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Summary 
Fiber Raman amplifier (FRA) was first demonstrated by Stolen and Ippen in the 

early 1970's. From the mid- to late- 1990s, with technological advance in some 

important fields, such as new types of fiber with high Raman gain coefficient, 

new Raman pump lasers with high output power and some all fiber components, 

there has been revived interest in distributed Raman amplifier (DRA). Since 

then, DRA has been studied extensively due to its fundamental advantages 

compared with the lumped amplifier, such as Erbium doped fiber amplifier 

(EDFA). First, Raman gain can be obtained in all kinds of fiber and hence it is 

easier to upgrade the existing transmission line from the terminal ends. DRA 

can also improve the noise performance and reduce the penalty from fiber 

nonlinear effects in transmission system, allowing for longer amplifier spans, 

higher bit rates and smaller channel spacing. In addition, since stimulated 

Raman scattering (SRS) is a non-resonant effect, Raman gain is available over 

the entire low attenuation region of optical fiber ranging from approximately 

1.3/zw to 1.6///W. 

This thesis first discusses the gain characteristics, noise, polarization and 

nonlinear impairments of DRA and then reviews some recent progresses and 

new applications of DRA in detail. Many issues associated with the practical 

applications of DRA are identified. In order to solve these issues, several 

simplified optimization algorithms and novel schemes for the optimization and 

application of DRA are proposed. The specific contributions are summarized as 

followings: 
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A geometry compensation technique (GCT) is proposed to optimize the 

broadband flat gain spectrum of a multi-wavelength backward pumped DRA. 

Utilizing the geometrical slope compensation technique, gain flattening design 

of a broadband DRA can be simplified significantly. This method can also 

enable the dynamic gain control of Raman amplifiers. 

In order to improve the accuracy of GCT and increase the convergence speed of 

the genetic algorithm (GA), a hybrid optimization algorithm based on GCT and 

GA is proposed in this thesis. This model selects the pump wavelengths using 

GCT and pump path integrals using GA respectively. In this way, two-

dimensional random searches in GA can be reduced to one-dimensional random 

search, leading to increased convergence speed. In addition, the accuracy of the 

GCT can be improved significantly. 

The effect of a piece of highly nonlinear photonic crystal fiber (PCF) on the 

noise characteristics of DRA is studied for the first time in this thesis. The 

experimental results demonstrate that the optical signal to noise ratio (OSNR) of the 

distributed backward-pumped Raman amplifier will be improved when a piece of 

highly nonlinear PCF is inserted at the beginning of the amplification span. 

Based on dual order stimulated Raman scattering (SRS) of a single 1395nm 

Raman fiber laser (RFL) in 75km single mode fiber (SMF) and its 

corresponding dispersion compensation fiber (DCF) module, hybrid 

Raman/EDFA for L-band amplification is realized. By comparing the 

performance of gain and noise in four types of hybrid amplifier with different 
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span configurations, it is found that the distribution of the secondary L-band 

amplification obtained from Erbium doped fiber (EDF) along the span has a 

influence on the performance of hybrid amplifier. Gain and noise performance 

of hybrid amplifier can be improved by optimizing the position of EDF. 

A novel technique for polarization dependent gain (PDG) suppression using a 

polarization scrambler (PS) is proposed and demonstrated in this thesis. 

Investigations on PDG due to signal-to-signal Raman interaction (SSRI) among 

40-wavelength division multiplexed (WDM) signal channels are carried out 

experimentally to evaluate the system performance after incorporating a PS in 

the WDM communication system. 

This thesis also proposes some new applications of DRA, such as Raman 

assisted Radio over fiber (RoF) network, Raman assisted fiber optical 

parametric oscillator (FOPO) and Raman assisted broadband light source. In the 

case of Raman assisted RoF network, the impairment induced by stimulated 

Brillouin scattering (SBS) effect and noise characteristics of WDM fiber radio 

network assisted by DRA or EDFA are first investigated. 

For the case of Raman enhanced nonlinear effect, the influence of Raman 

amplification on the output characteristics of FOPO is investigated in detail. 

At the end of this thesis, a polarization insensitive high power broadband source 

is demonstrated based on the combined effects of dual-order SRS, parametric 

process in highly nonlinear fiber and Erbium doped super-fluorescent. 
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Chapter 1 Introduction 

Chapter 1 
Introduction 

1.1 Motivation 

1.1.1 Bandwidth Demand in Optical Communication System 

Over the last few years, there has been an increasing data-driven bandwidth 

demand for high capacity fiber optic transmission systems ranging from short to 

ultra-long haul systems. This has led to a rapid development of new types of 

fiber, all-fiber components, amplification schemes, modulation formats and 

detection techniques [1,2]. 

Recently, many new types of fiber with high transmission performance have 

appeared, such as non-zero dispersion shift fiber (NZDSF), photonic crystal 

fiber (PCF), high Raman gain coefficient fiber and low loss fiber [1]. In 

addition, the availability of all-fiber components to replace bulk optics has led 

to the revolution in optical communication system. For example, fiber Bragg 

gratings (FBG), special couplers and wavelength division multiplexers (WDM) 

have made splicing easier in all-fiber communication system [1]. In most of the 

current fiber communication systems, on-off keying (OOK) is the dominant 

modulation format, in which the intensity of optical carrier is modulated by data 
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into two levels. At the receiver end, the OOK signal is incident directly on a 

photo-detector, which converts light into electric signal through the 

photoelectric effect. During the 1980s to 1990s, alternative modulation and 

detection techniques were studied intensively in order to improve the receiver 

sensitivity of OOK with direct detection. New techniques pay attention to the 

modulation of phase or frequency of optical carrier, such as differential phase 

shift keying (DPSK) and frequency shift keying (FSK). New detection 

techniques including homodyne and heterodyne detection were explored to 

improve the sensitivity of the receiving system. However, the works in these 

directions have stopped in the early 90's due to the invention of low cost 

Erbium doped fiber amplifier (EDFA). Since then, EDFA has been the driving 

force in high capacity optical communication system. In recent years, the quest 

for higher performance optical communication system has driven researcher to 

re-look at some alternative optical amplifiers. One of the most important ones is 

distributed Raman amplifier (DRA) [3]. 

DRA can improve the noise performance and reduce the nonlinear penalty 

compared with conventional lumped amplifier, such as EDFA, it has been 

applied extensively in long-haul, high-speed optical communication systems 

with substantially improved system performance comparing with conventional 

system [1, 2,4]. 

1.1.2 Advantages of Fiber Raman Amplifier 

Compared with the conventional optical amplifiers, fiber Raman amplifier 

(FRA) has the following advantages: First, stimulated Raman scattering (SRS) 
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effect exists in all kinds of fiber and hence it is easier and more cost-effective to 

upgrade the communication system from the terminal ends. The second 

advantage is that the gain spectrum provided by Raman amplifier can be 

tailored by adjusting the pump wavelengths. As a result, multi-wavelength 

Raman pumps can be used to broaden the amplification bandwidth [1]. Third, 

SRS is a non-resonant effect, which means that Raman gain is available over 

the entire low attenuation region of the fiber ranging from approximately \3/jm 

to 1.6//m. 

0.40 

- I — i — i — i — | — . — | — i — | — • — | — , — | — i — | — , — | — , — | — , — r 

1420 1440 1460 1480 1500 1520 1540 1560 1580 1600 1620 1640 

Wavelength (nm) 

Figure 1-1 Gain bandwidth available for TDFA, EDFA, GS-EDFA andFRA 

As shown in Figure 1-1, several communication bands co-exist within the low 

attenuation region of single mode fiber (SMF). Optical amplifiers based on 

rare-earth ions can only provide a limited gain bandwidth. For example, 

Thulium doped fiber amplifier (TDFA) operates in the S-band, which stretches 

from roughly 1480 to 1525nm, EDFA operates in the C-band, which stretches 

from 1530 to 1565nm and gain-shifted EDFA (GS-EDFA) operates in the L-
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Chapter 1 Introduction 

band, which stretches from about 1565 to 1625nm. FRA gain can cover C-band, 

L-band and even S-band. Generally, discrete Raman amplifiers are utilized to 

open up new communication windows for wavelength multiplexing such as at 

1300nm, 1400nm, or short wavelength S-band [1,4]. 

The fourth advantage is that Raman amplification does not depend on the 

relative direction of the pump and wavelength division multiplexed (WDM) 

signal channels, thus allowing many kinds of pumping configurations, such as 

forward pumping scheme, backward pumping scheme and bi-directional 

pumping scheme, as illustrated in Figure 1-2 [1, 2, 4]. 

Gain Fiber 
Signal in Signal out 

0 L 

Figure 1-2 Raman pumping configurations 

Backward 
Pumps 

Compared with the lumped optical amplifiers, such as discrete Raman amplifier 

or EDFA, DRA has many advantages, which enables the use of DRA in many 

long-haul and ultra-long-haul transmission system [1]. The key advantage is 

that DRA can optimize the signal power distribution along the transmission 

span. Using a DRA to improve the optical signal to noise ratio (OSNR) and 

reduce the nonlinear penalty is illustrated in Figure 1-3. In this figure, the signal 

power distribution is plotted versus distance for a periodically amplified system. 
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The saw-tooth like curves correspond to lumped amplification, while the dotted 

curves correspond to the use of DRA. It can be found from Figure 1 -3 that there 

is an upper limit and a low limit in terms of signal power distribution for 

amplification. If the signal enters the fiber span beyond the high power 

limitation, it suffers from higher nonlinear effect. If the signal enters the low 

power region, higher noise degradation will be induced for the next amplifier. 

Consequently, the OSNR remains higher with the use of the DRA. For lumped 

amplification, the power at the amplifier span input side is within the high 

power limit region and power at the amplifier span output side is within the low 

power limit region, which leads to increased nonlinear penalty and degraded 

OSNR. However, DRA can reduce the overall excursion that the signal 

experiences, which is shown in Figure 1-3. When using DRA, the signal power 

at the input and output sides can be outside of two power limit regions, which 

can reduce nonlinear penalty and improve OSNR simultaneously [1,2, 4]. 

Z(km) 

Figure 1-3 Comparison of signal power distribution along amplification span in lumped and 
distributed amplifier. Solid line: lumped amplifier; Dotted line: distributed amplifier 

1.1.3 Challenges in Applications of Fiber Raman Amplifier 

Besides the advantages of DRA, there are also a number of challenges 

preventing Raman amplifier from becoming the dominant means of optical 
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amplification in optical communication system. The first one is the relatively 

poor pumping efficiency of FRA compared with that of EDFA. As a result, 

FRA requires much higher pumping power than that required by EDFA. The 

second disadvantage is due to the fast response of FRA, which degrades the 

system performance due to relative intensity noise (RIN) transferring from 

Raman pumps to signal channels [5-7]. The third disadvantage is that normal 

Raman amplifier implementation suffers from polarization dependent gain 

(PDG). Studies on the impact of PDG and polarization dependent loss (PDL) in 

long-haul optical amplified systems have shown that bit error ratio (BER) 

fluctuations are a strong function of the combined effects of PDG and PDL [8-

15]. In addition, double Rayleigh backscattering (DRBS) noise is also an 

important challenge for DRA. Both gain and noise flattened DRA design using 

multiple wavelength Raman pump lasers is another challenge. Although much 

research has been done, a simple while effective design methodology is yet to 

be found. All these issues need to be addressed in order to improve the 

performance of DRA based systems. 

1.1.4 New Applications of Fiber Raman Amplifier 

In addition to application in long haul distributed transmission systems, FRA 

has also found applications in new areas recently. These include Raman assisted 

all optical signal processing, remote sensor systems and radio over fiber (RoF) 

systems. 

Wavelength conversion is recognized as an important function in future optical 

networks employing WDM and optical cross connect (OXC). Four-wave 
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mixing (FWM) or cross phase modulation (XPM) are important nonlinear 

effects in optical fibers that have potential applications in high speed 

wavelength conversion as well as all-optical signal processing. However, low 

conversion efficiency and a relatively narrow parametric bandwidth limit their 

usefulness. In order to overcome these limitations, there have been many 

studies on the use of combined nonlinear effects, such as parametric 

amplification, Raman amplification and FWM. The influence of Raman 

amplification on the conversion efficiency, parametric bandwidth and 

polarization insensitive characteristics of FWM and XPM has been studied 

extensively recently [16-32]. 

It is known that the sensitivity of fiber sensor is limited by the attenuation of 

probe signal. Recently, Raman amplification assisted remote fiber sensors are 

being used to extend the span range and increase the sensitivity of the sensor. 

There are two types of configurations, one is utilizing a continuous wave (CW) 

Raman pump to provide distributed Raman gain for the probe signal and 

backscattered signal along the span link directly; another is using Raman pump 

lasers to remotely pump a piece of Erbium doped fiber (EDF) located down the 

sensing fiber. In the second scheme, Raman pump provides the Raman 

amplification for both the probing signal and backscattered signal. In addition, 

the remaining pump power is also used to remotely pump a piece of EDF 

located within the span link and hence provides secondary amplification [33-

35]. 
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1.2 Objectives 

Although FRA has been studied extensively, many research issues still need to 

be addressed. The objectives of the study in this thesis are to identify these 

problems and to find suitable solutions. In particular, the research study aims to 

address the following issues: 

1. Investigation on the gain flattening optimization algorithms of DRA 

1.1) To study fast and simple optimization algorithms based on the 

geometrical characteristic of SRS spectrum. 

1.2) To study the performance of hybrid optimization algorithm based on 

geometry compensation technique (GCT) and genetic algorithm (GA). 

2. Suppression of impairments induced by DRA 

2.1) To investigate the effect of inserting a piece of PCF on the noise 

performance of DRA. 

2.2) To investigate the effect of inserting a piece of remote EDF pumped by 

dual-order SRS on the noise performance of DRA. 

2.3) To study the influence of signal to signal Raman interaction (SSRI) on 

the PDG and also investigate the effects of fiber polarization mode 

dispersion (PMD) and Raman gain coefficient of different gain fibers on 

PDG. 

3. Exploration of new applications of DRA 
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3.1) To investigate the gain and noise performance in the downlink and 

uplink of RoF network under the assistance of DRA and study the effect 

of DRA on the nonlinear degradation of RoF network. 

3.2) To investigate the characteristics and features of fiber optical parametric 

oscillator (FOPO) assisted by Raman amplification. 

3.3) To generate high power broadband light source based on hybrid effects 

of dual-order SRS, parametric process and super-fluorescent. 

1.3 Major Contributions 

The major contributions of the thesis are listed as fallowings: 

This thesis first proposes an effective GCT to optimize the broadband gain 

spectrum of Raman amplifier. Through linearly approximating a given Raman 

gain profile into several asymptotic segments, gain flattening design of DRA 

can be achieved through simple geometrical slope compensation using gain 

spectra from different pump lasers. This method greatly simplifies the design 

procedures and enables real time control of Raman amplifiers in optical 

communication systems. 

In order to improve the accuracy of GCT and increase the convergence speed of 

GA, a hybrid optimization algorithm based on GCT and GA is proposed in this 

thesis. This model optimizes the pump wavelengths using GCT and pump path 

integrals using GA respectively. In this way, two dimensional random searches 

in GA can be reduced to one dimensional random search. 
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This thesis also studies the effect of a piece of highly nonlinear PCF on the 

noise characteristics of a backward pumped DRA. The PCF has a high Raman 

gain coefficient and a high Rayleigh scattering coefficient. When an optical 

signal passes through 100m highly nonlinear PCF followed by 25km SMF, the 

optical signal noise ratio (OSNR) of the ASE and die DRBS are improved 

simultaneously. 

Based on dual-order SRS of a single 1395nm RFL in 75km SMF and its 

corresponding DCF, a hybrid Raman/EDFA for L-band amplification is studied 

in this thesis. It is found that the distribution of the secondary L-band 

amplification obtained from the EDF along the span link has a great influence 

on the performance of the hybrid amplifier. Both the gain and noise 

performance of the hybrid amplifier can be improved greatly by optimizing the 

position of the EDF. Moreover, flat gain bandwidth can be extended from L-

band to C+L band by recycling the residual first order SRS (FOSRS) to pump a 

piece of EDF with optimal length. 

A novel PDG suppression technique is proposed based on a wavelength 

dependent polarization scrambler (PS). Investigations on PDG due to SSRI 

among 40 WDM channels are carried out experimentally to evaluate the system 

performance after incorporating a PS in the system. 

This thesis investigates the power limitation induced by SBS effect and noise 

characteristics of WDM fiber-radio network assisted by DRA or EDFA. 

Experimental results indicate that forward pumped DRA can increase the link 

10 
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optical output power limited by SBS effect in downstream transmission and 

backward pumped DRA can improve signal to noise ratio (SNR) in upstream 

transmission, which is verified by transmission experiments using binary phase 

shift keying (BPSK) format. Moreover, experimental results show that DRA 

does not introduce additional impairment from inter-channel crosstalk due to 

XPM and degradation in spur free dynamic range (SFDR) [36-46]. 

Assisted by SRS, a continuous-wave pumped, all-fiber optical parametric 

oscillator around 1523nm is investigated in this thesis. Furthermore, a 

depolarized broadband source of about 20nm (1570nm ~1640nm) based on 

combined effects of SRS and parametric effect is obtained [47-52]. 

At the end of this thesis, a novel technique is proposed by applying a single 

1395nm RFL to generate a depolarized broadband source. This broadband 

source is based on the second order SRS, parametric FWM in 3km highly 

nonlinear dispersion shift fiber (HNDSF) and Erbium-doped super-fluorescent 

by recycling the residual FOSRS to pump 10m EDF. A broadband spectrum 

from 1520nm to 1620nm with stable output powers more than 200mW is 

achieved as pump power reaches 1.3W [53-56]. 

1.4 Organization 

This thesis is organized into six chapters. 

In Chapter 1, a brief introduction is given to present the motivation, objectives 

and major contributions by the author in this thesis. 
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In Chapter 2, the fundamental concepts, background knowledge of the FRA are 

first discussed and then the recent progresses in this area are reviewed. 

In Chapter 3, several optimization algorithms are proposed to obtain broadband 

flat multi-wavelength backward pumped DRA. A simple GCT is first proposed 

to optimize a multi-wavelength backward pumped DRA based on the geometric 

characteristics of Raman gain profile. Then a hybrid optimization algorithm 

based on the GCT and GA is proposed, which can overcome the disadvantages 

in both GCT and GA. 

Chapter 4 first discusses noise sources in DRA and then proposes some 

solutions to suppress these impairments in the Raman amplified system. 

• Experimentally study the effect of a piece of nonlinear PCF on the noise 

characteristics of a backward pumped DRA. 

• Utilizing dual-order SRS to pump a piece of remote EDF located down 

the fiber span to improve the noise and gain performances. 

• Using a PS to reduce PDG effectively while keeping the PMD value of 

the transmission system at low level simultaneously. 

Chapter 5 first introduces the application of DRA to improve the performance 

of WDM fiber-radio network without introducing additional impairment from 

inter-channel crosstalk due to XPM and degradation of SFDR. Then a Raman 
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assisted polarization insensitive FOPO is developed and investigated. In 

addition, a depolarized broadband light source ranging from 1570nm to 1640nm 

with high output power and flat spectrum is generated simultaneously due to the 

combined action of the second order SRS (SOSRS) and parametric process. At 

the end of this chapter, a broadband light source based on SOSRS, parametric 

FWM in 3km highly nonlinear dispersion shift fiber together with Erbium-

doped super-fluorescent is presented. 

