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Resumé (in Danish) 
 
 
 
Afhandlingen drejer sig om transmission i optiske fibre ved den meget 
høje datahastighed 160 Gbit/s på en enkelt optisk bølgelængde. 
Formålet med arbejdet er at forudsige den længst mulige 
transmissionsafstand ved brug af Raman forstærkning og at undersøge 
nye modulationsformater, som er særligt velegnede. Et stort antal 
computer simulationer og nogle eksperimenter er blevet udført. 
     De grundlæggende fysiske processer bag Raman forstærkning i 
optiske fibre resumeres, og dernæst gives en oversigt over den 
numeriske løsning af de partielle differentialligninger, som beskriver 
Raman forstærkning. Skadelige lineære og ulineære effekter og også 
støj fra Raman forstærkningen beskrives. Særlig vægt er lagt på 
kodning og dekodning i forbindelse med  modulationsformaterne 
DPSK (differential-phase-shift-keying) og DQPSK (differential-
quadrature-phase-shift-keying). 

     To forskellige former for Raman forstærkning analyseres numerisk 
ud fra et transmissionssynspunkt. Den første form er diskret 
(lokaliseret) forstærkning med fire forskellige pumpemetoder. For den 
bedste metode forudsiges en transmissionsafstand på 1800 km. 
Desuden diskuteres signal pulsbredde samt dispersion og effektivt 
kerneareal af fibrene i forhold til systempræstationer. 

     Den anden form er fordelt Raman forstærkning; her kan forudsiges 
en forbedret afstand på op til 2500 km. Den optimale fordeling af 
signaleffekt langs fiberen samt input effekt bestemmes for tre 
forskellige pumpemetoder. I simuleringerne anvendes fibre med stort 
kerneareal i næsten alle undersøgte systemer for på denne måde at 
mindske den forstyrrende indflydelse fra ulineariteter i fiberen. 

     Baseret på SSMF & DCF strækninger analyseres tolerancer overfor 
dispersion og ulineariteter for modulationsformaterne RZ, CSRZ, RZ-
DPSK, CSRZ-DPSK og DQPSK. Dispersionskontrol diskuteres også 
for disse formater. 
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     Et eksperiment med 160 Gbit/s på SSMF beskrives også i 
afhandlingen. Optimal Raman pumpemetode til opretholdelse af 
OSNR hen langs fiberforbindelsen bestemmes, og 174 km fejlfri 
transmissionsafstand opnås. I et andet 160 Gbit/s enkeltkanal 
eksperiment undersøges to dispersionskonfigurationer, nemlig 
symmetrisk og post-dispersionskompensation, idet der samtidigt 
drages fordel af Raman forstærkning. Post-dispersionskompensation 
giver den største tolerance overfor variationer i signaleffekt på 
indgangen af fiberen. 

     WDM (wavelength division multiplex) systemer baseret på fordelt 
Raman forstærkning og forskelllige modulationsformater er også 
blevet undersøgt. Systemrækkevidden for forskellige kanalafstande 
diskuteres. CSRZ-DPSK (carrier suppressed return to zero-DPSK) 
overgår RZ-DPSK med en transmissionsafstand på 1800 km med høj 
spektral tæthed og næsten fordoblet dispersionstolerance. 

     Dispersionskontrol diskuteres, hvad angår optimering af pre-, post 
og indlinie dispersionskompensering hen langs fiberforbindelsen. En 
sammenligning mellem driftsbetingelserne for enkeltkanal og 5-kanal 
WDM systemer gives for forskellige modulationsformater.  
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Abstract 
 

 

 

