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 ABSTRACT 

 

 

 

 

Slow light study is discussed in various methods of generation, materials and 

approaches. In this study, the control of group velocity, Vg and group velocity 

dispersion (GVD) of a pulse propagating in optical fiber is simulated and 

demonstrated. The slow light generation, which is closely related to Vg of a light 

pulse for this study is based on stimulated Brillouin scattering (SBS), the most 

efficient approach as reported by previous researchers. By using Matlab R2011b 

software, the slow light generation is simulated for the slow light structure in the 

form of hollow conical shape resonator, focusing on the geometrical parameters. The 

simulation work is extended to the control of Vg and GVD, to investigate the 

influences of refractive index of the materials and wave number of the light pulses.  

While most of slow light researches neglect the effect of dispersion, this study 

explicitly includes the second term of the wave number’s expansion to represent 

GVD.  Therefore, the experimental work investigates the creation of a strongly 

dispersive material with large chirp and small group delay via SBS in a highly-

nonlinear optical fiber as opposed to previous SBS experiments which mainly focus 

on the creation of a slow light material with minimum dispersion and chirp. To 

demonstrate the control of Vg and GVD, a two-frequency pump field which consists 

of two distributed feedback lasers with the relative frequency separation nearly twice 

the Brillouin frequency and a slow light medium in the form of a 2-km high 

nonlinear single mode optical fiber are employed. For input field with slowly varying 

amplitude, the experiment obtained output pulses with large GVD and decreased 

intensity. All-optical control of the GVD is demonstrated by measuring the linear 

frequency chirp impressed on a 28-nanosecond-duration optical pulse and it is 

tunable over the range of ± 7.8 ns
2 

m
-1

. In addition, the maximum observed value of 

GVD is 10
9
 times larger than that obtained in a typical single-mode silica optical 

fiber. The simulation results for Gaussian pulses as input signal are in good 

agreement with the experimental ones, and therefore the control of Vg and GVD for 

different shapes of input pulses using the developed system can be predicted. 
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ABSTRAK 

 

 

 

 

Kajian cahaya lambat dibincangkan dalam pelbagai kaedah penjanaan, bahan 

dan pendekatannya. Dalam kajian ini, kawalan halaju kumpulan (Vg) dan penyebaran 

halaju kumpulan (GVD) bagi denyut yang merambat melalui gentian optik 

disimulasi dan didemonstrasikan.  Penghasilan cahaya lambat yang sangat berkait 

rapat dengan Vg denyut cahaya bagi kajian ini ialah berdasarkan Serakan Brillouin 

Terangsang (SBS), pendekatan paling berkesan yang pernah dilaporkan. Dengan 

menggunakan perisian Matlab R2011b, penjanaan cahaya lambat disimulasikan 

dengan struktur cahaya lambatnya ialah resonator berbentuk kon, khusus kepada 

parameter geometrinya. Kerja simulasi diperluaskan kepada kawalan Vg dan GVD, 

bagi mengkaji pengaruh indeks biasan bahan dan nombor gelombang denyut cahaya. 

Sementara kebanyakan kajian cahaya lambat mengabaikan kesan penyebaran, dalam 

kajian ini, terma kedua pengembangan nombor gelombang yang menentukan GVD 

diambilkira. Maka, kerja eksperimen dalam kajian ini menyiasat penghasilan bahan 

penyerakan yang kuat dengan kicauan besar dan kelewatan kumpulan yang kecil 

melalui SBS dalam gentian optik dengan ketidaklinearan tinggi, berbeza dengan 

eksperimen SBS sebelum ini yang kebanyakannya memfokus kepada penghasilan 

bahan cahaya lambat dengan penyebaran dan kicauan minimum. Bagi mengawal Vg 

dan GVD, satu medan dwi-frekuensi yang terdiri daripada dua laser pulangan teragih 

dengan beza frekuensi relatif hampir dua kali frekuensi Brillouin dan medium cahaya 

lambat iaitu 2 km gentian optik dengan ketidaklinearan tinggi digunakan. Kawalan 

penuh GVD dilaksanakan dengan mengukur kicauan frekuensi linear terkesan pada 

isyarat denyut optik bertempoh 28 nanosaat dan ianya boleh diubah dalam julat ± 7.8 

ns
2 

m
-1

. Selain itu,  nilai maksimum GVD yang diperoleh adalah 10
9
 kali lebih besar 

daripada yang didapati dengan menggunakan gentian optik mod tunggal biasa. Hasil 

simulasi bagi isyarat input berbentuk Gaussian bersesuaian dengan hasil pengamatan 

eksperimen, maka, kawalan Vg dan GVD bagi pelbagai bentuk isyarat lain dengan 

menggunakan sistem yang telah dibina boleh ditentukan. 
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CHAPTER 1 
 