Finally, Chapter 6 summarizes the work in this thesis with some conclusions 

and gives plans for further research in the area. 
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Chapter 2 

Fiber Raman Amplifier and its 

Characteristics 

2.1 Introduction 

Fiber Raman amplifier (FRA) was first demonstrated by Stolen and Ippen in the 

early 1970's [57]. However, since high power and low cost pump laser diode 

(LD) was not available at that time, throughout the 1970s and the first half of 

the 1980s, FRA remained primarily laboratory curiosities [2]. By the early part 

of 2000s, there has been a fast explosive development of optical fiber 

communication driven by the demand on data bandwidth [58, 59]. In 

conjunction with the maturity of high power Raman pump sources [60-64], 

distributed Raman amplifier (DRA) has demonstrated some superior 

performance over conventional optical amplifiers, such as Erbium doped fiber 

amplifier (EDFA). It can improve the noise performance and reduce the 

nonlinear penalty in fiber communication systems, allowing for longer 
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amplifier spans. As a result, many long haul or ultra-long-haul fiber optic 

transmission systems have chosen DRA [1, 31, 65-74]. Lumped or discrete 

Raman amplifiers are primarily used to increase the capacity of the optical 

networks by opening up new wavelength windows for wavelength division 

multiplexed (WDM) communication, which cannot be achieved by using rare 

earth doped fiber amplifiers [75-77]. However, there still exist many issues 

associated with FRA for its practical application. The objectives of this chapter 

are to identify these issues [1,4]. 

The contents of this chapter are shown as follows. The basic principle of FRA 

and the definition of gain and noise figure of FRA are introduced in section 2.2. 

Then several types of pumping schemes of DRA are discussed in section 2.3, 

including multi-wavelength backward pumped broadband flat DRA, time 

division multiplexing (TDM) pumping scheme and higher order Raman 

amplification. Section 2.4 discusses the gain characteristics of FRA, including 

new optimization algorithms of multi-wavelength backward pumped broadband 

flat DRA, Raman gain characteristics in different types of gain fibers, gain 

saturation characteristics of DRA, transient effect in saturated Raman amplifier 

together with its gain control and gain tilt due to signal to signal Raman 

interaction (SSRI). Noise sources in DRA are discussed in section 2.5, which 

include amplified spontaneous emission (ASE), double Rayleigh backscattering 

(DRBS), relative intensity noise (RIN) and impairments induced by polarization 

dependent gain (PDG) or non-degenerated four wave mixing (FWM) between 

pump and signal channels. Section 2.6 reviews new applications based on 

Raman amplification, such as Raman assisted FWM, Raman assisted parametric 
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amplifier, Raman assisted cross phase mixing (XPM) and remote fiber sensor 

system. 

2.2 Basic Principle of Fiber Raman Amplifier 

2.2.1 Physical Model of Stimulated Raman Scattering 

The basic physical process of FRA is stimulated Raman scattering (SRS) 

interaction between pump and signal waves, as shown in Figure 2-1. In this 

process, pump photon first transfers to a virtual upper energy state, then gives 

up energy to create a new photon at signal wavelength, plus some residual 

energy, which is absorbed by phonons (vibration energy) [57, 78]. As a result, 

signal lights are amplified. SRS process occurs when the high power pump and 

signal waves are launched into fiber in counter-direction or co-direction. 

Virtual upper state 

JjjjjjJ | | Amplified signal 

signal 

Vibration states 

• Ground state 

Figure 2-1 Physical process of stimulated Raman scattering 

2.2.2 Mathematical Model of a Fiber Raman Amplifier 

In steady state, wave propagation in a multi-wavelength pumped Raman 

amplifier can be described by a set of coupled nonlinear Equations (2-1) and (2-

2). It takes into account the following physical effects: spontaneous Raman 

emission and its temperature dependent characteristics, DRBS noise, Raman 

interaction between a number of pump and signal waves in either direction, 
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pump-to-pump, signal-to-signal Raman interactions and wavelength-dependent 

linear attenuation experienced by all the pump and signal waves [78-80]. 

+ v v 
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pump-to-pump, signal-to-signal Raman interactions and wavelength-dependent 

linear attenuation experienced by all the pump and signal waves [78-80]. 

dPAz,v) 

dz 

- [ £-(v-aPAz,Q+Pfc,01PAz,v)<K 

+lj*vj-(v-o[pr(z,o+pb(z,m+-^^w 

"'' %V)- =^(y)Pb(z,v)+y{v)Pf{z,v) 
dz 

t 

+ f ttvj-iv-oiP^o+P^OW+^i^W (2"2) 

- [ •£-(v-Q\P,{z,Q+Ph(z,Qy>(z,W; 

+ ljh^(v-aP/(z,Q+Kz,0W+-2^j35W 

In both equations, Pf(z,v) and Pk(z,v) are the power distribution of forward and 

backward propagating frequency v at distance z along the fiber link 

respectively; a(v), Aeffand y{v) are fiber attenuation, fiber effective area and 

Rayleigh backscattering coefficient, respectively; gr(Av) is the Raman gain 

coefficient between two waves separated by frequency Av; h is the Planck's 

constant; k is the Boltzman's constant; r is temperature of the fiber. 

If the spontaneous Raman scattering and Rayleigh backscattering are ignored, 

which have little influence on the gain spectrum of a Raman amplifier, wave 
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propagation model for Raman amplifier can be simplified as the following 

Equations (2-3) [81, 82]. 

±^=.atPk+yi^^PjP^f^l^lAPA (2_3) 
"Z 7-1 K4tA4 j=k*\Vj KeffAeff 

where the frequencies are numerated in decreasing order (v, > vy for i < j ), 

indexes k = \,2...« correspond to the backward propagating pump waves (the 

minus sign on the left hand) and indexes k = n + \,n + 2...n + m correspond to the 

forward propagating signal waves (plus sign on the left hand side). Here, the 

values Pt , v, and a{ describe the power, frequency and fiber attenuation 

coefficient for the i'h wave ( i = l,2...n + m ) respectively. A^-accounts for 

polarization dependent characteristics between the pump and signal since the 

Raman gain is polarization dependent, which is between 1 and 2. 

After some mathematical manipulations to the Equations (2-3), the gain model 

of the signal channel in dB can be described as linear superposition of the gain 

spectra with respective weighting factors, as given in Equation (2-4). 

G_dB=KKx(^xL+Jj(yj,vt)xIj+^jivj,yk)xIJ) 

KK = 10xlog(e); k = n + \,n + 2...n + m (2-4) 

/, = jV,(zVz (2-5) 
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In this equation, It corresponds to the path integral, which is defined as the 

integration of the power distribution of a given Raman pump laser or a signal 

wave along the span link, as shown in Equation (2-5). 

k = n + \, n + 2...n + mrepresent WDM signal waves, j = 1,2...n represent Raman 

pump lasers, a and L represent wavelength dependent loss in fiber and the 

length of Raman gain fiber respectively, e is the base of the natural system of 

logarithms. The first term represents the effect of linear attenuation of signal 

waves, the second term represents SSRI and the third term represents pump to 

signal Raman interaction (PSRI). 

2.2.3 Definition of Gain Characteristics in Raman Amplifier 

Generally, on-off gain and net gain are used to describe the Raman 

amplification characteristics of FRA. On-off gain is defined as the increase of 

output signal power when the Raman pumps are turned on, which is shown in 

Equation (2-6). 

P (L) 
s-> _ 5 pump ON \ ' /*\ f-\ 
^ON-OFF ~ ~~Z 7TT \~~V) 

"l pump OFF V-') 

where P, pump 0N{L) a n d p,.w_OFF(L) correspond to the output signal power as 

Raman pumps are turned on or off respectively. 

Similarly, net gain is defined as the increase of output signal power when the 

Raman pump lasers are turned on compared with the input signal power, which 

is shown in Equation (2-7). 
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°--W> ( 2-7> 

where PS(L) corresponds to the output signal power as Raman pumps are turned 

on and Ps(o) is the input signal power. 

2.2.4 Definition of Noise Performance in Raman Amplifier 

Quantitative analysis of degradation of system performance induced by noise 

sources is an important issue for optical amplifier. Here, noise figure (NF) is 

chosen to quantify the influence of noise sources of FRA on the optical 

communication system. The definition of NF is shown in Equation (2-8). 

SNR. 

where SNRiri and SNRoul are the signal to noise ratio (SNR) of the input and 

output electrical signal respectively. 

For a Raman amplified system, where the signal-spontaneous beat noise is the 

dominant noise source, NF can be approximated as Equation (2-9). 

2P*(L) 1 NF* A y > + — (2-9) 
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where P/(L) is the ASE power in one polarization component in bandwidth 

Bn/, h is Planck's constant, V is the frequency of the signal wave and Gml is 

the net gain of FRA in signal wave. The first term in Equation (2-9) 

corresponds to the noise coming from ASE and the second term accounts for 

shot noise [4]. 

In the case of cascaded FRA, overall degradation of communication system 

induced by noise can be defined as NFoverall in Equation (2-10), where NF, and 

Gf are the NF and net gain for the t amplifier in the cascaded FRA amplified 

communication system [4]. 

, „ , NF, - 1 NF, - 1 
NFmerall = NF{ + — ^ — + - ^ - + (2.io) 

In order to make comparison of the noise performance between lumped and 

distributed amplifiers, NFeff is introduced and defined in Equation (2-11), where 

LJB is the passive span loss [4]. 

NFjdB)=NF-LJB (2-11) 

Since DRBS noise is an important issue for DRA and the system performance 

will be degraded greatly due to DRBS. In order to consider the influence of 

DRBS and ASE noise together, a total NF is defined in Equation (2-12) [4]. 
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NF m NF + NF + NF 

2P;{L) ^ 1 {9j
P°*°s (2-12) 

* hvBrefGne,
 + GM

 + \B2
+B> 

hv. _ G.„, 

The first term NF!ig_s/mi in this equation corresponds to noise from signal-

spontaneous beating, the second term NF!)ml represents the shot noise and the 

third term NFDRBS accounts for DRBS noise induced multiple path interference 

(MPI). PMBS is the double backscattered power, Bo and Be are the signal 

bandwidth and electrical filter bandwidth respectively. 

2.3 Pumping Schemes of Fiber Raman Amplifier 

2.3.1 Multi-wavelength Pumped Broadband FRA 

Since the SRS spectrum of a single Raman pump is extremely broad and thus 

flat Raman gain bandwidth can be extended by adding new Raman pump lasers. 

Multi-wavelength Raman pumps had been used to demonstrate broadband 

Raman amplifiers with bandwidth more than lOOnm covering C+L-band and 

gain ripple less than 0.5dB. Figure 2-2 shows the schematic of a commercial 

Raman pump module using three high-power LDs with different wavelengths to 

obtain a C+L-band Raman gain spectrum. The wavelengths of Raman pump are 

1427nm, 1457nm and 1495nm respectively. In order to eliminate the 

polarization dependence of the Raman gain, each Raman pump has two 

polarization-multiplexed LDs using polarization beam combiner (PBC) and 

each LD is stabilized by using an external FBG to achieve a stable output. 
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Three Raman pump lasers with different wavelengths are then combined 

together using two Raman pump combiner (RPC) [2, 83]. 

1427nm 

1427nm 

1457nm 

1457nm 

1495nm 

1485nm 

M i l l I 

? 
I l l II ' 

PBC 

RPCth 
M i l l | 

f 
HIM ' RPCO 

i n I I I 

7 
_ M i l l ' , 

PBC 

LD FBG 

Figure 2-2 Schematic diagram of three wavelength high power pump LDs 

Although multi-wavelength Raman pumps can provide broadband and flat gain 

spectrum, several detrimental effects limit the system performance even in case 

of backward pumped DRA. First, due to pump to pump Raman interactions, 

Raman pump lasers at short wavelength will transfer energy to those at long 

wavelength band [78]. As a result, Raman pumps must be designed to 

concentrate most power at short wavelengths in order to maximize the gain 

whilst maintaining a flat gain spectrum. Second, since short wavelength Raman 

pumps will give most gain near the beginning of the fiber link, while long 

wavelength Raman pumps will drain much energy from short wavelength 

Raman pumps and hence provide higher Raman gain at the end of fiber span. 

As a result, noise performance at long wavelength band will be better than that 

at short wavelength band. That means the noise performance is not the same for 

all WDM signal channels although exhibiting the same gain value [84, 85]. In 
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addition, pump-to-pump FWM will degrade the performance of DRA amplified 

communication systems as the fiber zero dispersion wavelength (ZDW) located 

among the pump bands [86-91]. 

2.3.2 High-order Raman Amplifier 

Recently, high-order Raman pumping scheme has been utilized to optimize the 

signal power distribution along the fiber span and hence improve the noise 

performance. In a conventional second-order Raman amplifier, two Raman 

pumps are required, the first order Raman pump has higher power, while the 

second order Raman pump has relatively low power. First order Raman pump 

with high output power is used to amplify second order Raman pump with 

relative low power and then the amplified second order Raman pump is used to 

realize the second order amplification of signal waves. In this way, second-order 

DRA can move the gain of signal waves further toward the end of span link. As 

a result, noise performance of the second order Raman amplifier can be 

improved [92, 93]. In addition, some experiments have shown that the second 

order Raman pumping scheme can be used to reduce the NF tilt inherent to the 

broadband WDM communication system using DRA [94]. 

Although noise performance can be improved by using high order DRA, other 

impairments, such as MPI noise due to DRBS, RIN and nonlinear effects will 

become significant due to the high-order Raman amplification. Experimental 

results indicate that the RIN transferring function in the second-order DRA is 

nearly 15dB higher than that in the first-order DRA [95, 96]. 
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2.3.3 Time-division Multiplexing Pumping Scheme 

TDM pumping technology is utilized to eliminate SRS interactions among 

various pump wavelengths. In this scheme, Raman pumps with different 

wavelengths are temporally separated or one tunable single-wavelength pump 

laser is swept over a wavelength path. In this way, pump-to-pump FWM and 

the energy transferring among the Raman pumps can be eliminated. As a result, 

the power arrangement of different Raman pump lasers will become more 

reasonable and the degradation of the noise performance at short wavelength 

region can be suppressed [97]. The main problem associated with TDM 

pumping scheme is that the peak power of individual pump laser must be 

increased in order to achieve the same Raman gain. However, since the SRS 

interaction between Raman pumps with small wavelength separation is not 

strong as that between Raman pumps far away from each other, TDM pumping 

technology can be utilized only between Raman pump lasers with large 

wavelength separation and hence can reduce the requirement for peak power of 

Raman pumps [98]. 

However, since the amplitude modulations of Raman pumps can be easily 

transferred to the signal channels due to cross gain modulation (XGM) in 

forward pumped DRA. As a result, the modulation information overlaid onto 

the signal channels will degrade the performance of the transmission system 

since it causes some distortion to the original data signals. In addition, even for 

a backward pumped DRA, low frequency modulation of Raman pumps will 

give rise to DRBS and ASE noise, which also degrades the transmission quality 

of signals greatly. Consequently, although the TDM pumping scheme can 
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eliminate the nonlinear interactions among Raman pumps, the additional 

complexity and new introduced noise prevent this scheme from practical 

application in transmission system [99-103]. 

2.3.4 Hybrid Raman/EDFA Pumping Scheme 

Although DRA has played a key role in improving the noise performance and 

extending the transmission span, relatively low pumping efficiency due to 

small Raman gain coefficient of transmission fibers and a significant amount of 

wasted pump power, has limited its practical application in transmission 

systems. In order to reduce the waste of Raman pump and consequently to 

increase overall power conversion efficiency, the unused residual Raman pump 

is recycled by using a pump reflector [104] or employing new fibers with high 

Raman gain coefficient [105]. Hybrid Raman/EDFA is reported in [106] to 

improve the power conversion efficiency, where the residual pump power after 

dispersion compensation fiber (DCF) is recycled for secondary signal 

amplification in a segment of Erbium doped fiber (EDF) following the DCF. In 

addition, hybrid Raman/EDFA and RamanfTDFA can also be used to extend 

the gain bandwidth [107, 108]. 

Compared with common first-order Raman amplifications, second-order Raman 

amplifications can improve the noise performance further [92]. However, a 

relatively low pumping efficiency of the second-order Raman scattering and a 

significant amount of wasted first-order pump power are also issues need to be 

addressed before their practical application in transmission systems [88-92]. In 

Chapter 4 of this thesis, a Raman/EDFA hybrid amplifier based on dual-order 
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SRS of a single-pump is discussed in detail, which can increase the pumping 

efficiency and improve the noise performance of a transmission system. 

2.4 Gain Characteristics of a Raman Amplifier 

2.4.1 Raman Gain Characteristics in Different Gain Fibers 

Raman amplification can be realized in all kinds of fiber. However, Raman gain 

coefficients measured are not the same for different fibers and are determined 

by many parameters. The magnitude of the SRS profile is determined by 

effective mode-field area (Ae//) at signal or pump wavelength, while the shape of 

SRS profile is determined by respective fractions of GeC>2 and Silica. Because 

the Aeff of DCF, dispersion shift fiber (DSF) and single mode fiber (SMF) are 

different, the amplitudes of SRS profile of these fibers are not the same. 

However, due to the same fraction of GeOi and Silica in these three kinds of 

fiber, their normalized SRS profiles are almost the same. Recently, several 

kinds of new fiber have been developed, such as highly nonlinear fiber (HNLF) 

and photonic crystal fiber (PCF), which have much higher Raman gain 

coefficient than that of conventional fibers. The large Raman gain coefficient of 

HNLF is due to the small effective area and higher Ge02 doping concentration 

[2]. While the large Raman gain coefficient of PCF is also influenced by its 

special waveguide structure. The waveguide structure of one kind of highly 

nonlinear PCF is shown in Figure 2-3, the hybrid core region comprising a 

germanium-doped center element (n =1.487) surrounded by three fluorine-

doped regions (« =1.440) is embedded in a standard triangular air/silica 

cladding structure. The diameter of the doped elements equals the pitch (A =1.5 
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Figure 2-3 Transverse structure of the highly nonlinear photonic crystal fiber 

Generally, the Aeff of DCF, HNLF, SMF, DSF, and PCF are 15//m2, 55/im2, 

80//w2, 10/jm2 and 6/jm2 respectively, and their corresponding loss coefficients 

at pump and signal wavelength are shown in Table 2-1. 

Loss@1550 
(dB/km) 

Loss@1450 
(dB/km) 

Aeff(jjm
2) 

DCF 
0.49 

0.69 

15 

HNLF 
0.7 

0.85 

10 

SMF 
0.22 

0.25 

80 

DSF 
0.21 

0.25 

55 

PCF 
9 

9 

6 

Table 2-1 Parameters of five types of fibers 

2.4.2 Gain Saturation Effect in Fiber Raman Amplifier 

Gain saturation effect in FRA is characterized by the decreasing of gain when 

increasing the total launched optical signal power [109]. Although the gain 

saturation effect of Raman amplifier system is much smaller than that of EDFA 
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system [110], signal power fluctuation will be caused by add/drop channels due 

to gain saturation effect in FRA system. In addition, gain saturation effect of 

FRA is wavelength dependent, therefore Raman gain spectrum over a wideband 

signal channels will become tilted due to gain saturation effect [110]. 

2.4.3 Gain Transient Effect in Fiber Raman Amplifier 

In modern optical telecommunication systems, channel add/drop events and 

accidental cable cuts will induce sudden fluctuations in the overall launched 

signal power into an optical amplifier. Such kind of power fluctuation of the 

launched optical signals has been observed to induce gain transient effects in 

EDFA amplified communication system [111]. As a result, gain excursions of 

the surviving channels have to be controlled within a small range in order not to 

affect the quality of communication system. There have been many proposed 

schemes to realize the gain control in EDFA amplified system. 

Recently, gain transient effect has also been observed in saturated Raman 

amplifier [109, 112, 113]. The reason is that the strong power of the signal 

leading edge at the end of Raman amplifier depletes the injected pump and 

hence the residual part of the signal pulse cannot obtain the same gain as high 

as that in the signal pulse leading edge. 