In this thesis 160 Gbit/s per-channel transmission systems are 
investigated in the form of both single channel systems and WDM 
systems. The aim of the research is to identify the longest possible 
transmission distance, employing Raman amplification and to study 
advanced modulation formats. Numerous computer simulations and 
some experiments have been performed.  
     The principle mechanism of Raman amplification inside fiber is 
introduced, followed by the numerical solution of the detailed coupled 
equations governing Raman amplification. Detrimental linear and 
nonlinear effects and also Raman noise terms are described. Several 
modulation format generation methods are introduced. Special 
emphasis is given to analyses of encoding and decoding methods of 
differential-phase-shift-keying (DPSK) and differential quadrature 
phase-shift-keying (DQPSK). 
     Two kinds of Raman amplification are numerically analysed from a 
transmission system standpoint. The first section focuses on the 
discrete Raman amplification with estimation of system performance 
using four kinds of Raman pumping schemes. An optimal transmission 
distance of 1800 km is predicted. Moreover, signal pulse width, 
dispersion and effective core area of fibers are discussed with respect 
to system performance.  
     In the following section three schemes with distributed Raman 
amplification are discussed. The system performance is improved 
reaching a transmission distance of 2500 km. The optimal signal power 
evolution and span input power for the three pumping schemes are 
determined. In the simulation research large core area fibers are 
adopted in almost all systems to better mitigate the nonlinearities 
compared with SSMFs. 
     Based on SSMF & DCF spans, the dispersion and nonlinear system 
tolerances of the RZ, CSRZ, RZ-DPSK, CSRZ-DPSK and DQPSK 
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modulation formats are analysed. Dispersion management is also 
discussed for these formats.   
     A SSMF based 160 Gbit/s single channel transmission experiment 
is demonstrated. Optimum Raman pumping operation conditions are 
identified to maintain the OSNR in the transmission link, and 174 km 
error free transmission is obtained. In another 160 Gbit/s single 
channel experiment, two dispersion maps are investigated in 
transmission spans, namely symmetrical and post dispersion 
compensation maps taking advantage of the benefit from Raman 
amplification. The post compensation map offers best power tolerance. 
     WDM systems based on distributed Raman amplification and 
various modulation formats are investigated. The system reach for 
different channel spacing is discussed. CSRZ-DPSK outperforms RZ-
DPSK with 1800 km transmission distance at high spectral efficiency 
and nearly doubled dispersion tolerance. 
     Dispersion management is discussed with regard to optimizing pre, 
post and in-line dispersion compensation along the fiber link. A 
comparison of optimal operating conditions for single channel systems 
and 5-channel WDM systems are given for various modulation 
formats.  
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Chapter 1           

Introduction   
 
 
 
 
 
Towards 160 Gbit/s transmission systems 
The explosive increase in number of Internet users boosts the demand 
for high-speed data capacity in LANs (local-area-networks), WANs 
(wide-area-networks) and especially backbone networks. In order to 
provide enough capacity for the huge data traffic, data rates must be 
upgraded from Mbit/s in access networks to Gbit/s and even Tbit/s in 
the backbone network. In the latter type of network, the combination of 
WDM technique and high data rate on each wavelength makes it 
feasible to accommodate the huge network traffic requirements; and 
new OTDM technology still at the research stage could be taken into 
use in the future to overcome the bottleneck in electronic multiplexers 
and demultiplexers. 
     In recent years, field trials have been performed in order to 
demonstrate the feasibility of upgrading from 10 Gbit/s to 40 Gbit/s 
systems. Impressive laboratory record-breaking results on 40 Gbit/s 
WDM systems have also been demonstrated with huge bandwidth 
accommodating hundreds of channels [1,2]. As the demand for 
capacity in the optical backbone network grows, increasing per channel 
capacity becomes of strong interest.  The main motivation is to reduce 
the number of required wavelength channels, thus reducing the cost of 
managing too many channels, and to overcome the nonlinear crosstalk 
between many channels. As the next foreseeable scenario, 160 Gbit/s 
per channel systems have become of great research interest and several 
impressive transmission experiments have been demonstrated [3,4]. 
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However, the signal at 160 Gbit/s will induce more intra-channel 
nonlinear impairments because of a quicker pulse broadening and will 
impose very challenging speed requirements on electronic components, 
consequently inducing new technical problems to be solved. Hence 
finding feasible approaches to implement optimal cost-saving 
160 Gbit/s per channel systems is very meaningful.  
     Recently, new components have emerged in experiments such as 
tunable dispersion compensators [5], polarisation multiplexers [2] and 
forward error correction coding (FEC) equipment [6] to give a bigger 
tolerance in received bit-error rate. Raman amplification [1], DPSK 
(differential-phase-shift-keying) [6] and use of new fiber types such as 
super large area fiber (SLA) [4] in the span are also promising to 
improve system performance. In addition, optimal design of dispersion 
management becomes another critical issue to mitigate the 
nonlinearities along the link [7].  
 