 
 

 

INTRODUCTION 

 

 

 

 

 1.1  Overview 

 

Light travels as fast as 3 x 10
8 

ms
-1 

or precisely, 2.9792 458 x10
8 

ms
-1

.  It is 

known globally as c, the speed of light when in travels through vacuum.  When light 

travels through a material, the speed of the light is reduced so it becomes smaller 

than c.  It is because the phase velocity is modified, caused by the physical 

phenomena for example refraction.  This reduced velocity is defined as the changes 

of c to the phase velocity of light.  Therefore, slow light is not caused by the phase 

velocity change but it happens because of the large reduction of the group velocity of 

light.  Small frequency and wave numbers spreading of a group of waves lead to 

similarly an envelope with group velocity.  The group of waves consists of carrier 

wave with phase velocity.  Then, it can be fast light or slow light depends on that 

group velocity of light.  When an optical pulse propagates at a very low group 

velocity, it is called as slow light.  If it travels at a faster group velocity compared to 

speed of light in vacuum, it is called as fast light.  Slow light happens when a pulse 

propagates and interacts with the medium it passes through, which reduces its group 

velocity [1].  Fast light and slow light are closely related to varied group refractive 

index of the medium where the light propagated.  By knowing that the group 

refractive index of vacuum is 1; when the medium’s group refractive index is less 

than 1, the medium is called as a fast light medium since the pulse light travelled 

through the medium faster compared to vacuum.  Meanwhile, when the group 

refractive index of the medium is more than 1, the medium is a slow light medium, 

which leads to the light pulse delay phenomenon.  
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There are a number of techniques to generate slow light proposed and 

demonstrated by many research groups around the world.  The techniques are 

basically categorized into two main groups which are material dispersion and 

waveguide dispersion.  The example of material dispersion schemes are 

electromagnetically induced transparency (EIT) [2] and various type four wave 

mixing (FWM) [3, 4].  On the other hand, schemes of waveguide dispersion are such 

as by using photonic crystals [5], coupled resonator optical waveguide (CROW) [6] 

and various micro-resonator structures such as vertically-coupled resonator [7], 

which is included in this study.   

 

Other than the method to generate slow light, the physics phenomena 

involved and discussed in slow light generation are also varied.  Stimulated Brillouin 

scattering (SBS) is a nonlinear phenomenon and one of the approaches in slow light 

study, that turns out to be the most efficient approach for light propagation through 

silica, the main material for optical fibers; compared to other approaches such as 

Raman scattering and forward stimulated interpolarization scattering [1].   Therefore, 

the demonstration of Brillouin slow light in optical fiber become rapidly developed 

and leads to the importance of this study. 

 

 If the group velocity in a medium is varied by frequency, new physics is 

introduced, known as group velocity dispersion (GVD).  In other word, GVD is the 

derivative of the inverse group velocity with respect to angular frequency.  For 

typical fast and slow light study, this GVD is equal to zero and the light pulse is only 

modified in term of its propagating time. No dispersion issue is considered.  

However, when the dispersion of the light pulse is considered, which means GVD is 

controlled and made as large as possible, a light pulse will be broadened while the 

amplitude or intensity is decreased.  The broadened and decreased amplitude of light 

pulse promises some applications in optics, such as avoiding damage to optical 

components, realization of chirped pulse amplification and the usage of time lens.  

However, for optical fibers, the GVD is usually defined as a derivative with respect 

to wavelength, rather than angular frequency.  
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In this study, the theory of slow light is explored, the generation and control 

of slow light are discussed, the dispersion of group velocity is studied and nonlinear 

phenomena used as approaches to explain the pulse propagation in optical fiber are 

simulated and experimentally demonstrated.   

 

In optical fiber telecommunication, some of applications of slow light and 

GVD controls are optical memories and buffering, which are the important and 

needed technologies in future optical interconnections for computer systems and 

optical packet-switched networks to minimize traffic contention.  Contention is the 

planning rules for shared links.  A traffic contention happens when the demand for a 

shared link is larger compared to the link actually capability.  The enhancement of 

slow light and GVD modification could improve future telecommunication sytem, 

which makes this study necessary and promises practical findings.  Thus, this study 

focuses on both parts; controlling the slow light and GVD of an optical system. 