In order to assure the quality of the transmission system utilizing DRA, gain 

excursion of the surviving channels induced by adding/dropping signal channels 

must be controlled. Many control schemes have been proposed. 
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1) One of the gain control schemes is utilizing optical gain clamping 

technique, which can suppress the gain variation from 20dBm to 

2.7dBm [114, 115]. However, this control technology requires an optical 

feedback loop to sustain a clamping laser to suppress the transient effect 

of the signal channel, which is not practical for long-haul DRA. 

2) In order to find an effective gain clamping scheme for DRA, hybrid 

amplifier, which consists of short length EDFA and long haul DRA 

[116-118], is adopted to control the gain transient effect in DRA. 

Experimental results indicate that controlling the gain transient effect in 

the hybrid EDFA/DRA system can be realized by only controlling the 

gain transient effect of EDFA. 

3) Another kind of gain control scheme is realized based on electrical 

control method completely, which is effective for both the discrete 

Raman amplifier and DRA. Transient gain control can be achieved 

through utilizing algorithm of the proportional-integral-derivative (PID) 

[119]. 

2.4.4 Raman Gain Tilt in a Broadband DRA 

Raman gain tilt is also an important issue that should be considered in 

broadband DRA design for WDM communication system. The origin of gain 

tilt is mainly due to the SSRI among wideband WDM signal channels. Because 

the overall Raman gain spectrum in cascaded DRA will become dramatically 

tilted due to the accumulation of degradation from individual span, some 

30 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Fiber Raman Amplifier and its Characteristics 

particular signal channels will suffer excessive penalties induced by nonlinear 

impairment or noise degradation [12, 78, 120-122]. 

In order to suppress the dynamic degradation in particular signal channels due 

to gain tilt in cascaded DRAs, many schemes have been proposed to control this 

effect. 

1) One scheme is utilizing hybrid EDFA/DRA to limit the accumulation of 

gain tilt in long-haul WDM communication system [121]. 

2) It has been known that gain saturation effect will also lead to Raman 

gain tilt. However, gain tilt induced by gain saturation effect behaves in 

an opposite manner to that caused by SSRI in DRA. Therefore, gain 

saturation effect can be utilized to suppress the gain tilt induced by SSRI 

effect, maintaining flat Raman gain spectrum over wideband WDM 

signal channels [122]. 

2.5 Noise Impairments of a Raman Amplifier 

In addition to the advantage of broadband flat gain spectrum provided by DRA, 

good noise performance is also an important aspect of DRA. A number of noise 

sources exist in DRA, which will be described briefly here. In Chapter 3 and 

Chapter 4 of this thesis, some novel schemes are proposed and discussed to 

optimize the gain and noise performance of DRA theoretically and 

experimentally in detail. 
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2.5.1 Noise from Amplified Spontaneous Emission 

The most important noise source appeared in DRA is ASE noise. The level of 

ASE noise can be assumed to be relatively low and it does not deplete the 

power of pump and signal waves, as a result, ASE power is purely additive for 

each channel and the modeling of ASE noise can be described as Equation (2-

13). 

"tP*sE.k + X 8<y,'v>)* PJ
 x ( p ^ + A ^ A M F ^ , {vJtvk)) (2-13) 

;«* 

^=(exp(4o-v 4 | ) /K7' - i ; r ' (2-14) 

where PASEk is used to represent the forward propagating ASE power in the k'h 

signal channel with bandwidth Av and the parameter Ffllim}yj,vt) in the 

spontaneous Raman scattering term is related to the number of optical photons 

N
Pko„. which is defined in Equation (2-14) [82, 88]. 

During the past few years, many schemes have been proposed to improve the 

performance of DRA by minimizing the ASE noise. 

1) First one, DRA combining forward and backward pumping 

configuration can achieve better noise performance [69, 123]. 

2) Another proposed scheme utilizes effective-area managed fiber, such as 

dispersion-managed fiber (DMF) within the span link to distribute the 

dP. 
dz 
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Raman gain more evenly along the fiber link [69]. In this way, noise 

performance can also be improved. 

3) Other proposed schemes include the use of the second- or higher order 

DRA, which can extend the Raman gain further to the span end. In this 

way, signal power distribution along the span link can be made more 

evenly and hence the noise performance can be improved [92-94]. 

2.5.2 Relative Intensity Noise Transferred from Pump to Signal 

Since SRS is a fast effect, which occurs in about sub-picosecond time scale. 

Therefore, power fluctuations in Raman pump lasers will be transferred to 

signal waves as one kind of noise. This phenomenon can be described in 

frequency domain as a transferring function of RIN from pump to signal waves, 

as shown in Equation (2-15). 

RINs(f)=H(f)RINP(f) (2-15) 

For a given FRA, the transferring function / /( /) depends on the pumping 

direction, pump and signal wavelength and on-off Raman gain. In addition, 

some characteristics of Raman gain fiber, such as fiber length, pump loss 

coefficient, dispersion and dispersion slope will also influence the RIN 

transferring efficiency [6, 117, 124, 125]. 

There have been many schemes to reduce the impairment of RIN noise on the 

performance of communication system. The direct way is to lower the RIN 
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noise inherent to Raman pump lasers [126, 127]. RIN transfer suppression in 

the second order forward pumped DRA can be realized by intensity modulating 

the seed pump laser to counteract the RTN noise of the first order Raman pump 

laser. This technique enables the use of Raman fiber laser (RFL) in forward 

pumped scheme [128, 129]. 

2.5.3 Double Rayleigh Back-Scattering Noise in DRA 

Rayleigh scattering is another important noise source for DRA in addition to 

ASE noise and RIN. Generally, Rayleigh scattering in conventional fibers arises 

from the light interaction with a material having uneven density. Fluctuation of 

the material density and composition occurring during the fiber manufacture 

process creates random in-homogeneities that result in refractive index 

variations. 

Different from the conventional lumped optical amplifier, the original low level 

of Rayleigh scattering signal will be enhanced in DRA. That is because the 

backscattered signal will be amplified twice by distributed amplification when 

it passes through the reflection sites. Figure 2-4 illustrates the generation and 

accumulation process of DRBS noise in single span DRA with length L [123, 

130-133]. 
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Figure 2-4 Schematic of the accumulation of small-signal model for DRBS noise 

2.5.4 OSNR Tilt over Wideband WDM Signal Channels 

Recently, multi-wavelength Raman pumps have been used to demonstrate a 

DRA with flat gain bandwidth exceeding 90nm. However, for such a broadband 

communication system, SSRI will induce power to be transferred from short 

wavelength channels to the long wavelength ones. As a result, the short 

wavelength signal channels experience additional loss. In addition, SRS 

interaction among Raman pumps will transfer power from short wavelength 

Raman pumps to the long wavelength Raman pumps. Therefore, for a backward 

pumped DRA, short wavelength Raman pumps will give most gain near the 

output of the fiber link where their pump power is large, while the long 

wavelength Raman pumps will drain much energy from the short wavelength 

Raman pumps and will be able to penetrate further into the fiber link, providing 

higher Raman gain towards the input end in long wavelength signal channels. 

As a result, the noise performance at long wavelength band will be better than 

that at short wavelength band. That means although a flat Raman gain spectrum 

over broadband WDM signal channels is achieved, noise figure is not the same 
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among all the signal channels. This will degrade the system performance since 

the system limitations are mainly determined by the noise performance in the 

worst signal channel [85]. 

Recently, several optimizing schemes have been proposed to flatten the noise 

performance over wideband WDM signal channels in DRA: 

1) Since optical amplification prior to transmission loss can generally 

suppress the subsequent ASE noise, forward pumped DRA has better 

noise performance than backward pumped one, therefore moving some 

shortest wavelength Raman pump lasers as forward pump lasers can 

compensate the tilt of optical signal to noise ratio (OSNR) [84]. 

2) Since TDM pumping scheme can remove the SRS interaction among 

Raman pump lasers, the degradation of noise performance in short 

wavelength region can be mitigated to some extend by using TDM 

pumping scheme [99]. 

3) Some experiments have indicated that second-order DRA can be utilized 

to flatten noise performance over wideband WDM signal channels [62]. 

2.5.5 Polarization Dependent Gain Characteristics in DRA 

SRS process is polarization dependent. The Raman gain between co-polarized 

waves is almost one order of magnitude higher than that between orthogonal 

polarized waves near the peak amplitude of SRS profile [4]. As a result, random 
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amplitude fluctuations due to PDG can occur if the relative polarization states 

of pump or signal waves vary randomly [4]. Studies on the impact of PDG and 

polarization dependent loss (PDL) in long-haul DRA have shown that bit error 

ratio (BER) fluctuations are a strong function of the combined effects of PDG 

and PDL [11]. 

Polarization induced penalty exists in both pump-to-pump Raman interaction 

(PPRI) and PSRI. In order to reduce such kind of impairment induced by the 

polarization effect of Raman pumps, there are two techniques to generate the 

polarization independent pump sources. One scheme is utilizing PBC to 

multiplex two independent polarized pump LDs with the same wavelength. 

Another scheme is using fiber Lyot depolarizers to depolarize the pump LDs 

with large spectral line-width [15]. 

PDG caused by PSRI or PPRI has been well resolved by depolarizing the 

Raman pump LDs [15]. However, not much research has been carried out on 

the mitigation of PDG caused by SSRI. Because SRS interaction also exists 

among WDM signal channels, it is suggested theoretically that PDG is also a 

function of the relative polarization orientation among signal channels. 

However, the practical impairment of PDG produced in real Raman amplified 

communication system is not as large as that analyzed. That is because the 

correlation between the states of polarization (SOP) of the signal waves is lost 

within a few kilo-meters fiber due to polarization mode dispersion (PMD) effect, 

which implies that in the communication system with high PMD, PDG due to 
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SSRI can be suppressed effectively [14]. However, for a real communication 

system, low accumulated PMD is desirable. 

In Chapter 4 of this thesis, a simple scheme to reduce the PDG caused by SSRI 

for a low PMD communication system is proposed and discussed in detail. 

2.5.6 Pump-to-Signal Four-Wave Mixing in FRA 

Efficient FWM can also occur between pump and signal waves if they co-

propagate in a fiber with zero dispersion wavelength located between the pump 

and signal waves. Therefore, such pump-signal FWM can be an issue when co-

pumping is used. [86]. The new FWM products will have a spectrum that 

closely resembles the longitudinal mode structure of the Raman pumps. The 

high-power (about 250mW) pump LD has multiple FP wavelengths centered 

around 1453nm, which is stabilized by an external FBG. Figure 2-5 shows the 

multi-longitudinal mode spectrum of the pump FP LD, where the near 

longitudinal modes are represented by / , and fp . The longitudinal mode 

spacing of pumps A/ = / . - / is about 30GHz. 

When a 250mW Raman pump laser co-propagates with a lmW 1529.6-nm 

DFB laser in 50-km NZDSF, the additional side lobes will appear around the 

central wavelength of DFB laser in the output optical spectrum. This is because 

the zero-dispersion wavelength of the NZDSF is 1497nm, which is located 

between the pump and signal waves. The reproduction of the FP structure from 

the pump to signal waves due to FWM can not be observed in SMF, DSF and 

DCF with zero-dispersion wavelengths at 1310, 1547 and 1710nm respectively. 

38 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Fiber Raman Amplifier and its Characteristics 

As shown in Figure 2-6, the generated FWM signals around the signal waves 

fm =ft ±n*30GHz(n = 1,2,3 ) correspond exactly to the FWM components 

arising from the central pump frequency / and its longitudinal side-modes 

f„=f,±n*30GHz (n = 1,2,3 ). 

1452.0 1452.5 1453.0 1453.5 1454.0 

Wavelength (nm) 

Figure 2-5 Multi-longitudinal mode spectrum of pump FP LDs 
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Figure 2-6 Pump-to-signal four wave mixing 
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There have been many reports on pump-to-signal FWM in DRA [91], where 

efforts are mostly made to reduce the FWM interactions. One of effective 

solutions is introducing a suitable amount of dispersion just before the pump 

module to avoid the pump-to-signal FWM [91]. 

2.6 New Applications of Fiber Raman Amplifier 

2.6.1 Raman Assisted Four-Wave Mixing 

Wavelength conversion is recognized as an important function in future optical 

networks employing WDM and optical cross connect (OXC) [16]. FWM is one 

of the important nonlinear effects in optical fibers that have potential 

applications in high speed wavelength conversion as well as all-optical signal 

processing. However, low conversion efficiency and a relatively narrow 

parametric bandwidth limits its applications. To address these limitations, there 

have been many studies on the combination of multiple nonlinear effects, such 

as parametric amplification, Raman amplification and FWM reported and 

analysed. Early theoretical and experimental studies reveal that Raman assisted 

FWM typically leads to the improvement of conversion efficiency and 

parametric bandwidth of systems. It is found that the conversion efficiency of 

FWM under the assistance of Raman amplification can be improved by up to 

30dB, and parametric bandwidth can be extended to more than 30nm, as 

compared to that with no Raman assistance [17-19]. 

2.6.2 Raman Assisted Cross Phase Modulation 

It has been demonstrated by many experiments that Raman amplification in 

HNLF can enhance the parametric amplification and wavelength conversation 
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based on FWM. Recently, experimental results indicate that XPM based 

wavelength conversions can also be enhanced under the assistance of Raman 

amplification. The most important parameters that influence the conversion 

efficiency of XPM are the nonlinear coefficient, chromatic dispersion of the 

fiber, the effective fiber length (Leff) and the Raman pump power. Since the 

nonlinear coefficient and chromatic dispersion are the characteristics inherent to 

gain fiber and the fixed input power of pump waves is assumed for comparison, 

the only parameter influenced by Raman amplification is the effective fiber 

length. 

When there is no assistance from Raman amplification, Leff is only determined 

by the loss of the fiber, which is defined by Equation (2-16), where Pp and ap 

are the Raman pump power and the attenuation of fiber at pump wavelength 

respectively. 

I # - =(l//>,(<>))}/>,(*> 

= ( • - e~apL Va 

When considering the Raman assistance, the Leff can be modified as Equation 

(2-17), where gR is the Raman gain coefficient and Aeff is the effective mode-

field area. 

0 

L 

exp 8 R . 
P, e">L(e'>'-\) 

dz (2-17) 
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By comparing the Leff in two cases, it can be found that the Lef can be 

increased under the assistance of Raman amplification. As a result, Raman 

amplification can be used to significantly enhance the XPM effect and increase 

the conversion efficiency [30-32]. 

2.6.3 Remote Sensor Assisted by DRA 

Fiber sensor is limited by the attenuation of the probe signal, which will 

degrade the sensitivity of the fiber sensor greatly. Recently, Raman 

amplification assisted remote fiber sensors are being used to extend the span 

range and improve the sensitivity of the sensor. There are two schemes: one is 

utilizing a continuous wave (CW) Raman pump to provide distributed Raman 

gain for the probe signal along the span link directly. Another scheme is 

utilizing the residual Raman pump power to pump a remotely located EDF and 

hence provides secondary amplification in addition to distributed Raman gain 

along the sensing fiber provided by Raman pump [33-35]. 

2.7 Conclusions 

This chapter first discusses the basic principle of FRA and then introduces 

several simplified gain and noise modeling of FRA. After reviewing the 

origination of SRS and the amplification characteristics of DRA compared with 

EDFA, several types of classical pumping schemes of FRA are introduced and 

their corresponding advantages and disadvantages are discussed respectively. 

Then gain characteristics associated with FRA are discussed, such as gain tilt 

due to SSRI, Raman gain saturation characteristics and transient gain effect. In 

addition, noise sources in FRA are discussed in detail and noise suppression 
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schemes for these noise sources are also reviewed in detail. At the end of this 

chapter, some new applications of FRA are introduced, such as Raman assisted 

FWM and XPM in communication network and Raman assisted remote fiber 

sensor system. 
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Chapter 3 

Optimization of Broadband 

Gain Spectrum of DRA 

3.1 Introduction 

Because distributed Raman amplifier (DRA) has distinctive flexibility in 

amplification bandwidth, substantial attention has been paid to the design of 

multi-wavelength backward pumped DRA with ultra-wide and ultra-flat Raman 

gain spectrum [1, 4]. Optimization of wavelength and power of each Raman 

pump laser to achieve a flat Raman gain spectrum over wideband WDM signal 

channels is an important issue in DRA design. However, due to pump-to-pump 

Raman interaction (PPRI) and pump-to-signal Raman interaction (PSRI), a set 

of coupled nonlinear equations are required to model the Raman amplification 

process, as shown in section 2.2.2 [78]. No simple relationship between Raman 

gain and pump power of multi-wavelength Raman pumps can be found unless 
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major simplifications are adopted. However, these simplifications will 

compromise the accuracy of the optimized results [134]. 

Although no simple relationship between Raman gain and pump power of 

multi-wavelength pump lasers can be found, it is shown that the logarithmic 

Raman gain expressed in dB can be given as linear superposition of pump path 

integrals (integration of pump power distribution of a given pump wavelength 

along the fiber), as shown in Equation (2-4) [81, 82]. As a result, fast 

optimization algorithm can be realized by finding the pump wavelengths and 

pump path integrals first, before an iterative algorithm is used to obtain the 

pump power. 

Recently, several novel optimization algorithms have been proposed to achieve 

a broadband Raman gain spectrum. For example, genetic algorithm (GA) is 

used to find the pump wavelengths and pump path integrals [81, 82]. This 

approach allows the DRA design to be achieved more effectively, however, its 

convergence speed is very slow due to the fact that two dimensional random 

searches (pump wavelength and pump path integrals) employed in GA. Another 

kind of hybrid GA is proposed based on the clustering fitness sharing and elite 

replacement. However, since its optimization parameters are still dependent on 

the pump wavelengths and pump powers, large numbers of iterations are 

required to solve coupled nonlinear equations in this optimization algorithm. 

Simulated annealing (SA) is also adopted to find the pump wavelength and 

pump power directly [135]. Again, because of the limitation inherent to SA, the 

optimized results may converge to local optimal results. Because all of above 
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optimization algorithms begin their optimization process with random search 

for the optimized parameters from the initial seeds, time consuming iterations 

are normally required. Recently, a new single-layer feed forward neural 

network is employed to optimize the pump powers [136]. This method is fast 

however the pump wavelength optimization cannot be included. 

In order to remove the iterative nature arising from the optimization algorithms, 

such as GA and SA, this thesis proposes a geometry compensation technique 

(GCT) based on the geometry characteristics of Raman gain profile [137]. In 

this model, through approximating a given Raman gain profile and fiber loss 

profile using several asymptotic lines, flat gain spectrum design is converted to 

a simple geometry equalization problem and it is also possible to separate the 

compensation of gain curve profiles (involving the determination of the pump 

wavelengths and pump path integrals) from the calculation of pump power 

values. This method greatly simplifies the design procedure and enables fast 

amplifier performance optimization to be carried out. However, it is difficult to 

rely on GCT alone to reduce the ripple of broadband gain spectrum to be less 

than 0.8dB. In addition, the complexity of this scheme will increase when 

signal-to-signal Raman interaction (SSRI) and wavelength dependent loss 

spectrum of the fiber are considered. 

In order to solve the trade-off associated with the optimization speed and 

optimization accuracy in GCT, this thesis also proposes a novel hybrid 

optimization algorithm based on the GCT and GA. This model realizes the 

optimization of the pump wavelengths using GCT and pump path integrals 
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using GA respectively. In this way, two-dimensional random searches in GA 

can be reduced to one-dimensional random search. In addition, more reasonable 

pump power arrangement can be achieved using this kind of hybrid 

optimization algorithm. 

This chapter is organized as follows. A simple technique to optimize a multi-

wavelength backward pumped DRA based on the geometry characteristics of 

Raman gain profile is proposed in section 3.2. In section 3.3, a novel hybrid 

optimization algorithm based on the combination of GA and GCT is proposed 

to improve the optimization performance of GCT and GA further. This model 

obtains the optimal wavelength and pump path integrals by using GCT and GA 

respectively. 