Motivation and purpose of this project 
The research on 160 Gbit/s per channel systems is at the onset of a new 
era. Solid and detailed numerical simulations of different system 
configurations are very necessary and will pave the way to field trials 
and applications. Furthermore, through extensive simulations, the 
optimal conditions can be predicted for various system configurations 
and the best system configuration can be identified. 
     Primarily based on computer simulations, the purpose of this 
project is to explore 160 Gbit/s per channel transmission both in single 
channel and WDM systems. The focus is on potential benefits from 
Raman amplification and advanced modulation formats; the goals are 
to predict longest system reach under various conditions, to determine 
system margins for dispersion, nonlinearities, signal power and pump 
power and finally to investigate optimal dispersion management. 
 
Structure of the thesis 
In this thesis, three approaches towards ultra high-speed optical 
transmission systems are studied and the physical principles behind are 
discussed. The first approach is to employ Raman amplification to 
balance the intrinsic fiber loss and maintain the OSNR (optical signal-
to-noise ratio) along the fiber link, thus significantly increasing the 
system reach. The second approach is to employ new modulation 
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formats such as carrier suppressed (CS) formats or differential-phase-
shift-keying (DPSK) format and differential-quadrature-phase-shift-
keying (DQPSK) format. The advantages of narrower spectrum width, 
smooth spectrum without sharp peaks and higher receiver sensitivity 
related to PSK formats can improve the transmission systems and 
reduce the nonlinear distortion. The third approach is to employ 
optimal dispersion maps as in high-speed systems the short pulse width 
leads to large dispersive pulse broadening and results in increased 
intra-channel nonlinear distortion such as intra-cross-phase modulation 
(IXPM) and intra-four-wave-mixing (IFWM). During our simulation 
research, large core area fiber instead of standard single mode fiber 
(SSMF) is adopted in most of the systems in order to mitigate 
nonlinearities. 
     The thesis is organised as follows. Chapter 2 provides an overview 
of the principle mechanism of stimulated Raman scattering. The 
coupled equations for Raman amplification are discussed including 
linear and nonlinear terms, followed by the introduction of detrimental 
effects. The numerical solution of the detailed coupled equations is 
presented separately. We also discuss the noise characteristics and 
derive the effective noise figure mathematically. At last, applications 
of the Raman amplifier are described. 
     Chapter 3 deals with the generation principles of the modulation 
formats RZ, CSRZ, DPSK and DQPSK. The encoding and decoding 
methods of DPSK and DQPSK are illustrated in detail, followed by 
analyses of modulation and demodulation schemes. In addition, a 
mathematical derivation is presented to explain the different spectra for 
different modulation formats. The BER estimation model is also 
discussed to give a clarification of the special features of the noise 
density distributions for the DPSK format at the receiver. 
     In Chapter 4, two kinds of Raman amplification are analysed by 
simulation from a systems standpoint. The first section focuses on 
discrete Raman amplification for four kinds of pumping schemes. The 
dispersion and effective core area of the fibers are discussed in terms 
of system performance. The following section compares three different 
distributed Raman amplification schemes. We find the system distance 
reach is even better compared to discrete pumping schemes. In the 
third section, we investigate the dispersion and nonlinear tolerances of 
the RZ, CSRZ, RZ-DPSK, CSRZ-DPSK and DQPSK formats using 
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SSMF & DCF spans. Dispersion management is also studied with 
respect to different formats. 
     Chapter 5 presents two experiments dealing with single channel 
160 Gbit/s transmission systems. The first experiment is concerned 
with distributed Raman amplification in SSMF. 174 km error-free 
transmission is obtained, and optimum Raman pumping conditions are 
investigated to maintain the required OSNR in the transmission link, 
thus potentially increasing the system reach. In the second experiment, 
we characterize dispersion maps in the 160 Gbit/s transmission system. 
Two dispersion compensation maps, namely symmetrical and post 
dispersion compensation are discussed based on Raman amplification 
in the SSMF transmission span. We find the post compensation map 
offers better power tolerance. 
     Chapter 6 presents the simulation results for WDM systems based 
on distributed Raman amplification and various modulation formats. In 
the first section, the system reach for different channel spacing is 
discussed. RZ-DPSK and CSRZ-DPSK are compared in terms of 
dispersion tolerance and spectral efficiency. The following section 
deals with the dispersion management issue by investigating pre, post 
and in-line dispersion compensation. The optimal conditions with 
regard to modulation format are given. Comparisons of single channel 
systems and 5-channel WDM systems on optimal dispersion 
arrangement are given. 
     Finally, Chapter 7 summarises and discusses the main results of the 
thesis.