 

 

1.2 Problem Statement 

 

Researchers keep finding out the ideas of more possible techniques to 

demonstrate the slow light generation.  It is including the slow light generation in 

different media, such as atomic vapours, semiconductors, and optical fiber.  In this 

study, optical fiber is used as the slow light material since it offers a number of 

advantages for telecommunication application.  The examples of application aimed 

are optical storage and optical buffering.  On the other hand, the light’s velocity 

when it travels through vacuum, c, is fast enough, which is 30 cm in a nanosecond, 

creating an advantage to efficiently transmit data or signal between two points, in 

very small or very big scale. However, it is difficult to modify the optical signals in 

the time domain.  Since it is important to solve this problem, therefore,  slow light 

technology is now being rapidly investigated [8].  While most of slow light 

researches focus on neglecting the dispersion, this study considers extending the 

slow light study to the group velocity dispersion (GVD) phenomenon to suit a 

number of applications in optical systems.  The promising applications are such as 
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quantum key distribution, quantum and classical information processing, and 

temporal cloaking require or can benefit from large GVD that can disperse longer-

duration pulses.  In these applications, optical pulse durations are typically in the 

sub-nanosecond regime for classical and quantum optical fiber telecommunication 

[9]. Previous research on GVD is limited to the domain of ultra-fast light pulses [10], 

and therefore, it heavily relies on complicated and specified devices for picoseconds 

laser pulse generation.  Instead of focusing on the group velocity with zero or 

neglected dispersion, the control of GVD is studied as it makes controlling the pulse 

intensity better, which can minimize damage to optical devices.  Furthermore, it is 

also important for a number of applications such as pulse chirp amplification and 

time lens [11].    Previous SBS experiments typically focused on the creation of a 

slow light material with minimal dispersion and chirp [9].  Therefore, it is another 

room of findings by investigating the creation of a strongly dispersive material with 

large chirp and small group delay via SBS in optical fiber. 

 

 

1.3 Objectives of Study 

 

1.3.1 General Objective 

 

The general objective of this study is to simulate and demonstrate the control 

of group velocity, Vg  and group velocity dispersion (GVD) of a pulse propagating in 

optical fiber via Stimulated Brillouin Scattering (SBS) using computer programming  

approach and experimental diagnostics.   
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1.3.2 Specific Objectives 

 

The specific objectives of this study are : 

 

 To design the optical fibers as slow light structure based on SBS.  The slow 

light parameters are simulated together with the resonator in conical shape as 

the slow light structure.   

 

 To simulate the light pulse propagating through the single mode optical fibers 

based on SBS by deriving from the group velocity, Vg to GVD.  It is 

necessary to predict the effects of group velocity, Vg and GVD for various 

refractive indexes of the material and wave number of light pulse. 

 

 To demonstrate the control of group velocity, Vg and GVD using SBS via 

optical fiber by doing experiment with a two-frequency pump as the light 

source.  

 

 

1.4 Scope of Study 

 

To simulate the group velocity, Vg  and GVD of a pulse propagating in optical 

fiber via SBS,  Matlab software version R2011b is used. The simulation work 

focuses on two parts.  The first part is simulating the slow light parameters within a 

resonator in hollow conical shape as the slow light structure.  There are many 

resonator structures suggested as slow light structure but for this study, vertically-

coupled resonator structure is chosen.  The parameters of the structure focussed are 

the geometrical parameters such as the radius of the resonator and the separation 

gap, neglecting the structural ones.   

 

For the second part of the simulation work, the light pulse propagating 

through the single mode optical fibers based on SBS is simulated.  It is done by 
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deriving from the group velocity, Vg to GVD to investigate the affects of dispersion.   

The effects of group velocity, Vg and GVD for various group refractive indexes of 

the material and wave number of light pulse are predicted by simulating the 

equations related.   From the value of Vg, the theoretical explanation is expanded to 

the GVD by considering few more parameters in wave number.  The parameters 

considered are derived by Taylor expansion, and then the first three terms are 

considered.   