3.2 Optimization Using Geometry Compensation 

Technique 

3.2.1 Background 

GA has been utilized to find the optimal pump wavelengths and pump path 

integrals along the fiber link before iterative algorithm is applied to determine 

the required pump powers. This approach allows the Raman amplifier to be 

designed accurately. However, its convergence can be very slow due to the 

complexity of GA. In this section, a simple optimization algorithm is proposed 

to optimize a multi-wavelength backward-pumped DRA based on the geometry 

characteristics of the Raman gain profile. This technique approximates the 

Raman gain profile using several straight lines and utilizes slope compensation 
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technique to achieve flat and wideband gain profile. Good simulation results are 

obtained. 

3.2.2 Theoretical Model and Design Procedure 

1.0-

10 20 30 
Frequency shift (THz) 

Figure 3-1 Raman gain coefficient of single mode fiber 
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Figure 3-2 Loss profile of single mode fiber 
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Generally, Raman gain fiber used for DRA is single mode fiber (SMF). Typical 

Raman gain spectrum of a silica fiber at pump wavelength A0 = \fjm and loss 

profile of SMF used in the optimization algorithm are given in the Figure 3-1 

and Figure 3-2. 

As shown in Equation (2-4), the logarithmic net Raman gain of the kth signal 

wave in dB can be described as a linear superposition of the gain spectra of 

individual pump wavelengths with respective weighting factors given by the 

corresponding pump path integrals. 
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Figure 3-3 Asymptotic linear approximation of a typical Raman gain spectrum gR (A v) of a 

silica fiber at pump wavelength A, = 1/jm 

In the proposed design approach, the Raman gain profile of a given pump 

wavelength j is described using multi-segment straight 

linesayoaylay2ay3a/4o;5a;6ay7ayg,as shown in Figure 3-3. For simplicity, frequency 
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rather than wavelength is used for the gain spectrum representation. For Silica 

fiber, the frequency intervals are anaj2 = aJiaj4 = aj4aj5 = aj5aj6 = aJta„ = 

aj7ajS=l.7THz and aJ1ap =3ATHz respectively. 

Af 

DO 
T3 

X 
of 

va1,1 va21 va31 Va32 

Frequency (THz) 

Figure 3-4 Schematic diagram of the geometric compensation scheme (i = 2,3, A), with 

wavelength independent loss considered. Sl,S1 and S, show the partial gain spectral; Af 

shows the target amplification band; v , V , y and y are related to frequency 

allocation of gain spectra from individual pumps. 

In Figure 3-4, 5, is used to represent the gain spectrum of the longest 

wavelength pump, whileS2, S,, SA ... and Sm are used to represent the gain 

spectra of the other pump wavelengths. Typically the pump path integral of the 

longest wavelength pump laser 5, is much larger than those from the other 

pump wavelengths due to strong pump-to-pump Raman interactions (PPRI). As 

a result, the contribution of ajaan can be ignored and hence the gain spectra of 

all the other pump wavelengths are represented with aJtaj2ay3aJ4ajSaj6apajt 

(j = 2,3... n). Since the portion of gain spectrum of anan can be considered flat, 

it is possible to equalize the rest of the gain spectrum of 5, using contributions 
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from the aflaj2(j = 2,3...«) portion of the gain spectra of all the other pump 

lasers to achieve a flat gain spectrum. The range of the gain spectrum to be 

equalized will decide the number of pump wavelengths required. 

A C-band DRA with three pump wavelengths is used as an example and the 

pump laser with the longest wavelength is assumed to be S, and the two other 

pumps are S2 and S3, which is indicated in Figure 3-4. The loss of the fiber is 

considered to be wavelength independent at first. The flat gain profile can be 

achieved for the signal channels over a frequency region Af in the gain profile 

corresponding to the pump laser with the longest wavelength. After the gain 

bandwidth region for the amplifier has been decided, the frequency of the 

longest wavelength pump laser is decided accordingly. Then a,,a.2(/' = 2,3) in 

the gain profile of the two other pump lasers are used to compensate a portion 

of the gain profile of 5, to obtain a flat gain spectrum. To compensate the slope 

of anaH in S, with the slope of a2la22 in S2, the frequency of point a2l should 

be equal to that of point an, thus the frequency of the second pump laser 

should be shifted 5.177/z (about 37.5nm) from that of the longest wavelenghth 

pump laser. The pump path integral I2 of S2 should be such that the slope of 

a2ia22 is the same as the slope of al3a14 but with opposite sign. Similarly to 

compensate ai4al5 using aitan of 53 , the frequency of point a„ should be 

equal to that of point a22. Thus the frequency of the third pump laser should be 

shifted X.lThz (about 12.75nm) from the frequency of S2. The pump integral /, 

of 5, should be such that the slope of a„a,2 is the same as the slope of a„al5 

but with opposite sign. When wider amplifier bandwidth is required, more 
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pump wavelengths can be utilized to compensate the other part of St in the 

same way. The frequencies of all the pump lasers can be determined 

accordingly. From the above discussions, the following Equation (3-1) can be 

obtained for n < 4 . 

, G/(l01og(e))+axI / « _ U S £ ^ 

j = 2...n (3-1) 

For n > 4, the contribution to the slope of 5, from S2 to S;_, should also be 

considered. Here G is the targeted Raman net gain in dB, /, is the pump path 

integral of 5, and It is pump path integral of S, , v is the frequency 

corresponding to point OL and g(y ) is the Raman gain coefficient at 

frequency v . 

a. 
CD 

188 190 192 194 

Frequency (THz) 

Figure 3-5 Schematic diagram of the geometric compensation scheme (i = 2,3,4), with 
wavelength dependent loss considered. Triangle: wavelength dependent loss of the fiber; 

Circle: individual gain spectral 
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In the above discussion, loss profile of fiber is assumed wavelength 

independent. However, it is not the case in a practical system. To consider 

wavelength dependent loss, the loss spectrum of fiber over the same wavelength 

range as S, is also represented by multi-segment lines aia,ai with 1.777/z per 

segment, as shown in Figure 3-5, where the solid lines highlight the parts in the 

geometrical compensation model. New model is used to modify the slope of S, 

and hence Equation (3-1) can be modified as Equation (3-2): 

j _7' (gKg J- g(v:))- l a k,„)- gk^2 JJx y - %2 

j = 2...n{n<4) (3-2) 

Where a\ya. j is the loss at frequency v . This will enable the required pump 

path integrals to be obtained, taking into account the wavelength dependant 

loss. It can be seen from Figure 3-5 that the dotted lines ignored are the origin 

of gain ripple. Due to the nonlinear interaction, i.e. PSRI, PPRI and etc, the 

pump powers cannot be derived directly from the pump path integrals. An 

iterative method can be used to obtain the pump powers from the coupled 

nonlinear Raman propagation equations [81]. Typically a few iterations will 

enable the required pump powers to be obtained. Here, Raman gain tilt due to 

SSRI is not considered since it is related to transmission system parameters. 

However, it is reasonable to ignore such kind of effect in obtaining the inter-

channel Raman interaction slope for a given input signal condition without 

amplification and then use it to rectify the slope of S,. In this way the effect of 

the inter-channel Raman interaction slope can also be equalized in the Raman 

amplifier design. 
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More divisions for straight-line approximation of a gain profile can result in 

lower ripple and calculation error. However, this in turn requires more pump 

lasers. In practical implementation that may not be cost-effective and the design 

procedure tends to be more complex and inefficient when compared with GA. 

3.2.3 Numerical Example and Discussions 

The proposed technique is applied to optimize a C-band Raman amplifier 

design as an example. The amplifier is backward pumped by three pump 

wavelengths with 80km SMF and OdB targeted net gain. It is designed for 

DWDM system with 40 channels from 1530nm to 1565nm with input signal 

power at lmW/ch. Wavelength dependent loss spectrum of the fiber is 

considered in the design. 

1.0 
0.8 
0.6 
0.4 

~ 0.2 m 
S 0.0 
I "0.2 
* -0.4 

-0.6 
-0.8 
-1.0 
1530 1535 1540 1545 1550 1555 1560 1565 

Wavelength (nm) 
(a) 
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Figure 3-6 Example of a C-band Raman amplifier design (a) without considering inter-channel 
Raman interaction; (b) with inter-channel Raman interaction included 

After applying the design procedure discussed above, the resultant theoretical 

gain curve is given in Figure 3-6 (a). Obviously a flat gain spectrum with ripple 

less than ldB can be obtained. The gain ripple is mainly at the two sides of the 

gain spectrum. If more pump wavelengths are used for compensation, better 

flatness can be obtained. In this design, the wavelengths of the pump lasers are 

1422.5nm, 1434nm and 1469nm, while the corresponding pump powers are 

654mW, 349mW and 275mW respectively. A complete numerical model given 

by Kidorf is used to verify the simulation result which considers the amplified 

spontaneous emission (ASE) power and Rayleigh backscattering but not inter-

channel Raman interaction among signal channels [78]. The result is shown in 

the same figure. Apart from a slight difference in net gain, good agreement with 

theoretical design result is achieved. The very small difference observed is as 

expected since in the design procedure the effects of Rayleigh scattering and 

ASE were not considered. When considering inter-channel Raman interaction 
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among signals in the Kidorf model, the net gain spectrum will tilt noticeably as 

shown in Figure 3-6 (a). This can be rectified by considering the effect of inter-

channel Raman interaction in the amplifier design. Here the slope of inter-

channel Raman interaction with the given input signal condition is obtained first 

and is then used to modify the slope of Sl in the design process before the 

compensation procedure is carried out. After the amplification condition is 

established, the newly obtained inter-channel Raman interaction value is then 

used to modify the slope of St before a new compensation procedure is carried 

out. Very little iteration is required since the Raman tilt hardly changes after the 

signal distribution in the presence of the Raman pump is more or less 

established. The obtained new result is plotted in Figure 3-6 (b). The modified 

pump powers are 682mW, 370mW and 254mW respectively. Clearly, this 

allows flat net gain spectrum to be achieved even if inter-channel Raman 

interaction is taken into consideration. 

3.3 Optimization of DRA using Hybrid Optimization 

Algorithm 

3.3.1 Background 

In section 3.2, in order to remove the iterative nature of GA, a novel 

optimization algorithm has been proposed based on the geometry characteristics 

of Raman gain profile [137]. However, it is difficult to rely on this scheme 

alone to reduce the ripple of broadband gain spectrum to be less than 0.8dB in 

the simulation example of last section. In addition, GCT will become complex 
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when SSRI interaction and wavelength dependent loss of the fiber needs to be 

considered. 

In order to increase the optimization efficiency and improve the optimization 

accuracy in the design of DRA, a novel hybrid optimization algorithm based on 

GCT and GA is proposed in this section. In the hybrid optimization algorithm, 

optimized pump wavelengths are obtained using GCT, while the optimized 

pump path integrals are obtained using GA. As a result, two dimensional 

random searches in GA can be simplified to one dimensional random search for 

optimized pump path integrals since the pump wavelengths have been 

optimized using GCT without any iteration of random search and optimization 

accuracy of GCT can be improved greatly by GA simultaneously. In addition, 

more reasonable pump power arrangement can be obtained utilizing this hybrid 

optimization scheme than those obtained using GA. 

3.3.2 Theoretical Model and Design Approach 

Figure 3-7 shows the flow chart of hybrid optimization algorithm based on GA 

and GCT. 

In step A, Raman pump wavelengths are first determined by using GCT 

according to the desired Raman gain bandwidth. This step is very fast without 

iteration in GCT if ignoring the wavelength dependence loss of fiber and SSRI. 

In step B, pump wavelengths obtained from GCT can be adopted directly as the 

known parameters for GA and only need to search for the corresponding pump 
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path integral of each pump laser using GA. In this way, two dimensional 

random search of GA can be reduced to one dimensional random search. 

Step C shows how to compensate the gain tilt effect induced by SSRI using GA. 

SSRI can be compensated by iterating GA, which starts with the signal power 

integrals computed in the absence of any pump laser and updates them using the 

new values by iterating GA each time. Only few of these iterations are required 

because the Raman tilt hardly changes after the signal power distribution in the 

presence of Raman pump is more or less established [81, 82]. 

In step D, using the same approach as proposed in [81], pump powers can be 

derived from the pump path integrals by using an iterative method to solve the 

coupled nonlinear Raman propagation equations. 

A: Geometry Compensation Technique 

Determination of Pump Wavelengths 
> 

B: Genetic Algorithm 

Determination of Pump Path Integrals 

Adjusting gain tilt 

D: Backward Propagation Iterations 

Determination of Pump Powers 

Figure 3-7 Flow chart of hybrid optimization algorithm based on GA & GCT 
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3.3.3 Numerical Example and Discussions 

In this section, hybrid optimization algorithm based on GA and GCT is applied 

to optimize a C-band DRA. The DRA is backward pumped by three Raman 

pump lasers in 80km SMF to achieve OdB targeted net gain. It is designed for 

DWDM system with 40 signal channels from 1530nm to 1565nm with input 

signal level at OdBm per channel. Following the flow chart of hybrid 

optimization algorithm, pump path integrals and pump wavelengths are first 

obtained using GCT. In order to simplify the GCT, wavelength dependent loss 

of Raman gain fiber and SSRI are not considered in this step. The optimized 

Raman gain spectrum obtained by using GCT is shown in Figure 3-8. 

0.8-, 1 
. —•— Geometry Compensation Technique 

0.6—^—Hybr id Optimization Algorithm 

0.4-

§-0.2-7 ^ 
-0 .4 - / 

-0.6-

1530 1535 1540 1545 1550 1555 1560 1565 
Wavelength (nm) 

Figure 3-8 Raman gain spectra using GCT and hybrid optimization algorithm 

Optimization result indicates that it is difficult to rely on GCT alone to achieve 

a broadband Raman gain spectrum with gain ripple less than O.SdB. The pump 

wavelengths and pump path integrals obtained by GCT are shown in Table 3-1. 

In order to obtain the flatter Raman gain spectrum, further optimization of 
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Raman pump integrals is necessary. Then the Raman pump wavelengths 

obtained from GCT are used as the initial parameters of GA, while the pump 

path integrals obtained from GCT are optimized by using GA further. In this 

step, both wavelength dependent loss spectrum of the Raman gain fiber and 

SSRI will be considered. As shown in Figure 3-8, a flatter Raman gain 

spectrum with maximal ripple less than 0.2dB can be achieved based on the 

hybrid optimization algorithm. The final optimized results obtained by hybrid 

optimization algorithm are shown in Table 3-1. It is found that the pump path 

integrals in GA only need a little adjustment compared with those obtained by 

using GCT. 

Pump wavelength (nm) 

Pump path integral using GCT (km.mW) 

Pump integral using hybrid algorithm (km.mW) 

1422.5 

2218 

2477 

1434 

1666 

1839 

1469 

5033 

4902 

Table 3-1 Optimization result using GCT and hybrid optimization algorithm 

The advantage of hybrid optimization algorithm compared with GA is analyzed 

as follows. First, the convergent speed of hybrid optimization algorithm is much 

faster than GA, since two-dimensional random searches for the pump 

wavelengths and pump path integrals in GA are reduced to only one-

dimensional random search for pump path integrals in hybrid optimization 

algorithm. The pump wavelengths have been chosen depending on GCT, which 

is high efficient actually. 
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Figure 3-9 Comparison between hybrid optimization algorithm and GA 

Secondly, since GA is a completely random global search for all possible 

solutions, any solution satisfying the desired gain requirement, such as gain 

ripple, bandwidth and pump number, will be selected as a potential pump 

arrangement for DRA. However, some of these pump arrangements depending 

on GA are not reasonable or feasible solutions since random search can only 

guarantee the gain requirement within the desired bandwidth, while ignore the 

practical gain requirement outside the desired bandwidth. Consequently, 

optimized pump configuration using GA may waste some pump powers on the 

gain outside the desired bandwidth and the gain outside the desired bandwidth 

cannot be ensured to be as low as possible. However, since hybrid optimization 

algorithm first utilize the geometry characteristics of Raman gain profile to 

select pump wavelengths according to desired gain bandwidth, both the gain 

spectrum within and outside the desired bandwidth can be optimized 

simultaneously. In this way, the lowest pump powers can be ensured using the 
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least number of Raman pumps compared with that using GA alone. Optimized 

gain spectra of DRA using hybrid optimization algorithm and GA are shown in 

Figure 3-9 respectively. Here for simplicity, SSRI is not considered. When 

using hybrid optimization algorithm, optimized gain spectrum outside the 

desired bandwidth (AA) decreases rapidly, as shown in Figure 3-9. While GA 

cannot ensure the optimized gain spectrum outside the desired gain bandwidth 

to be sufficiently low, which can also be found from Figure 3-9. As a result, the 

pump power required in GA is much higher than that in hybrid optimization 

algorithm. The optimization results are compared in Table 3-2. It can be found 

that total pump power required for GA is 1644mW, while it is only 1380mW 

for hybrid optimization algorithm. 

Pump wavelength using GA (nm) 

Pump power using GA (mW) 

Pump wavelength using hybrid algorithm (nm) 

Pump power using hybrid algorithm (mW) 

1416 

989 

1422.5 

743 

1428 

479 

1434 

388 

1467 

176 

1469 

249 

Table 3-2 Pump powers required in GA and hybrid optimization algorithm 

3.4 Conclusions 

This chapter proposes several optimization algorithms for multi-wavelength 

backward pumped DRA and compares their characteristics. 

A simple GCT is first proposed to optimize wideband DRA based on the 

geometric characteristics of the Raman gain spectrum. In comparison with 

traditional solutions using rigorous iterative simulation, such as GA, the 

suggested method is simpler and more effective. In order to improve the 
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accuracy of the GCT and increase the convergent speed of GA further, a hybrid 

optimization algorithm based on GCT and GA is also proposed to optimize the 

wideband DRA. Compared with the optimization result using GCT alone, 

hybrid optimization algorithm can achieve much flatter Raman gain spectrum. 

In addition, more reasonable pump arrangement can be obtained using hybrid 

algorithm than those obtained by using GA alone. 
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Chapter 4 

Suppression of Impairments in 

DRA 

4.1 Introduction 

Implementation of high capacity wavelength division multiplexed (WDM) 

transmission system requires broadband flat Raman gain spectrum over WDM 

channels. In Chapter 3, two optimization algorithms utilizing multi-wavelength 

Raman pumps are proposed to meet this requirement. Other factors affecting the 

performance of a Raman amplified transmission system are amplified 

spontaneous emission (ASE), double Rayleigh backscattering (DRBS) noise and 

nonlinear penalty in the amplifier [4]. These impairments will greatly degrade 

the performance of communication systems. As a result, optimizations of noise 

and nonlinear performance in distributed Raman amplifier (DRA) are also 

important issues in long haul WDM transmission system design. 
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Over the past few years, many schemes have been proposed to improve the 

performance of DRA by minimizing the combined effects of noise and 

nonlinear impairments. Since optical amplification prior to transmission loss 

can generally suppress the subsequent ASE noise, DRA combining forward and 

backward pumping configuration can achieve better noise performance [4, 138]. 

Another proposed scheme utilizes effective area managed fiber, such as 

dispersion managed fiber (DMF) within the amplification span to distribute the 

Raman gain more evenly along the span [139, 140] and noise performance can 

be improved as a result. Other proposed schemes include the use of second or 

higher order DRA, which can extend the Raman gain further into the 

transmission fiber by higher order Raman amplification. In this way, signal 

power distribution along the span can be made more evenly and hence the noise 

performance can be improved [92-94]. 

