);
%plot(x ,  Mat { ! , : ) )

% figure; 
plot (x, Mat)
Saxis([1.5015 1.5026 -20 0])
%legend ( ' l ' ^ l . l S ' ^ l ^ ' ^ l ^ S ' ^ l . S ' ^ l . S l S ' , ’!. 325', ' 1. 33' )
%, '1.16', '1.18', '1.2', '1.22', '1.24', '1.26', '1.28', '1.3', '1.31', ’1.32’
1.33’,'1.34')
xlabel('Wavelength (um)')
ylabel('Transmission_dB')
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