 

Next, the experimental diagnostics completes this study.  The group delay 

and control of GVD are demonstrated throughout the medium of a 2 km high 

nonlinear single mode optical fiber as the medium under test.  The experiment 

demonstrates the slow light generation based on SBS via the fiber, which is a 

commercially-available photonic crystal fiber with highly-nonlinear properties to 

suit optical communication application.  The relative frequency separation of the 

optical fields is nearly twice the Brillouin frequency which is set by controlling the 

light source, the two-frequency pump.  Distributed feedback lasers are used as the 

two-frequency pump act as the signal beam and pump beam to generate SBS.  A 

number of optical components are used  in the experimental setup including Mach-

Zehnder modulator (MZM), which is often realized in photonic integrated circuits 

for optical data transmission.  For this study, a MZM with ~8dB loss from EOSpace 

was used.  It is operated in carrier-suppressed mode, which is near zero power 

transmission and driven by a signal generator.  The signal generator is from Agilent 

E8267D and operated from 250 kHz to 20 GHz, has output of 3.9 V sinusoidal 

signal at a frequency.  A number of fiber polarization controllers with ~95% 

transmission were used to set the pump beam polarization such that the SBS 

interaction is maximized.   

 

Finally, the detector with the specification New Focus 1611 with 1mW max 

linear, 1mV/µW DC output, 0.07 mV/µW AC output, and 1 GHz bandwidth reads 

the signal transmitted through the setup.  The parameters of the output pulses are 

analyzed in various variables and considerations.  The variables analyzed are such 

as the output pulse width and gain while the considerations taken into accounts are 



7 

 

like the pulse sequences and frequency separation between gain (Stokes) and 

absorption line (anti Stokes), generated from SBS phenomenon. 

 

 

1.5 Significance of Study 

 

The purpose of this research is to simulate the slow light structure and system 

that can efficiently control the slow light to group velocity dispersion (GVD) for 

applications.  The control of light pulse group velocity and GVD are important for 

the compatibility with a number of technologies, including in optical 

telecommunication and optical devices enhancement, benefited from SBS 

phenomenon.  The computer programming simulation aims an optimized slow light 

structure based on SBS by using the vertically-coupled resonator.  Defining the 

geometrical parameter that is most significant in controlling the group velocity of 

light passing through the resonator leads a number of options for slow light structure 

or medium.   

 

Next, from the group velocity study, by predicting the wave number’s 

influence on the light pulse considers GVD phenomenon.   This is helpful in 

improving an optical device since it considers dispersion, which happens in real 

optical system.  The GVD computer simulation and experiment diagnostics can 

describe the dependence of pulse gain, pulse width and frequency separation many 

more conditions to the pulse propagation through the slow light system.  This will 

lead to the better control of the GVD system for application in telecommunication 

and protection of optical devices.  For example, larger GVD results a broader pulse 

in time domain, which leads to reduced intensity.  The lower intensity which 

represents the power of the pulse can minimize or avoid damage to the optical 

devices, without losing the information brought by the pulse.  Furthermore, this 

research contributes to the technology of longer-duration pulses dispersion required 

or can be benefited to emerging application such as quantum key distribution, 

quantum and classical information processing, and temporal cloaking [9]. 
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1.6 Thesis Outline 

 

This thesis reports on the control of group velocity dispersion in optical fiber 

based on stimulated Brillouin scattering. It consists of seven chapters according to 

the study flow. Firstly, Chapter 1 introduces the study by firstly gives overview of 

the study, followed by the motivation of this study and states the general and specific 

objectives.  The scopes of this study are presented together with the summary of the 

research methodology before completed with the importance of this study.   

 

Chapter 2 presents the literature review of slow light study, then expanded to 

the group velocity dispersion research, included theoretical documentation and 

experimental demonstration.  The review is focussed on the approach of stimulated 

Brillouin scattering phenomenon to generate slow light and to control the group 

velocity dispersion of the light pulse.   The review also includes a number of 

techniques to generate slow light, various slow light structures and Brillouin slow 

light in optical.  Chapter 3 summarizes the fundamental understanding for this study, 

which includes the theory of light propagation in slow light generation and group 

velocity dispersion control based on stimulated Brillouin scattering phenomenon.  

The physics of the phenomenon is discussed as it is an important theory for the 

computer programming work and the explanation of the experimental work.   

 

Chapter 4 explains the steps of simulation work for the chosen slow light 

structure, expanded to the simulation of group delay and dispersion for the light 

pulse propagating through the optical fiber, based on stimulated Brillouin scattering 

approach.  Chapter 5 completes the research methodology of this study by focusing 

on the experimental demonstration.  The experiment demonstrate group delay and 

group dispersion velocity of  the Gaussian light pulse generated from distributed 

feedback diode lasers through the highly-nonlinear single mode fiber.  The 

experiment setup is presented in details in this chapter.  
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Chapter 6 has the observation and analysis of the result from both simulation 

and experimental works.  This chapter shows the findings and explains the physics 

behind the results.   

 

Finally, Chapter 7 completes this thesis with the summary of the findings and 

suggestions of future work for the continuity of this research field.  
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