However, there exist many problems associated with these optimization 

schemes. The first problem is that in the case of DRA with gain bandwidth 

exceeding 90nm realized by multi-wavelength Raman pumps, although a flat 

Raman gain spectrum over broadband WDM signal channels can be obtained, 

noise performance is not the same over all the signal channels [85]. Because the 

system limitations are determined by noise performance in the worst channel [4], 

it is desirable that both gain and noise spectra over wideband signal channels are 

flat [81, 82, 84, 137]. The second problem is associated with bi-directional 

pumped DRA, which has been studied extensively to improve the noise 

performance in long haul transmission system. However, nonlinear impairments 

induced by bi-directional pumped DRA are more significant than uni-directional 
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pumped one. As a result, there is a tradeoff between the improvement in noise 

and the degradation caused by nonlinear effect. How to obtain the best system 

performance by balancing the noise improvement and nonlinear degradation is 

still a practical problem for bi-directional pumped DRA [117]. Compared with 

common first-order Raman amplifications, second-order Raman amplifications 

have been verified as a way to improve the noise performance [4, 92, 141, 142]. 

However, a relatively low pumping efficiency of the second-order stimulated 

Raman scattering (SRS) and a significant amount of wasted first-order pump 

power is also a main problem preventing their practical application in 

transmission systems. It is known that incorporating DMF within the 

amplification span can make the Raman gain distribute more evenly along the 

span and hence improve the noise performance of transmission system. Again, 

pump conversion efficiency for effective-area-managed fiber is still not high 

enough to improve the noise performance effectively. More efficient Raman 

gain mediums are desired to improve the system performance. 

This chapter proposes several novel schemes to tackle these problems 

associated with the existing optimization schemes in order to improve the noise 

and nonlinear performance in DRA further. They can be classified into active or 

passive schemes according to the pumping configuration or transmission span. 

Section 4.2 discusses the improvement of gain and noise performance in a L-

band hybrid Raman/EDFA, which is obtained by dual-order SRS of a single 

1395nm Raman fiber laser (RFL) in 75km single mode fiber (SMF) and its 

corresponding dispersion compensation fiber (DCF) module. The pump 

conversion efficiency in this scheme is much higher than that uses only the 
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second order DRA. A passive scheme to improve the system performance is 

then studied in section 4.3, where the effect of a piece of highly nonlinear 

photonic crystal fiber (PCF) on the noise characteristics of a backward pumped 

DRA is studied experimentally. In the last section of this chapter, suppression 

of polarization dependent gain (PDG) due to signal-to-signal Raman interaction 

(SSRI) is investigated experimentally. 

4.2 Hybrid Raman/EDFA Based on Dual-order SRS 

4.2.1 Background 

Compared with conventional first-order Raman amplification, second-order 

Raman amplification, in which the main pump is separated by two Stokes 

orders from signal wave, has been proposed to further improve optical signal to 

noise ratio (OSNR) in the transmission system, due to its capability in realizing 

more uniform distribution of signal power along the amplification span. 

However, relatively low pumping efficiency of the second-order Raman 

scattering and a significant amount of waste of the residual first-order pump 

power are still issues for their practical application [4, 92, 141, 142]. Effort has 

been made to address the issue of low pump efficiency of first order Raman 

amplification [104, 105]. The unused residual Raman pump power is recycled 

by using a pump reflector or high Raman gain coefficient fiber is employed to 

reduce the waste of Raman pump and consequently to increase overall power 

conversion efficiency [105]. In [106], the residual pump power after DCF is 

recycled for secondary signal amplification in a segment of Erbium doped fiber 

(EDF) following the DCF. 
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However, no attention has been paid to low pumping efficiency and pump 

recycling issue in second-order Raman amplifications. This section discusses a 

Raman/EDFA hybrid amplifier based on dual order SRS of a single pump to 

realize amplification in L-band. The proposed hybrid amplification scheme 

inserts a segment of EDF within the span to recycle the residual first order 

Raman pump power. The gain and noise performance of the hybrid amplifier is 

investigated in terms of location of the EDF within the amplification span. 

Experimental results show that properly locating the EDF can balance the gain 

and loss more uniformly along the span and hence improve the system 

performance in terms of net gain and noise performance. 

4.2.2 Experimental Setup 

Figure 4-1 (a) shows the experimental setup for studying the noise and gain 

characteristics of a Raman/EDFA hybrid amplifier based on dual-order SRS of a 

single pump. The transmission span includes 75km SMF, a segment of EDF 

(20m or 4m long) with lOOOppm Er3+ and 12.5km DCF module, which can 

provide both Raman amplification and corresponding dispersion compensation 

simultaneously. The optical signal is provided from WDM laser sources with 

input power of OdBm. The Raman pump laser is a depolarized RFL with output 

power of 1W at 1395nm to obtain dual-order SRS. In order to suppress the 

relative intensity noise (RIN) transferred from pump to signal waves, the pump 

laser is backward-pumped. Two acousto-optic modulators (AOM1 & AOM2) 

are used to generate a modulated signal and an optical gating for OSNR 

measurement. Both switches operate at a modulation frequency of 200kHz, a 

duty cycle of 50% and have an extinction ratio greater than 90dB. The signal 
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output power and ASE noise can be measured accurately by controlling the 

relative phase of both AOMs, as demonstrated in [133]. In order to study the 

effect of the EDF on the hybrid amplifier, one segment of EDF with 20m (or 4m) 

length is placed in different positions along the amplification span. After 

optimizing the length of EDF according to the noise and gain performance in 

this experiment, 20m long EDF is chosen for L-band amplification and 4m EDF 

is used for C-band amplification to extend the amplification bandwidth from L-

band to the whole C+L band. 

Signal 
Lasers 
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- W 1 

AOM1 

Span 
configuration 

WDM 
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Figure 4-1 (a) Experimental setup; (b) Span configurations 

Four types of span configurations are considered as shown in Figure 4-1 (b). 

Configuration I is the conventional amplification span without incorporating 
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EDF. In configuration II, EDF is placed just before the DCF module. In the 

third configuration, EDF is placed after 50km SMF from the span input end and 

in the last configuration, EDF is placed between 25km SMF and 50km SMF 

plus DCF module. 

4.2.3 Experimental Results and Discussions 

-10-

-70 

First-order SRS 

Second-order SRS 

1470 1500 1530 1560 1590 1620 
Wavelength (nm) 

Figure 4-2 Dual order SRS of!595nm RFL after 75km SMF+DCF 

Figure 4-2 shows the dual-order SRS of a 1395nm RFL generated in the 75km 

SMF and DCF module. The first order SRS is at around 1480nm and the second 

order SRS is located from 1570nm to 1610nm, which provides L-band Raman 

gain. In a pure second order Raman amplifier (configuration I), only the second 

order SRS is used to provide L-band Raman gain and the residual first order 

SRS around 1480nm is wasted. When a segment of EDF is inserted into 

different locations of the amplification span, the residual first-order SRS around 

1480nm as shown in Figure 4-2 can be recycled. In this hybrid amplifier, the 
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total net gain is contributed from the second-order Raman amplification and 

EDF amplification. 

Figure 4-3 shows the net gain plotted against wavelength for four types of span 

configuration when the EDF length is 20m. The shapes of the net gain curves in 

four configurations have no obvious difference, but the amounts of the gain 

exhibit large variations. That is because 20m EDF is long enough to generate 

gain shift effect and thus provide secondary amplification in L-band from 

1570nm to 1610nm by recycling the residual first-order SRS. As shown in 

Figure 4-3, the improvements of net gain in configuration III and II are more 

than 4dB and lOdB respectively, compared with that in configuration I. The 

large increase of net gain in configuration II and III can be explained as follows. 

In configuration I, only second-order SRS provides L-band amplification and 

the residual first-order SRS after the SMF+DCF is wasted completely, while it 

is reused to pump EDF in configuration II and III. In addition, EDF 

amplification exhibits higher pumping efficiency compared with that of Raman 

amplification. Comparing configurations II, III and IV, the net gain obtained at 

a given pump power is strongly dependent on the position of the EDF. The net 

gain of configuration II is the highest and is about 5dB higher than that of 

configuration III and about 16dB higher than that of configuration IV. 

Obviously, the closer the EDF is placed to the DCF module, the higher net gain 

can be obtained. When the EDF is placed closer to the DCF, the residual first-

order SRS used to pump the EDF is higher since it suffers less fiber attenuation, 

leading to higher percentage of gain contributed from the EDF and hence the 

higher the pump efficiency [143]. On the other hand, the improvement of the 
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pump efficiency will be decreased by moving the EDF toward the input end of 

the amplification span due to too large attenuation of the first-order SRS. When 

the first-order SRS injected into the EDF is too low and not enough to pump the 

EDF, the EDF becomes an absorption medium rather than a gain medium. As a 

result, the net gain in configuration IV is even 7dB lower than that in 

configuration I. Therefore, there is an optimal location of EDF in achieving the 

maximal net gain. 

20 

15 

DO 10 

-25 

• Configuration I 
•Configuration II 
•Configuration III 
• Configuration IV 

1575 1580 1585 1590 1595 1600 1605 1610 
Wavelength (nm) 

Figure 4-5 Net gain vs. wavelength for different configurations with 20m EDF 

Figure 4-4 shows the OSNR against wavelength for four types of span 

configuration when the EDF length is 20m. According to recent studies on 

minimizing the combined effect of noise and nonlinear, an improved noise 

performance can be achieved by balancing the gain and loss at every point in the 

transmission span as analyzed in [144, 145]. It is known that the signal gain near 

the beginning of the transmission span is the lowest and increases toward the 

end of span in a pure backward pumped Raman amplifier. However, when a 
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segment of EDF is inserted into the transmission span, the distribution of the 

signal power along the fiber span will change. The gain of the signal at the 

position of EDF becomes higher due to the higher pumping efficiency of EDF 

amplification compared with that of Raman amplification. By optimizing the 

position of EDF, the overall non-uniformity of the signal power distribution 

along the fiber link can be alleviated and hence the noise performance can be 

improved. 
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Figure 4-4 OSNR vs. wavelength for different configurations with 20m EDF 

As shown in Figure 4-4, the best noise performance is obtained in configuration 

III among the four types of span configuration. Configuration III exhibits about 

2dB OSNR improvement compared with that in configuration I where only 

Raman amplification is used, because placing EDF following the 50km SMF in 

configuration III makes the overall signal power distribution more uniform over 

the amplification span. Comparing configuration I with II, OSNR in the latter is 

about 4dB worse than that in the former, although configuration II has the 
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largest improvement in net gain. This is because configuration II introduces 

more imbalance of signal power distribution along the span due to larger gain 

coefficient of the EDF, leading to worse noise performance [144]. Among the 

four types of span configurations, the worst noise performance is in 

configuration IV, which is mainly due to too large fiber attenuation to the first-

order SRS, leading to too low pump power into the EDF medium. As a result, 

the imbalance of the signal power distribution along the length of the 

transmission is aggravated further due to the absorption attenuation from the 

EDF. It is found that OSNR is also dependent on the position of the EDF. As a 

result, there is a tradeoff between the gain and noise performance in the hybrid 

Raman/EDFA. 

By recycling the residual first-order SRS to pump a short EDF (about 4m), an 

additional C-band amplification is obtained from the EDF and thus the flat gain 

bandwidth is extended from L-band to C+L band. Figure 4-5 shows the net gain 

curves against wavelength for four types of span configuration. 4m EDF is used 

from configuration II to IV. The gain bandwidth in configuration I is determined 

by the second-order SRS spectrum of the single-pump source. Since the Raman 

gain spectrum with single pump is not flat over a wideband region, 3dB gain 

bandwidth in configuration I ranges only from 1570nm to 1610nm, which is the 

narrowest among the four types of span configuration. However, the extended 

gain spectrum in configuration II, III and IV ranges from 1520nm to 1610nm 

and their ripple is less than 5dB. The net gain in L-band obtained in 

configuration I is the highest among the four configurations since no first-order 

SRS is used to provide gain in C-band and thus all the gain goes to L-band. For 
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the other three configurations II, III and IV, the net gain for a given pump power 

is also strongly dependent on the location of the EDF, as shown in Figure 4-5 

and shows a similar trend to that of Figure 4-3. The net gain in configuration II 

is about 3dB higher than that in configuration III because the residual first-order 

SRS to pump the EDF in type II is higher than that in configuration III due to 

less fiber attenuation and absorption attenuation of EDF. For configuration IV, 

lot of first order SRS power is attenuated by the transmission fiber or absorbed 

by the EDF. As a result, the net gain in configuration IV is the lowest because 

the residual first-order SRS injected into the EDF is the lowest and is not 

enough to pump the EDF. The broadband gain provided in configuration III is 

between that in configuration I and IV. The absorption attenuation caused by the 

EDF shows gain degradation not only in C-band EDFA but also in L-band 

Raman amplification. 

10 

0 

g "10 

§>-20 

-30-

-40 

• Configuration I 
•Configuration II 
•Configuration III 
• Configuration IV 

1500 1520 1540 1560 1580 1600 1620 
Wavelength (nm) 

Figure 4-5 Net gain vs. wavelength for different configuration with 4m EDF 
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4.3 Effect of Photonic Crystal Fiber on Noise 

Performance of DRA 

4.3.1 Background 

According to recent studies on minimizing the combined effect of ASE, DRBS 

noise and nonlinear impairment in DRA [133, 138, 143, 146-148], the key is to 

balance gain and loss at every point in the fiber, ensuring a flat signal power 

distribution along the amplification span [139, 144]. 

In this section, a piece of highly nonlinear PCF [149, 150] with a length of 

100m is inserted into a backward pumped DRA. When an optical signal is 

transmitted along 100m nonlinear PCF and 25km SMF, OSNR of both the ASE 

and DRBS noise increase. The first reason is that the Raman gain is increased at 

the beginning of the span when the signal passes through the nonlinear PCF. 

The second is that the PCF with high Raman gain coefficient, when placed 

before the SMF, reduces the signal power excursion and the signal power 

becomes more flat over the transmission length. However, the OSNR of the 

DRBS is not improved as much as that of the ASE, due to larger amount of 

Rayleigh scattering in a nonlinear PCF than that in SMF. 

4.3.2 Properties of Highly Nonlinear Photonic Crystal Fiber 

The PCF used in our experiment is the hybrid-core nonlinear dispersion-shifted 

PCF (zero chromatic dispersion wavelength at 1500nm and dispersion of ~5 

ps/nm/km at 1550nm) fabricated by Crystal Fiber A/S. The hybrid core region 

comprising a germanium-doped center element (n=1.487) surrounded by three 
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fluorine-doped regions (n=1.440) is embedded in a standard triangular air/silica 

cladding structure, as shown in Figure 2-3. The diameter of the doped elements 

equals the pitch (A=1.5um). The effective area Aeffoi the fundamental mode is 

about 3.46//m2. The nonlinear coefficient y of the guided mode in this fiber is 

measured at 1555nm through a direct continuous wave (CW) measurement of 

the nonlinear phase shift suffered by a beat signal propagating in the fiber. The 

measurement procedure is fully described in [151]. From the measured 

nonlinear phase shift versus the launched optical power, the value of y is 11W1 

km'1, which is about 5 times higher than that of a conventional dispersion 

shifted fiber. 

Rayleigh scattering in conventional fibers arises from the light interacting with 

a material having uneven density. Variations in material density and 

compositional fluctuations occurring during fiber manufacture process create 

random inhomogeneities that give rise to refractive index variations. In PCF, in 

addition to density and compositional fluctuations, Rayleigh scattering also 

arises from structure fluctuations because the geometry of the holes may not be 

perfectly regular. Here, an optical time domain reflectometer (OTDR) with 

pulses of 5ns duration is used to measure the Rayleigh scattering of the 

nonlinear PCF. Backscattering parameter k(k = Sas, where 5 is the fraction 

of the light scattered in all directions that is captured by the fiber core and 

guided back to the OTDR and as is a scattering attenuation coefficient per unit 

length) is about 1.4x10" /km at wavelength of 1560nm. It is up to one order 

higher than that in a conventional SMF. Because the PCF has different optical 

characteristics from those of SMF, such as higher Raman gain coefficient and 
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higher Rayleigh scattering parameter, DRA obtained by using a PCF can be 

significantly different from that obtained by using a conventional fiber alone. 

4.3.3 Effects of Photonic Crystal Fiber on DRA 

Figure 4-6 (a) shows the apparatus used to measure the noise characteristics of a 

backward pumped DRA. The AOM1 generates a modulated signal and the 

AOM2 provides an optical gating for detection. Both AOMs have an extinction 

ratio of greater than 90dB operating at a modulation frequency of 200kHz. The 

duty cycles of the modulated AOM and the received AOM are 50%. The input 

signal power is OdBm and the wavelength is 1550nm. 

As demonstrated in Reference [133], the signal output power is measured when 

the modulated AOM and the received AOM are working in the same phase. The 

DRBS and the ASE noise are measured as a sum (the total noise power) with 

the received AOM sampling window out of phase with the modulated AOM. 

The DRBS noise appears as a narrow spectral peak on the background of ASE 

noise observed through an optical spectrum analyzer (OSA). The change of the 

ASE level can be ignored when the input signal is turned on or off, because 

only one small signal transmits through the Raman amplifier. Here, the ASE 

power is measured conveniently by turning off the signal. So the DRBS noise is 

given by subtracting the ASE power from the total noise power. Because the 

spectral range of the ASE is about \0THz, in order to measure the noise in the 

signal channel band, an optical filter (center wavelength 1550nm and pass-band 

1.5nm) is used at the transmission end. 
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Figure 4-6 (a) Experiment setup; (b) Span configuration 

A multi-wavelength Raman pump module with 250mW output power at 

1425nm and 450mW at 1453nm is used to realize a flat Raman gain spectrum 

in C-band, as shown in Figure 4-6 (a). A broadband WDM is used to multiplex 

the pump and the signal. The Raman gain fiber is 25km SMF. In order to 

observe the effect of the PCF on the Raman amplification, a piece of 100m 

highly nonlinear PCF, whose ends are tapered, is coupled to either the front end 

(configuration I) or the back end (configuration II) of the SMF. In other words, 

in configuration I, the PCF is paced before the SMF; in configuration II, only 

the SMF; in configuration III, the PCF is placed after the SMF. All the three 

configurations are shown in Figure 4-6 (b) and their gain and noise 

characteristics have been measured. 
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Figure 4-7 On-off gain as a function of pump power in Raman amplifiers 

Figure 4-7 shows the on-off gain as a function of pump power in DRA for three 

configurations. On-off gain obtained at a given pump power is strongly 

dependent on the position arrangement of the PCF. At pump power 70mW 

(10% of the maximum pump power, total pump power of two Raman pumps is 

700mW), the on-off gains are 1.4, 1.2 and Q.9dB for configuration I, II and III, 

respectively. With the increase of pump power, the difference of on-off gains 

for three configurations increases and the slopes of on-off gain versus total 

pump power have been measured to be 0.125, 0.116 and 0.078 respectively. 

Thus, at maximum pump power, the on-off gains for three configurations are 

12.57, 11.55 and 7.88^6 respectively. Compared with configuration II, the 

pumping efficiency for configuration I is improved because the length of 

transmission medium is increased by inserting the PCF before the SMF and the 

residual pump power after the SMF is utilized completely. In theory, the closer 

the highly nonlinear fiber is placed to the span end, the higher the pumping 
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efficiency due to its large Raman gain coefficient of the highly nonlinear fiber 

[144]. In configuration III, however, the pump efficiency is not improved by 

moving the PCF to the span end. The largest on-off gain for configuration III is 

7.8%dB, which is about 3.6dB smaller than that for Configuration II (only the 

SMF). That is mainly caused by the large insertion loss (about \dB) of the PCF 

at the pump laser wavelengths. The pump power after the PCF is reduced 

dramatically and the pump power injected into the main Raman gain medium 

(the SMF) is lower than that in configuration II. Even though the PCF has large 

Raman gain coefficient, the large insertion loss at the pump wavelength causes 

impairment. 

Figure 4-8 shows the OSNR of the ASE noise (OSNRASE) and the OSNR of the 

DRBS noise (OSNR D RBS) plotted against the on-off gain of the Raman 

amplifier for three configurations. When the PCF is inserted before the SMF 

(configuration I), both the OSNRASE and the OSNRDRBS are higher than the 

OSNR for Configuration II (only the SMF). The O S N R A S E and the OSNRDRBS 

increases by about 1.4dB and 0.4dB respectively, when the on-off gain is 6.2dB. 

For a Raman amplifier only using SMF, OSNRASE can be improved to a certain 

extent by increasing the signal input power or total pump power in a certain 

range of signal input power and pump power; however, an improvement of the 

OSNRDRBS cannot be achieved by increasing the signal input power because the 

ratio between the DRBS noise and signal is independent of the signal input 

levels [147]. In configuration II (only SMF), the OSNR is the largest while the 

pump power is the lowest at the beginning of the transmission link. It is known 

that an ideal signal power distribution is obtained by balancing the gain and the 
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loss at every point in the amplification link. The most important change which 

occurs when the highly nonlinear PCF is placed in the fiber link is that of the 

distribution of optical signal power along the fiber link. In configuration II, only 

the SMF is used as the Raman gain medium. The Raman gain of the signal at 

the beginning of the link is the lowest. When the PCF is placed before the SMF 

(configuration I), the situation is changed. The Raman gain of the signal at the 

beginning of the link is increased because of the high Raman gain coefficient of 

the PCF. The non-uniformity of the Raman gain distribution along the fiber is 

alleviated. In Figure 4-8 (b), the configuration of configuration (PCF+SMF) is 

analogous to the negative (-D) and positive (+D) dispersion-managed fiber 

Raman amplifier in [144]: the placing of the PCF before the SMF makes the 

signal power more constant over the length of the transmission. The larger 

power variation along the span results in lower OSNR at the output end. As a 

result, large OSNR in configuration I can be achieved because the signal power 

excursion is small. The magnitude of DRBS noise over the transmission link 

increases due to the higher Rayleigh scattering coefficient in the PCF, which 

leads to limited improvement in OSNRDRBS (only 0.4dB), as compared to 

configuration II. 
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Figure 4-8 OSNR in Raman amplifier, (a) OSNR ofASE and (b) OSNR ofDRBS 

When the PCF is moved to the end of the SMF (configuration III), the 

OSNRASE and the OSNRDRBS decrease by about 0.5dB and 0.7dB respectively, 

as compared to configuration II under an on-off gain of 6.2dB. This can be 

explained as follows: when a highly nonlinear PCF fiber is inserted at the end 

of the transmission link of a backward pumped DRA, the pump laser power will 
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become the highest in the nonlinear fiber. Because of the large Raman gain 

coefficient of the nonlinear fiber, the imbalance of the signal power distribution 

over the length of the transmission span is aggravated further than that in 

configuration II. This causes both the OSNRASE and OSNRDRBs to decrease. As 

shown in Figure 4-8 (b), the decrease in OSNRDRBS is more significant than that 

in OSNRASE- The reason is that the DRBS appears at the same spectral region 

as the signal and the DRBS noise power increases in proportion to the signal 

power. When the PCF with high Rayleigh backscattering is placed at the end of 

the transmission, the impact of DRBS becomes more significant [144]. 

In order to give a quantitative analysis about the influence of PCF on the noise 

performance in DRA, we simulate the power distribution of the signal along the 

fiber in three span configurations, which is shown in Figure 4-9. It can be found 

clearly that the lowest signal power along the fiber in configuration I is 

increased, while the lowest signal power along the fiber in configuration III is 

decreased compared with that without using PCF in configuration II. As a result, 

the non-uniformity of the Raman gain distribution along the fiber in 

configuration I is alleviated and the noise performance in this configuration 

become better, which can be verified by the experimental results above. While 

the non-uniformity of the Raman gain distribution along the fiber in 

configuration III is degraded and the noise performance in this configuration 

become worse compared with that without using PCF in configuration II. 

84 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Suppression of Impairments in DRA 

(PCF+SMF) 

5 10 15 20 
Length of fiber (km) 

Figure 4-9 Signal power distribution along the fiber 
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4.4 Reduction of Polarization Dependent Gain in DRA 

4.4.1 Introduction 

Raman amplifiers play a key role in high capacity WDM transmission systems. 

They offer many advantages compared with other alternative amplification 

technologies. However, normal Raman amplifier implementation suffers from 

PDG [11]. Studies on the impact of PDG and polarization dependent loss (PDL) 

in long-haul optical amplified systems have shown that bit error ratio (BER) 

fluctuations are a strong function of the combined effects of PDG and PDL [13]. 

It has been found that PDG caused by pump-to-signal Raman interaction (PSRI) 

can be well resolved by depolarizing the Raman pump lasers [15]. However, 

not much research has been done on the mitigation of PDG caused by SSRI. 

Because Raman interaction also exists among WDM signal channels, it is 

suggested theoretically that PDG is also a function of the relative polarization 

orientation among WDM signal channels and its magnitude is affected by 
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polarization mode dispersion (PMD) in the fiber. The implication is that a high 

PMD in the fiber can reduce the PDG caused by SSRI [11, 14]. However, in 

practical transmission systems, especially for high-speed transmission, low 

PMD is desirable for good system performance. Till now, there has been no 

experimental evaluation on PDG caused by SSRI and no good solution has been 

proposed to achieve low PDG and PMD simultaneously. 

In this section, PDG caused by SSRI is observed experimentally for the first 

time and the investigation of the influence of PMD and Raman gain coefficient 

of different gain fibers on PDG is carried out. Experimental results show that by 

using a polarization scrambler (PS), PDG can be reduced effectively whilst 

keeping the PMD value of the transmission system low. 

4.4.2 Theoretical Model of Polarization Scrambler 

PS can be used to randomize the state of polarization (SOP) of input light in 

order to reduce the degree of polarization (DOP) effectively on average [9]. In a 

PS, the electrical field vector of a quasi mono-chromatic light traveling along 

the z-axis is decomposed into two mutually orthogonal directions, x- and y-

axes. The SOP can be described in terms of amplitude of each electrical field 

component Ex, E and their corresponding phase <px, q> , as shown in Equation 

(4-1). The phase difference between the two polarization directions is given by 

Equation (4-2). The key purpose of PS is to modulate the phase difference 

between the two polarizations in such a way as to make the DOP of the input 

light zero. Because the DOP is a function of modulation amplitude, in order to 

achieve zero DOP condition, the modulation amplitude would be around 2.405 
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radians. Dual stage PS is utilized in this experiment. Compared with single-

stage PS, the main advantage of multistage scramblers is their ability to 

depolarize the signal lights independent of their input SOP, thus allowing 

applications, in which the input SOP is arbitrary [9]. 

£, =a,exp[ip,(/)] 

Ey=ayexp[i<py{t)\ (4-1) 

Mf)-f.(t)-9,(f) (4-2) 

In a PS, electrodes are used to introduce a modulated e-field. The phase 

retardation generated in an electrode section of length L is given by Equation 

(4-3) [9]. 

4)=r,f*0V6l£^l (4-3) 

where r is the spatial overlap of the induced electrical field with the optical 

fields (0 < ry < 1), Xa is the wavelength in free space, «n is the ordinary index 

of the refraction, rM represents the property of the LiNb03, G is the width of 

the gap between two outer electrodes and v(i) is the electronics voltage applied 

to two electrodes. Since the induced phase retardation is directly proportional to 

the wavelength at any given voltage amplitude, hence the DOP varies with 

wavelength. Besides the obvious An"' variation, Tv is also dependent on 

wavelength. As a result, the electro-optic PS can introduce different phase 

retardations for different wavelengths [9]. By using this on WDM signals, the 

correlation among the SOPs of different wavelength signals can be reduced. 

This is because the PS using integrated optic device allows high frequency 
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polarization modulation, leading to very fast changes in the relative orientation 

among the SOP of the input signals with different wavelength along the fiber 

length, hence enabling the impact of polarization dependent effects caused by 

the SSRI to be reduced accordingly. 

4.4.3 Experimental Setup 

Channel 1 (Probe Signal) 

'izzz 50:50 
Coupler 

Channel 2-40 PS 

Raman Gain fiber 

WDM DEMUX 
PA 

Pump lasers 

Figure 4-10 Experimental Setup 

The experimental setup is shown in Figure 4-10. There are a total of 40 CW 

WDM signal channels (as shown within the dotted frame in Figure 4-10), which 

are distributed evenly between the wavelengths of 1529.55nm and 1560.61nm. 

The input power of each channel is OdBm. In order to investigate the PDG 

induced only by SSRI, one signal is chosen as a probe signal each time and 

mixed with the other 39 signal channels through a 50:50 coupler. An electro-

optic PS is used in the experimental setup after the 39 channels of WDM 

signals to investigate the influence of PS on the PDG caused by SSRI. The PS 

is driven by a sinusoidal signal generator, whose frequency can change from 

direct current (DC) to 10MHz. The scrambling speed of the scrambler is 

defined as the driving frequency. 
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A multi-wavelength pump laser module with 250mW output power at 1425nm 

and 450mW at 1453nm is used to realize a flat Raman gain spectrum in C-band. 

In order to minimize the PDG caused by PSRI, so as to estimate the PDG 

primarily due to SSRI, two pump lasers are depolarized using depolarizers. The 

40 channel signals and the pump laser signals are coupled into the Raman gain 

fiber through a WDM. In this experiment, two pieces of 15km DCF with 0.36ps 

and lps differential group delays (DGD) respectively are used to investigate the 

effects of PMD and Raman gain coefficients on the PDG. Both fibers have 

identical technical parameters, except for their PMD values. 

A wavelength division de-multiplexer (DEMUX) is used to separate the probe 

signal from the other 39 WDM signals at the output of the fiber. A polarization 

analyzer (PA) is used at the output to analyze the PDG and PDL of the system 

using Jones matrix methods. The PA measures the statistical behavior of the 

PDG of the system. During a short time interval (about lus), the input 

polarization states are scrambled quickly over the Poincare sphere and the 

polarimeter measures the gain for all signal polarization states. 
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Figure 4-11 (a) PDG versus wavelength for DCF with 0.36ps DGD, 12dB on/off gain (b) PDG 
versus wavelength for DCF with lps DGD, 12dB on/off gain 

Figure 4-11 (a) shows the experimental results obtained for a DCF with 0.36ps 

DGD and 12dB on-off gain. The measured overall PDG is influenced by the 

PDL caused by all the passive components in the system, the PDG induced by 

the SSRI, as well as the PDG induced by PSRI. Firstly, the PDG solely due to 
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the effects of PDL is measured by turning on the probe signal alone, which is 

about 0.10-0.25dB. It can be found that PDL tends to change considerably with 

increased channel wavelength in the case without PS, which is caused by the 

polarization dependent loss characteristics of the components in the experiment 

setup, such as MUX, DEMUX and etc. When both pump lasers together with 

the probe signal are turned on, the measured PDG of the probe signal (0.15 — 

0.30dB) is slightly higher than that only due to PDL measured previously with 

only the probe signal. This is because PDG due to PSRI cannot be eliminated 

completely by the depolarization of the Raman pump lasers, therefore it still 

contributes a small amount to the measured PDG. When all 40 WDM signal 

channels and the Raman pump lasers were turned on, while the PS is disabled, 

the PDG of the probe signal is about 0.50-0.70dB, which is much larger than 

that induced by PSRI and the passive components. This is because in ultra-low-

PMD fiber, the SOPs of the WDM signals can remain correlated for quite a 

long transmission distance. Therefore, in this case the PDG caused by SSRI will 

become very large. When the PS is enabled for the 39 channel signals, the PDG 

of the probe signal due to SSRI is found to be reduced effectively. This is 

because the electro-optic PS can introduce different phase retardations for 

different wavelengths [9]. As a result, the PDG caused by SSRI can be 

decreased by reducing the correlation between the SOPs among WDM signal 

channels. In practical implementation, PS can be used to reduce the PDG of 

WDM channels caused by PDL, PSRI and SSRI simultaneously by using the 

PS multiplexing all the WDM signals, just before the transmission fiber. 

However, this is not done here, in order to investigate the SSRI in detail. 
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Figure 4-11 (b) shows the experimental results obtained for another DCF with 

lps DGD and 12dB on-off gain. The results show that PDG caused by SSRI is 

strongly dependent on different DGD values of the Raman gain fiber. The PDG 

of the probe signal for a fiber with 0.36ps DGD is clearly found to be higher 

than that of a fiber with lps DGD for all wavelengths. Since both fibers have 

the same Raman gain coefficient and differ only in their PMD values, it is 

reasonable to assume that PMD can be used to explain the difference in the 

behaviour of PDG in the Raman amplification [11]. For a fiber with a relatively 

large PMD, the relative orientation among the SOPs of WDM signal channels 

changes very fast along the fiber length and thus it can reduce the correlation 

among the SOPs of signal channels [152]. 
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Figure 4-12 PDG versus wavelength for DCF with 0.36ps DGD, 14dB on/off gain 

To further study the PDG in Raman amplifier and the effects of PS on PDG, the 

influence of different values of on-off gain on the PDG is investigated. 

Comparing the experimental results in Figure 4-11 (a) and Figure 4-12, it is 
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found that PDG caused by SSRI in a Raman amplifier with 14dB on-off gain is 

higher than that with 12dB on-off gain. This indicates that the signal power also 

has quite large influence on SSRI. 

Since this experiment focuses on the influence of the PS on the SSRI, only CW 

signal is studied. As a result, walk-off between the interacting signal channels 

induced by the dispersion of the transmission fiber does not need to be 

considered. However, in practical high speed communication system, because 

the effect of PS on PDG depends strongly on the walk-off between the 

interacting signal channels [153, 154], extra noise will be introduced if the 

scrambling rate is not high enough. Further experiments demonstrate that this 

influence on the lOGb/s system can be tolerable if the speed of polarization 

scrambling is high enough. 

4.5 Conclusions 

In the first section of this chapter, the performance of an L-band Raman/EDFA 

hybrid amplifier achieved by incorporating a segment of EDF within the span 

link is discussed. Experimental results indicate that the position of EDF within 

the span has a great influence on the performance of the hybrid amplifier. Both 

gain and noise performance in L-band can be improved with 20m EDF placed 

in an optimal position. In addition, flat gain bandwidth can be extended from L-

band to C+L band by recycling the residual first-order SRS to pump a segment 

ofshort(4m)EDF. 
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The effect of a piece of highly nonlinear PCF on the noise performance of a 

backward pumped DRA is then investigated. Due to the high Raman gain 

coefficient of the PCF, the Raman gain of the signal at the beginning of the link 

increases even when the pump power is not large. As a result, the power 

excursion of the signal over the length of the transmission is reduced and better 

noise performance is achieved by placing the PCF before the SMF. As 

compared with just having a SMF, the OSNRASE is improved by about 1.4dB, 

while the improvement in the OSNRDRBS is about 0.4dB. The improvement in 

OSNRDRB is limited because the PCF has a large Rayleigh scattering coefficient. 

In the last section of this chapter, a novel PDG suppression method is proposed 

and demonstrated by using a PS in the system to improve its performance. By 

comparing the PDG caused by SSRI among 40 signal channels over different 

DCF module experimentally, the experimental results show that both DGD and 

Raman gain coefficients influence the value of PDG. By using a PS, PDG due 

to SSRI can be reduced effectively, whilst ensuring a low PMD value in the 

transmission system. 
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Chapter 5 

New Applications of Fiber 

Raman Amplifier 

5.1 Introduction 

Distributed Raman amplifier (DRA) has been used in long-haul or ultra-long-

haul fiber transmission systems extensively. The advantages of Raman 

amplification can also be utilized to improve the performance of other systems. 

For example, Raman assisted four wave mixing (FWM) and cross phase 

modulation (XPM) have been shown to improve the system performance 

comparing with those without the assistance from Raman amplification [23, 29, 

30, 33, 35]. In this chapter, some new applications of Raman amplification will 

be proposed and demonstrated. 

This chapter is organized as follows. Section 5.2 is devoted to discussing the 

performance of wavelength division multiplexed (WDM) radio over fiber (RoF) 

network assisted by DRA. Experimental results indicate that forward pumped 
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DRA can increase the link optical output power limited by stimulated Brillouin 

scattering (SBS) effect in downstream transmission and backward pumped DRA 

can improve optical signal to noise ratio (OSNR) in upstream transmission, 

which is verified by binary phase shift keying (BPSK) transmission experiments. 

In section 5.3, an all-fiber optical parametric oscillator (OPO) assisted by 

stimulated Raman scattering (SRS) is proposed and demonstrated for the first 

time. In addition, a depolarized flat broadband spectrum from 1570 to 1640nm 

based on the combined effects of SRS and parametric effect is obtained 

simultaneously. In section 5.4, a depolarized high power (200mW) broadband 

source (1520-1620nm) with high polarization insensitivity is obtained utilizing 

single pump based on hybrid effects of dual-order Raman scattering, parametric 

process in highly nonlinear dispersion shift fiber (HNDSF) and Erbium doped 

super-fluorescent. 

5.2 Performance of WDM Radio over Fiber Network 

Using DRA 

5.2.1 Background 

There has been an increasing amount of focus on the research into fiber-radio 

networks for the delivery of broadband services [37]. Recently, WDM network 

is being applied to support large number of base stations (BSs) via fiber-radio 

feeder network [43]. To allow more remote BSs to share resources, the easiest 

approach is to increase the launched power of optical signals. Traditionally, 

boost- Erbium doped fiber amplifier (EDFA) and pre-amplification EDFA are 

chosen for downlink and uplink respectively, to overcome the limited link 

efficiency in transporting sub-carrier modulated optical signals and to 
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compensate optical attenuation of WDM components in fiber-radio network. 

However, in contrast to baseband optical communication links, optical signals in 

fiber-radio links contain strong carriers with narrow spectral width along with 

weak modulation sidebands. Consequently, the effect of SBS will significantly 

limit the maximum achievable optical output power in the downlink of fiber-

radio network and thus affect the overall signal to noise ratio (SNR) realizable. 

While the upstream signal transmission can be supported by EDFA preamplifier 

to boost the signal power before detection, system performance is often limited 

by poor SNR due to the low input power into the amplifier. In this section, it is 

demonstrated that DRA can improve the performance of WDM fiber-radio 

network without introducing additional impairment from inter-channel crosstalk 

due to XPM and degradation in spur free dynamic range (SFDR). In downlink, 

DRA can increase the output optical power limited by SBS effect. Meanwhile, 

DRA can also improve the OSNR of uplink signal due to its lower effective 

noise figure (ENF). 

5.2.2 Network Architecture and Experimental Setup 

Figure 5-1 illustrates the experimental setup of a WDM fiber-radio network 

comprising one central office (CO) and one remote node (RN) connected by a 

primary ring network. CO performs switching, routing and power control 

functions, while RN add-drops multiple wavelengths, which can be distributed 

to remote BSs via a star or ring network. In the downlink, eight channel WDM 

signals are first multiplexed together using an arrayed-waveguide grating 

(AWG) and distributed to the RN, where all the channels are dropped before 

each of them is routed to the designated BS via the short secondary ring 
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network (or alternatively via a star network) which is not implemented in the 

experiment. In the uplink, eight WDM channels at the same wavelengths as the 

dropped channels are added and then routed back to CO. Both link spans 

consist of 25km single mode fiber (SMF). 

Figure 5-1 WDM millimeter-wave fiber-radio network 

Multiplexer Loss (LMUX) 

Small-signal EDFA gain (GEDFA) 

EDFA maximum output power (PMAX) 

DRA gain in 25km SMF (GDRA) 

3dB 

30dB 

23dBm 

15dB 

Table 5-1 Parameters of optical amplifiers used in the experiment 

To investigate the impact of using different types of amplification schemes, 

EDFA or DRA are used as optical amplifier (OA) for boosting power in the 

downlink and for pre-amplification in the uplink. The EDFA has a small-signal 

gain of 30dB and an output saturation power of 23dBm. A dual-wavelength 

pump laser module with 250mW output powers at 1425nm and 450mW at 

1453nm is used to realize a flat Raman gain spectrum in the C-band. The 

parameters of optical amplifiers used in this experiment are shown in Table 5-1. 
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The relative intensity noise (RJN) of the Raman pumps used in this experiment 

is about -120dB/Hz. The maximum on-off Raman gain in 25km SMF provided 

by this Raman pumping module is more than 15dB. In a practical WDM fiber-

radio network, there are many randomly distributed RNs that can block the 

residual Raman pump power. To fully utilize the residual Raman pump power, 

each RN incorporates a by-pass structure composed of two WDMs. In this way, 

signal and Raman pump pass through different paths and then the residual 

pump power can be reused. 

5.2.3 Stimulated Brillouin Scattering and Noise Limitation 

A single channel at 1551.74nm modulated by 37.5GHz RF signal is first studied 

in downlink using boost-EDFA or forward-pumped DRA. When the launched 

optical power is amplified to higher than 9dBm by a boost-EDFA, an RF signal 

at 10.9GHz generated by SBS effect is observed and thus the maximum output 

optical power is limited due to SBS effect. As a result, even when the launched 

optical power is as high as 17dBm, the detected link output power (including 

3dB de-multiplexer insertion loss) at RN is still less than 6dBm. Therefore, SBS 

effect limits the achievable maximum link output power in a downlink with 

boost-EDFA, which is not desirable for long link span and more remote nodes. 

Since DRA amplifies optical signal along the transmission line with a relatively 

more flat power distribution along the span, it suffers less accumulated 

nonlinear effects along the span to achieve the same span output power, leading 

to larger achievable link output power before SBS effect become significant. In 

the investigation of this thesis, link output power as high as 6dBm can be 
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obtained (with -3dBm launched optical power) while still no obvious SBS 

effect was observed. 
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Figure 5-2 Uplink optical spectra using EDFA or DRA 

The impact of amplification scheme on uplink OSNR is also studied in a fiber 

radio system [4]. In Figure 5-2, the dotted and solid curves show the uplink 

signal optical spectra at 1551.74nm using backward pumped DRA and EDFA 

preamplifier, respectively. Because the ENF of pre-EDFA is higher than that of 

backward pumped DRA in achieving the same link gain of detected RF signal, 

the uplink OSNR using backward pumped DRA is 5dB higher than that using 

pre-EDFA, as shown Figure 5-2. 

5.2.4 Transmission Experiments 

Above discussion shows forward pumped DRA can improve the link output 

optical power limited by SBS effect which is suffered in downlink when using 
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boost-EDFA, while backward pumped DRA can improve the OSNR in uplink 

which is a dominant effect when using pre-EDFA scheme. To further verify 

these conclusions, 155Mb/s BPSK data is transmitted in both uplink and 

downlink using different amplification schemes. 

5.2.4.1 Experimental Setup 

RF Amp 

37.5GHz 
155Mb/s BPSK 

Figure 5-3 Modulation and detection setup 

Figure 5-3 illustrates the modulation and detection setup of RoF transmission 

[44]. Eight optical carriers, with wavelengths ranging from 1549.32nm to 

1554.98nm with 100GHz channel spacing, are first multiplexed together by a 

WDM multiplexer (MUX) in CO and then launched into a dual-electrode 

Mach-Zehnder modulator (DE-MZM). A 37.5GHz millimeter-wave signal with 

BPSK data format is generated by mixing a 37.5GHz local oscillator (LO) 

signal with a 155Mb/s pseudorandom bit sequence (PRBS) data. The DE-MZM 

is biased at the transmission quadrature point and the mixed RF signal after 

drive amplifier is separated to drive the two RF ports of the DE-MZM with a 

90° phase shift between the two drive signals. The resultant output of the 

modulator is the eight optical carriers together with their corresponding optical 

single sideband (OSSB) modulated signals. The optical signal after 

transmission and de-multiplexing is detected by a 45GHz photo detector (PD). 
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The detected electrical signal is amplified using an RF amplifier and then 

down-converted to an intermediate frequency (IF) of 2.5GHz. Subsequently, the 

base-band data was recovered using a 2.5GHz electronic phase-locked loop 

(PLL). The parameters used in RoF transmission experiment are shown in 

Table 5-2, where the loss of OSSB modulator is about 13dB, the attenuation of 

transmission fiber is 0.2dB/km and the loss of remote node is mainly caused by 

de-multiplexer. 

OSSB modulator loss 

Fiber attenuation 

Remote node loss (LRN) 

13dB 

0.2dB/km 

13dB 

Table 5-2 Parameters of components in transmission experiment 

5.2.4.2 Optical Single Sideband Modulation 

Light Out 

Bias 

Figure 5-4 Modulation scheme ofSSB 

Because the performance of RoF transmission scheme may be severely limited 

by fiber chromatic dispersion, which may degrade the received RF power of the 

radio signals, this effect can be overcome by using OSSB modulation. In this 
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experiment, OSSB modulation is realized by using a DE-MZM with RF signals 

applied to both of the two balanced electrodes with ±7t/2 phase shift between the 

two arms. A direct current (DC) bias sets the modulator at the quadrature point 

to obtain OSSB modulation [44]. The modulation scheme is shown in Figure 5-

4. 

5.2.4.3 Results and Discussions of Transmission Experiment 

Figure 5-5 shows the measured BER curves as a function of received optical 

power for downlink and uplink using EDFA or DRA respectively. All of these 

experimental results are measured with the same modulation condition. In 

downlink, the input power into OA is -lOdBm for both boost-EDFA and 

forward pumped DRA, while in uplink, the launched optical power into SMF 

for both pre-EDFA and backward pumped DRA is -lOdBm. 

-1Q 

Forward pumping DRA 
Boost-EDFA 

-M -16 -15 -14 -13 

Received Optical Power (dBm) 

(a) 
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(b) 
Figure 5-5 Measured BER curves vs received optical power using different amplification 

schemes, (a) Downlink; (b) Uplink 

Figure 5-5(a) shows that the receiver sensitivity in downlink using forward 

pumped DRA is nearly the same as that using boost-EDFA since SBS effect is 

not significant in both cases with relatively low launched optical power and the 

ENF of boost-OA has little influence on the system performance. No 

degradation of the downlink performance due to RTN transfer was observed in 

this experiment. The sensitivity of uplink using backward pumped DRA is 

0.9dB better than that using pre-EDFA because the ENF of DRA is better than 

that of EDFA, as shown in Figure 5-5(b). Comparing Figure 5-5(a) and Figure 

5-5(b), it is found that the sensitivity in downlink is better than that in uplink 

since the former has better noise performance. 
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5.2.5 Crosstalk and Spur Free Dynamic Range 

RF 
Spectrum 
Analyzer 

Figure 5-6 Experimental setup for crosstalk due to XPM 

Crosstalk from adjacent channels in WDM fiber-radio network is an important 

issue [45]. Previous section shows that DRA can suppress impairment due to 

downlink SBS effect and improve uplink noise characteristics in WDM fiber-

radio network. In this section, the impact of different amplification schemes on 

the crosstalk impairment from adjacent channels due to XPM in uplink is 

studied in detail. 

The experimental setup used to measure the crosstalk in RoF network system is 

shown in Figure 5-6. Two tunable laser sources is combined together and then 

transmitted in 25km SMF. The fiber loss parameter is 0.2dB/km and the fiber 

dispersion parameter is 17ps/nm.km. The wavelengths of two tunable lasers are 

1553.33nm and 1552.52nm respectively. One of the laser outputs is modulated 

by an RF tone using a DE-MZM, another is CW signal. OSSB modulation can 

be realized by using a DE-MZM and a 90° hybrid as the modulator is biased at 

quadrature point. The frequency of the modulated RF tone can be tuned from 

1GHz to 18GHz. The power of modulated RF signal is 12dBm. To avoid SBS 

effect, the power launched into the fiber for both lasers should be kept below 
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6dBm. The launched optical power for the CW channel is 5.75dBm and that of 

the channel with SSB modulation is -0.65dBm and. At the output of the 25km 

span link, the two channels are filtered out by a wavelength de-multiplexer and 

measured by an RF spectrum analyzer after the photo-detection. Due to XPM, 

there will be an RF tone present at the CW channel. Since OSSB modulation is 

used to avoid the power fading due to fiber dispersion, the crosstalk to sub-

carrier power ratio (CSR) is defined as the ratio between the RF power arising 

from crosstalk impairment and optical power of sub-carrier. The adjacent 

channel isolation of WDM is shown to be greater than 40dB, resulting in a 

negligible linear crosstalk well below the noise floor. 

m -25 

.9 -30-

O -60 

•Simulation 
Without OA 
Backward-pumping DRA 

- I — i 1 r — i 1 | i | i | i " | i | i 
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Frequency (GHz) 

Figure 5-7 Crosstalk to sub-carrier ratio under different amplification schemes 

Three kinds of amplification schemes investigated here include using pre-

EDFA, backward pumped DRA in CO, and without using any optical amplifier 

at all. As shown in Figure 5-7, the solid line corresponds to the theoretical 

prediction [46], while the hollow squares, the solid squares and the solid 

triangles correspond to the original crosstalk ratio without OA, with +7 dB 
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optical gain from pre-EDFA and backward pumped DRA, respectively. The 

figure shows that the results of our analytical model very well match the 

experimental results. Also, the figure confirms that the crosstalk to sub-carrier 

ratio exhibits a periodic like nature, and for a higher frequency, the maximum 

possible crosstalk level may not be higher than that at a lower frequency. In 

addition, Figure 5-7 shows that crosstalk impairment in three amplification 

schemes are nearly the same [46, 155], which shows that WDM fiber-radio 

network incorporating DRA does not induce any additional crosstalk 

impairments imposed from adjacent channels. 

Assuming both channels have the same average launched optical power, an 

approximated expression to estimate the CSR influenced by amplification 

schemes can be obtained, as shown in Equation (5-1). 

CSR M6^«i°(y ,z)] 'N^ife^y| (5-D 

Where y is the fiber nonlinear parameter, P0 is the average optical power 

launched into the fiber, z is the fiber length, a is the fiber loss parameter, wm 

is the angular frequency of the modulating sub-carrier, fi2 is the second order 

dispersion parameter and Am = co0-colt is the optical channel spacing in angular 

frequency. Km and ze are shown as Equation (5-2) and (5-3) respectively. 

rj-fafid (5-2) 
2 v 

z, = {l - exp[- (a + jG)m/}2Aco)z]}/(a + jwmj32Aa)) (5-3) 
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It can be found from this equation that to reduce the nonlinear crosstalk level, 

one can increase the channel spacing or operate the links at higher sub-carrier 

frequency. The simplest way is just to lower the launched optical power. 

Lowering ldB launched optical power can increase 2dB CSR. When one lowers 

the launched optical power to suppress the nonlinear crosstalk, the received 

SNR will also be degraded. Optical amplifier may then be used to recover this 

SNR, which may introduce extra nonlinear crosstalk. However, for a WDM 

microwave fiber-radio link, |<ym/?2A«| is a typically much larger than \a\ and 

hence equation shows that a does not have a significant influence on the 

nonlinear crosstalk level. This is even true for practical systems with fiber 

amplification. For EDFA, the length of EDF is very short and thus the very 

small accumulated dispersion in the EDF cannot lead to significant nonlinear 

crosstalk. For DRA, the equivalent a after taking the Raman gain coefficient 

into account is still much smaller than 0.86 for a practical system. As a result, 

the optical amplification schemes have little influence on CSR. 

In WDM fiber-radio network, the RF signal power uploaded from the CO or BS 

is inherently dynamic. Therefore, it is important to ensure that the third order 

inter-modulation products leaked to the adjacent channels will not violate the 

wireless communications regulations. Traditionally, the SFDR is used to 

describe both noise and distortion in WDM fiber-radio network. In order to 

investigate the impact of amplification schemes on the SFDR in fiber-radio 

network, two RF tones are used to examine the SFDR in the uplink of fiber-

radio network, with different amplification schemes, again including using pre-

EDFA, backward pumped DRA in CO, and without using OA at all. The RF 
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receiver bandwidth used in this experiment is 40GHz. Here, only single channel 

at 1554nm in uplink with -0.1 dBm launch power is chosen. Table 5-3 shows 

that SFDRs in three amplification schemes are nearly the same. Therefore, there 

is no additional degradation in SFDR induced by using DRA. 

Amplification schemes 

SFDR (dB.Hz^) 

Without 
OA 
96.9 

Pre-
EDFA 
97.96 

Backward 
-DRA 
98.3 

Table 5-3 SFDR in different amplification schemes 

5.3 Optical Parametric Oscillator Assisted by SRS 

5.3.1 Background 

There has been increasing demand on high power CW fiber sources due to their 

potential applications in telecommunication, spectroscopy and medicine [47]. 

OPO is widely recognized as an important component for the development of 

coherent light sources at wavelengths unavailable for conventional lasers [48]. 

Generally, OPO is constructed utilizing nonlinear crystals and bulk optics 

elements, which require careful alignment in order to obtain optimal operation 

[49]. Optical fiber is a promising medium to generate nonlinear optical effects 

due to its light confinement and low loss. Indeed, fiber OPO (FOPO) has been 

reported previously [50, 51]. However, due to the relatively low nonlinear 

coefficient of optical fibers as compared with the nonlinear crystals, either 

pulsed pumps or high power C W Raman fiber laser (RFL) is required for FOPO. 

Early theoretical and experimental studies have also revealed that Raman 

assisted FWM typically leads to improved conversion efficiency and parametric 

gain bandwidth [52]. However, so far there have been no experimental 

investigations on FOPO assisted by Raman effect. In this section, a Raman 
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assisted FOPO is reported for the first time and the influence of SRS on the 

output characteristics is studied in detail. Furthermore, a depolarized flat 

broadband light in the range of 1570-1640nm can also be generated in FOPO 

system, as a result of the combined action of SRS and parametric interaction. 

5.3.2 Experimental Setup 
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Figure 5-8 (a) Experimental setup ofOPO; (b) Dispersion map of HNDSF; (c) Transmission 
spectra of components in the cavity 

The SRS assisted FOPO system is schematically shown in Figure 5-8 (a). It is a 

ring cavity comprising a Raman pump source, a broadband WDM, 3km 

HNDSF, an optical isolator (ISO), a polarization controller (PC) and a fiber 

power splitter. The Raman pump source is a CW RFL with maximum powers 

of 4W at 1395nm. The pump beam has a degree of polarization less than 5%. 

The broadband WDM is used to couple the pump into the 3km HNDSF and re-

input the SRS generated in the HNDSF back into the ring cavity. The splitter is 

used to extract approximately 10% of the light from the cavity. The nonlinear 

coefficient of the HNDSF is 12W'km"' and its zero dispersion wavelength 

(ZDW) is at 1570nm, with a dispersion slope of 0.015ps/nm2.km, as shown in 

Figure 5-8 (b). The cutoff wavelength of the HNLF is 1180nm. The ISO 

ensures unidirectional oscillation of the ring cavity and the PC is used to adjust 

the polarization state of lights in the cavity. The transmission spectra of the 

components used in the cavity are shown in Figure 5-8 (c). It is seen that the 
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HNDSF and the splitter have a flat transmission response over the wavelength 

range of 1490nm to 1620nm; the signal port of the WDM has a high 

transmission ratio when the wavelength is longer than 151 Onm, while the pump 

port of the WDM has a high transmission ratio when the wavelength is shorter 

than 1510nm. 

5.3.3 Results in Parametric Amplifier Process 

Since the RFL used is made based on the cascaded SRS, new lasing lines 

appear due to FWM among different orders of SRS in the laser cavity [47]. 

Figure 5-9 (a) shows the output spectrum of the RFL. In addition to the main 

lasing peak at 1395nm, there is a peak at 1445.25nm, which has a peak power 

about 30dB lower than that of the main peak. Figure 5-9 (a) denotes the 

1395nmand 1445.25nm lines as ARFLlmd XRFL1 respectively. 

The one-pass spectrum of the RFL beam through the HNDSF (measured before 

the ring cavity is formed) is shown in Figure 5-9 (b). Other than the original 

peaks inherent to the RFL, there appear two new spectral components around 

the 1486.4nm and 1530.12nm. The spectral component around 1486.4nm is 

generated due to the first order SRS (FOSRS) of the 1395nm line, and its 20dB 

down bandwidth is about 7nm, while the one around 1530.12nm is formed 

through the four-wave parametric process between the ARFL2 and the strong 

1486.4nm spectral line, its 3dB down bandwidth is about 8nm. The peaks at 

1486.4nmand 1530.12nm are denoted as AFOSRS and XFWM respectively. 
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Figure 5-9 (a) Output spectrum ofRFL; (b) Output spectrum after RFL passing HNDSFfor 
single time 

It is found that the peak frequencies of the different spectra agree well with 

Equation (5-4), 
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2°>FOSRS = °>RFL 2 + °> FWM (5-4) 

where coFOSRS , coFRll and a>FWM are the angular frequencies of A.F0SRS, AFRL1
 and 

AFWM respectively, which confirms that they are linked with the FWM 

mechansim. 

5.3.4 Results in Optical Parametric Oscillator Process 

The above parametric process generated a broadband gain around 1530nm. In 

order to further achieve laser oscillation within this gain bandwidth, a resonant 

cavity is constructed as shown in Figure 5-8 (a). Because of the transmission 

feature of the WDM, only the spectral component around 1530.12nm can 

oscillate in the cavity, the other lights at wavelengths of AFOSRS, xRFn and ARFL2 

are blocked by the WDM rejection band. It can be found that under strong 

pumping, laser oscillation at round 1523nm can be obtained. Therefore, a SRS 

assisted FOPO is firstly demonstrated. For clarity, typical spectra of the FOPO 

at three different RFL output power levels are shown in Figure 10 (a). It is 

found that the OPO oscillation wavelength is not exactly at the peak of the gain 

profile, which is caused by the effective cavity loss and dispersion. The 

operation of the OPO exhibites the following characteristics: it has a pump 

threshold of about 1.0W. Above the threshold its output power increases with 

the RFL power until it reaches a maximal value, it then decreases with the 

further increase of the RFL pump power. 
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Figure 5-10 (a) Output spectra of the fiber OPO under different pump powers; (b) Output 

power of OPO signal versus pump power 

Figure 10 (b) shows the OPO output power measured by selecting the OPO 

wavelength using an optical bandpass filter. It shows that the maximal OPO 

output power occurs at the RFL pump power of 1.38W, with a value of about 

lOOmW. The OPO shows clear difference to the conventional one in that the 
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latter shows output power saturation as the pump power is further increased 

[48-50]. It is found that the property of the FOPO is caused by the coexistence 

of higher order SRS with the parameteric process. Apart from involving in the 

parametric process, the FOSRS light also generates the second order SRS 

(SOSRS) and transfers energy to it. This process competes with the parametric 

process. In this system the FOSRS appears when the RFL output power reaches 

700mW and its strength increases until the OPO occurs. Further increasing 

pump power, the energy transfer to the parametric oscillation process then 

becomes dominant. The OPO output power increases until the RFL power 

reaches 1.38W, where the Raman lasing at the SOSRS starts. Afterwards the 

energy transfer to the SOSRS becomes dominant and as a result the FOPO 

strength starts to decrease. 

As shown in Figure 5-10 (a), before the Raman lasing at the SOSRS 

wavelength starts, a broad spectrum from 1570 to 1640nm appears. The single 

peak at 1575nm corresponds to the SOSRS. Its lOdB bandwidth is about 20nm 

when the pump power is LOW. As the RFL power increases, the lOdB 

bandwidth also increases. In particular, the broadening at the bottom part of the 

peak is more significant than that at the top. When the OPO appears, a new 

spectrum component around 1620nm also appears and its strength increases 

with the OPO strength, which is generated due to the SRS of the OPO signal. 

The lOdB bandwidth of the broad spectrum can be extended to more than 80nm 

with ripple less than 5dB when the RFL power is 1.38W. The output power of 

the broad spectrum filtered out by another WDM at the output port of the 

splitter is more than 50mW. If the pump increases further, the peak at 1620nm 
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decreases gradually associated with the decrease of the OPO strength. It is 

observed that the bandwidth at top of the SOSRS spectrum becomes further 

narrowed with the increase of RFL since the SOSRS reaches the lasing 

threshold and starts lasing. The bandwidth at the bottom of the SOSRS 

spectrum continuously broadens. The broadening of this spectrum from 

1570nm to 1650 nm can be attributed to modulation instability plus stimulated 

Raman effect. Since the zero dispersion wavelength is around 1570 nm and 

dispersion slope is small, the modulation instability can easily occur for the 

range of wavelength larger than 1570nm once the SOSRS power is sufficiently 

high, and significantly broaden the spectrum. 

On 1 
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Figure 5-11 Output broadband sources without oscillation 

The impact of the coupling ratio of the fiber power splitter on the operation of 

the OPO is also investigated in this chapter. It is found that even up to 50 

percent power goes to the output port, the OPO can still occur. While if the 
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more than 70 percent of splitter power goes to the output port, the residual 

power at AFOSRS then becomes not strong enough to generate the OPO wave. As 

a result, there generates a broadband spectrum and no OPO component appears, 

as shown in Figure 5-11, where 90 percent splitter power goes to output port. 

The evoluation of the broadband spetcrum can be explained as follows. The 

SOSRS first appears when the RFL power reaches 700mW, then with the 

increase of the RPL power, the bottom of the SOSRS spectrum starts to broaden 

due to the FWM process between the SOSRS Stokes waves and the broadband 

Raman scattering background [52]. As the RFL power increases to the lasing 

threshold, the top of the SOSRS spectrum becomes narrowed gradually. When 

the RFL power is increased to 1.4W, a broad spectrum from 1520nm to 1650nm 

can be obtained with output power about 80mW. 

Because OPO signal or broad spectrum is usually used to investigate the 

spectral characteristics of devices, it is important to avoid the influence of the 

polarization state on experimental results. Therefore, having a polarization 

insensitive OPO and broad spectrum light source is important. In this 

experiment, the polarization state (PS) of the output light is investigated. No 

variation in either the output power or spectral shape of the OPO signal and 

broadband light source is observed as the PC is rotated. This polarization 

insensitivity characteristics of the OPO and broad spectrum can be attributed to 

the very low degree of polarization of the RFL [52]. 
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5.4 Generation of Depolarized Broadband Light 

Source 

5.4.1 Introduction 

A number of applications in optical communications, spectroscopy and optical 

sensing require broadband, high power light source. There have been many 

reports about the generation of broadband source. Rare earth doped super-

fluorescent fiber sources have been studied extensively [53]. However, 

simultaneous achievement of high power and broad bandwidth is still difficult 

for this technique. Super-continuum generated by nonlinear interactions of 

ultra-short pulses in optical fiber is also a popular technique. However, the 

generations of super-continuum have been widely investigated only using 

pulsed fiber laser that suffer from high cost [54]. The combined effects of SRS 

and parametric FWM in a ring cavity made by HNDSF can also be used to 

realize a broadband source, but it requires at least two high power pumps, 

which increases the cost for broadband source [52]. 

In this section, in order to reduce the cost and improve the pumping efficiency, 

a novel technique applying a single 1395nm RFL is proposed to generate a 

depolarized broadband source with polarization insensitivity. This broadband 

source is based on the SOSRS, parametric FWM in 3km HNDSF and Erbium-

doped super-fluorescent by recycling the residual FOSRS to pump 10m EDF. A 

broadband spectrum from 1520nm to 1620nm with a stable output power more 

than 200mW is obtained as pump power reaches 1.3W. 
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5.4.2 Experimental Setup 
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Figure 5-12 Experimental setup for broadband source generation 

Figure 5-12 shows the apparatus used to generate the broadband source. A 

1395nm RFL with maximal output power of 4W is chosen as the pump source 

to obtain dual-order Raman stokes spectrum. The RFL used has a degree of 

polarization less than 5%. In order to investigate the effect of the ZDW on the 

SOSRS, 3km HNDSF or 10km dispersion compensation fiber (DCF) is chosen 

as Raman gain medium respectively. 

Parameter at 1570nm 

Attenuation [dB/km] 

Dispersion [ps/nm/km] 

Dispersion slope [ps/nm2/km] 

Raman gain coefficient [ W'Vkm] 

HNDSF 

0.74 

0 

0.015 

8.0 

DCF 

0.55 

-98 

0.3 

5.67 

Table 5-4 Fiber parameters of HNDSF and DCF 

The fiber parameters of HNDSF and DCF at 1570nm are listed in Table 5-4. 

Both fibers have nearly identical technical parameters, except for their 

dispersion values. 10m EDF with lOOOppm Er3+ is spliced after the HNDSF or 
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DCF. In order to suppress undesirable multi-path interference between the 

HNDSF or DCF and EDF, an ISO is inserted between the HNDSF or DCF and 

EDF. A WDM is used to remove the residual pumps power from the output 

broadband source. An optical spectrum analyzer (OSA) is used to measure 

output spectra. A polarization analyzer (PA) and a PC are used to study the 

polarization insensitive characteristics of the broadband source. 

5.4.3 Experimental Results and Discussions 

Figure 5-13 (a) shows the dual-order Raman stokes spectrum with 1W power 

from 1395nm RFL into 3km HNDSF. It is found that FOSRS around the 

1486nm first appears as the pump power reaches 500mW and it is enhanced 

with the increase of pump power. The SOSRS will appear around the 1590nm 

band when the pump power reaches 700mW and it can be enhanced and 

broadened continuously as the pump power increases further. In order to study 

the influence of parametric FWM on the SOSRS, 3km HNDSF is replaced by a 

10km DCF. 

Figure 5-13 (b) shows the Raman stokes spectrum with 1W 1395nm RFL into 

10km DCF. SOSRS with the same power and bandwidth as that in HNDSF can 

not be generated in DCF even increase the pump power to 1.5W. As a result, 

the high power broadband spectrum around the 1590nm obtained in HNDSF 

cannot be explained solely via SOSRS, since both of these fibers exhibit a 

nearly equivalent integrated Raman gain. Because the ZDW of HNDSF locates 

between dual-order Raman stokes spectrum, these observations actually result 

from /tawa/j-assisted FWM process. For HNDSF, most of the spectral 
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components around 1590nm are generated parametrically through the non-

degenerate and degenerate FWM that results from the mixing of two photons 

from the FOSRS with a pump photon, two pump photons and one stokes photon 

and then through subsequent Raman amplification. Therefore, the broadening of 

the SOSRS in HNDSF can be attributed to the high efficiency of FWM effects 

occurring within Raman stokes spectrum due to close around the ZDW [52, 55]. 

As shown in Figure 5-13 (a), the residual power of the FOSRS after the HNDSF 

is still high after transferring to the SOSRS. In order to improve the pumping 

efficiency, the residual power of the FOSRS can be recycled to pump a piece of 

EDF. When 10m EDF is connected after the HNDSF, C-band super-fluorescent 

spectrum will be generated. Because the threshold power required generating 

super-fluorescent spectrum in EDF is lower than that needed to generate the 

SOSRS, the C-band super-fluorescent spectrum appears prior to the appearance 

of SOSRS. It is found that the C-band super-fluorescent spectrum increases as 

the pump power increases until it reaches saturation state. Then, the SOSRS 

around 1590nm will appear and be enhanced with the further increase of pump 

power. When the pump power is around 1.3W, the output powers of SOSRS 

will be as high as C-band super-fluorescent spectrum. 
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Figure 5-13 Output spectrum generated by 1395nm RFL (a) in 3km HNDSF; (b) in 10km DCF 

As shown in Figure 5-14, a broadband source from 1520nm to 1620nm 

generated by 1395nm RFL in HNDSF and EDF is obtained. The output power 

of the broadband source is more than 200mW and the ripple of output spectrum 

from 1530nm to 1590nm is less than 4dB. Both the length of EDF and the 
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pump power will influence the flatness of broadband source. As the pumping 

power increases further, the SOSRS becomes higher than C-band super-

fluorescent spectrum for a given EDF length, leading to increased non-flatness 

in spectrum. 
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Figure 5-14 Broadband spectra generated in HNDSF and EDF pumped by 1395nm RFL 

Because a broadband source is usually used to investigate the spectrum 

characteristics of devices, it is important to avoid the influence of the 

polarization state on the experimental result. Hence, having a polarization 

insensitive broadband source is really important [56]. In this experiment, the 

polarization state of the output spectrum is investigated by using PC and PA. 

No variation in either the output power or spectral shape of the broadband 

source was observed as the polarization controller was rotated, due to low 

degree of polarization of RFL pump. 
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5.5 Conclusions 

This chapter first investigates the impact of using different amplification 

schemes on both uplink and downlink in a WDM fiber-radio system. 

Experimental results indicate that DRA can suppress impairment induced by 

SBS effect in downlink transmission and improve noise performance in uplink 

transmission, compared with its EDFA counterpart. The functionality is verified 

experimentally with eight channel WDM fiber-radio transmission over 25km 

SMF downlink and uplink with a channel spacing of 100GHz, each carrying a 

37.5GHz RF signal with 155Mb/s BPSK data. Nonlinear impairments such as 

inter-channel crosstalk and SFDR are also studied under different amplification 

schemes, experimental results indicate that using DRA does not introduce any 

additional impairment from crosstalk and degradation in SFDR in fiber over 

radio network. 

Then a SRS assisted polarization insensitive FOPO is proposed and 

demonstrated for the first time. A depolarized broadband source ranging from 

1570nm to 1640nm with high output power and flat spectrum is generated due 

to the combined action of the SOSRS and parametric process. 

In the last section, a stable high-power (200mW) broadband (1520-1620nm) 

source is obtained based on the combined effects of dual-order Raman 

scattering, parametric process and Erbium doped super-fluorescent. 
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Chapter 6 

Conclusions and Future Works 

6.1 Conclusions 

We have investigated the characteristics, optimal design and new applications 

of fiber Raman amplifier (FRA) for next generation optical communication 

systems. In order to improve the system performance and extend the system 

span, various techniques have been proposed and demonstrated to optimize the 

FRA, including simple optimization algorithms and novel amplification 

schemes with better gain, noise and nonlinear performance. 

In Chapter 3, a simple geometry compensation technique (GCT) is proposed to 

optimize the design of wideband Raman gain based on the geometric 

characteristics of stimulated Raman scattering (SRS) spectrum. In comparison 

with traditional solutions using rigorous iterative simulation, the suggested 

method is simpler and more effective. It is also possible to separate the 

compensation of gain curve profiles (involving the determination of the pump 

wavelengths and the pump path integrals) from the calculation of pump power 

values. The design results have been verified using the complete numerical 
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model and good agreement has been achieved. However, it is difficult for GCT 

to reduce the ripple of the broadband Raman gain spectrum to be less than 

0.8dB and its complexity will be increased greatly as signal-to-signal Raman 

interaction (SSRI) and wavelength dependent loss spectrum of the fiber are 

considered. In order to solve these problems associated with GCT, a novel 

hybrid optimization algorithm is also proposed based on the GCT and genetic 

algorithm (GA). This model optimizes the pump wavelengths using GCT and 

pump path integrals using GA respectively. Consequently, two dimensional 

random searches in GA can be reduced to one dimensional random search. In 

addition, gain ripple of distributed Raman amplifier (DRA) can be reduced to 

be less than 0.2dB using hybrid optimization algorithm. 

In Chapter 4, based on dual-order SRS of a single 1395nm Raman fiber laser 

(RFL) in 75km single mode fiber (SMF) and its corresponding dispersion 

compensation fiber (DCF) module, L-band Raman/Erbium doped fiber 

amplifier (EDFA) hybrid amplifier is realized by incorporating a segment of 

Erbium doped fiber (EDF). Experimental results indicate that the position of 

EDF within the span has a great influence on the performance of hybrid 

amplifier. Both gain and noise performance in L-band can be improved with 

20m EDF placed in an optimal position. In addition, flat gain bandwidth can be 

extended from L-band to C+L band by recycling the residual first-order SRS to 

pump a segment of short (4m) EDF. Due to the same reason, when a piece of 

highly nonlinear photonic crystal fiber (PCF) is inserted at the beginning of the 

link, the noise performance of backward pumped DRA will also be improved. 

Because of the high Raman gain efficiency of the PCF, the Raman gain of the 
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signal at the beginning of the span increases even when the pump power is small. 

As a result, the power excursion of the signal over the length of the transmission 

is reduced and noise performance is improved by placing the PCF before the 

SMF. As compared to just having a SMF, the optical signal to noise ratio of 

amplified spontaneous emission noise (OSNRASE) is improved by about 1.4dB, 

while the improvement in the optical signal to noise ratio of double Rayleigh 

scattering noise (OSNRDRBS) is just about 0.4dB. The improvement in 

OSNRDRBS is limited because the PCF has a large Rayleigh scattering 

coefficient. In the last section of this chapter, a novel polarization dependent 

gain (PDG) suppression technique is proposed and demonstrated by using a 

polarization scrambler (PS) in the system in order to improve its performance. 

By comparing the PDG caused by SSRI among 40 signal channels over 

different DCF module experimentally, it is found that both differential group 

delays (DGD) and Raman gain coefficients will influence the value of PDG. By 

using a PS, PDG due to SSRI can be reduced effectively, whilst ensuring a low 

polarization mode dispersion (PMD) value in the transmission system 

simultaneously. 

Several new applications of DRA are proposed and demonstrated in Chapter 5. 

The impact of using different amplification schemes on both uplink and 

downlink in a wavelength division multiplexer (WDM) fiber-radio system is 

first investigated. Experimental results indicate that DRA can suppress 

impairments induced by stimulated Brillouin scattering (SBS) effect in 

downlink transmission and improve noise performance in uplink transmission, 

compared with its EDFA counterpart. Inter-channel crosstalk and spur free 
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dynamic range (SFDR) under different amplification schemes are also studied. 

Experimental results indicate that using DRA does not introduce any additional 

impairment from crosstalk and degradation in SFDR in radio over fiber network. 

In the second section of this chapter, a SRS assisted fiber optical parametric 

oscillator (FOPO), which is insensitive to the polarization states of the two 

signals involved, is observed for the first time. A depolarized broadband source 

ranging from 1570nm to 1640nm with high output power and flat spectrum is 

generated due to the combined action of the second order SRS (SOSRS) and 

parametric process simultaneously. In the last section of this chapter, a 

depolarized high power (200mW) broadband source (1520-1620nm) with high 

polarization insensitivity is obtained using single pump based on hybrid effects 

of dual-order Raman scattering, parametric process in highly nonlinear 

dispersion shift fiber and Erbium doped super-fluorescent. 

6.2 Future Works 

Judged from above analysis in this thesis, it can be found that DRA is a good 

alternative amplification scheme for future optical communication systems. In 

addition, there still exist many interesting problems and challenges associated 

with DRA that are worth studying in future. 

6.2.1 Automatic Gain Control for Second-order DRA 

DRA offers many advantages compared with other alternative amplification 

technologies [4]. It has been known that second-order Raman amplification can 

provide an improved noise performance compared with first-order Raman 

amplification [156]. However, in modern optical telecommunication systems, 
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channel add/drop events and accidental cable cuts can cause sudden fluctuations 

in the overall input signal power to an optical amplifier. Such input signal 

power fluctuations have been observed to produce gain transients in DRA [109]. 

Several control schemes have been successfully demonstrated [119, 157]. 

However, DRA with a long cavity prevents transient gain clamping through an 

all-optical feedback loop [157], as it will induce signal power oscillations and 

degrade the system performances before reaching steady-state conditions. In 

reference [119], transient effect suppression is realized through monitoring the 

fluctuation of output signal and controlling Raman pump lasers accordingly, 

however, controlling the high power Raman pump laser in a transient response 

is not easy in practical application. 
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Figure 6-1 AGC system for second order DRA 

The automatic gain control (AGC) system for second order DRA is composed 

of two tunable laser sources (At and X2), a pulse pattern generator (PPG), a 

power control system (C), a power monitoring system (M), one acousto-optic 

modulator (AOM) and a tunable filter (TF). An arrayed waveguide grating 

(AWG) is used to multiplex the WDM signal channels. The first order Raman 
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pump laser is a low power laser diode (LD) at 1485nm, the second order Raman 

laser is a high power RFL at 1395nm and the dual-order Raman pumps are 

coupled into transmission fiber using WDM) and WDM2 respectively. Two 

percent of output signal is extracted for the power monitoring system by a 

power splitter. 

One of future works would like to use this AGC system to suppress transient 

effect for the second order DRA. The experimental setup is shown in Figure 6-1. 

The transient gain fluctuation of the second order DRA is expected to be 

suppressed greatly only through controlling the first order Raman pump laser 

with low power. In this way, the direct controlling of high power Raman pumps 

can be avoided. 

6.2.2 Reduction of Nonlinear Penalty in DRA System 

For next generation dense WDM (DWDM) system employing 40Gbit/s per-

channel, intra-channel cross-phase modulation (IXPM) and intra-channel four-

wave-mixing (IFWM) will limit the system performance in addition to the inter-

channel nonlinear distortions. The IXPM leads to pulse timing jitter, while the 

IFWM results in the overlapping of the pulses. It has been known that the 

performance of optical transmission system can be optimized by adjusting the 

pre-compensation to pre-chirp the pulses since their path-averaged width over 

the high power, nonlinear sections within the span link is minimized in this way. 

As a result, overlapping of neighboring pulses and distortion due to intra-

channel nonlinear effects can be eliminated by optimizing the per-dispersion 

compensation [158]. 
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The optimization of the pre-compensation is highly dependent on the signal 

power distribution along the span link. The effect of pre-compensation in 

EDFA amplification system has been investigated extensively and the analytical 

analysis to minimize both the IXPM and IFWM has been derived [158]. 

However, for a Raman amplified transmission system, the signal power 

distribution is significantly different from that of EDFA amplified transmission 

system. Especially for DRA, the signal power distributions along the span link 

are also dependent on different pumping configurations, such as forward 

pumping, backward pumping and bi-directional pumping schemes. As a result, 

it is necessary to optimize the pre-compensation for Raman amplified 

transmission system in different pumping schemes in order to minimizing the 

impact arising from fiber nonlinear effects. 

6.2.3 Performance of DRA Using Novel Amplification Schemes 

We have proposed several novel amplification schemes to improve the noise 

and nonlinear performance in Chapter 4, such as incorporating a piece of 

nonlinear PCF in transmission span or utilizing dual-order SRS to pump a piece 

of remote EDF located down the fiber link to improve the noise and gain 

performances and also using a PS to reduce PDG effectively while keeping a 

low PMD value of the transmission system. In future works, these schemes will 

be verified in practical transmission system to improve the system performance. 

6.2.4 Theoretical Study of Influence of EDF on Hybrid 

Amplifier 

We have carried out the experimental study on the influence of the distributed 
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secondary amplification obtained from the EDF along the span on the 

performance of the hybrid amplifier. Both gain and noise performance of the 

hybrid amplifier can be improved greatly by optimizing the position of the 

EDF. However, the theoretical study of this work is also an important issue for 

the practical design and application of the hybrid amplifier. In future work, we 

will illustrate the actual computed signal power distribution and give a 

quantitative analysis of the relation between the noise performance and the 

secondary amplification obtained from the EDF along the span. 
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