 

  

Chapter 2                    

Raman amplification 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Raman amplification has been extensively studied for use in long-haul 
WDM systems because of the capability of amplification at any 
wavelength, broad-band flatten gain, higher OSNR (Optical signal to 
noise ratio) maintained compared to using EDFA, distributed Raman 
amplification and lower span launched signal power which is helpful to 
mitigate nonlinearities. Raman amplification compensates the intrinsic 
fiber loss, thus significantly increasing the system reach. 
     In this Chapter, the physical mechanism of Raman amplification is 
described. The coupled equations for Raman amplification are 
discussed including linear and nonlinear effects. The noise 
characteristics are discussed and the concept of effective noise figure is 
introduced. The numerical solution of the coupled equations is 
presented separately. Finally applications of the Raman amplifier are 
described. 
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Raman repeater was realized with DCF by two-stage amplification 
[14]. 

Pum p

DCF

 
Figure 2.8 Discrete Raman amplifier set-up 

 
     Distributed Raman amplification uses the transmission fiber as 
amplification media. The signal is amplified when it propagates along 
the transmission fiber, thus mitigating the reduction of OSNR. So to 
obtain the same output signal power, less launched signal power is 
needed compared with an EDFA span, thus giving less nonlinearity. 

 
Figure 2.9 Flat gain by multiple pumps across the whole bandwidth. 
      
     However, WDM gain tilt arises by power transfer from high 
frequency pumps to low frequency pumps. The gain tilt is a deleterious 
effect that imposes different amplification on channels. To solve this 
problem, a gain equalizer function (GEF) is used to experimentally 
flatten the gain after each fiber loop [1]. 
     Another solution is to employ multiple pumps with proper power 
allocation to achieve flat Raman gain across the demanded bandwidth 
[16-18]. It can be realized by a combination of forward pumps and 
backward pumps [16] as show in Figure 2.9. 
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     The distributed Raman amplification is extensively used in high-
speed and wide band WDM transmission systems because of the 
benefit of lower NF and better OSNR. Distributed multiple pump 
designs with respect to a specific fiber span are advantageous in WDM 
systems. Second order pump experiments were also demonstrated for 
amplification of the first order pump power, thus increasing the Raman 
gain in long fiber lengths [15].  
 

2.4 Summary 
 
A description of the basic physical mechanism of Raman amplification 
is given.  In addition, the main noise terms and nonlinear effects are 
discussed. For accurate numerical simulation, the coupled equations 
that include noise processes and nonlinear impairments are discussed 
in detail. With the merit of Raman amplification, the system can 
potentially be improved largely, which is very important for ultra-high 
speed systems such as 160 Gbit/s systems. 



 

  

Chapter 3            

Modulation format 
 
 
 
 
 
 
 
 
 
The adoption of new modulation formats such as carrier suppressed 
(CS) formats or DPSK (differential-phase-shift-keying) and DQPSK 
(differential-quadrature-phase-shift-keying) provides the advantages of 
narrower spectrum width or smooth spectrum without sharp peaks in 
addition to higher receiver sensitivity. Such formats can improve the 
transmission systems and reduce the nonlinear distortion.  
     Table 3.1 presents an overview of the outstanding experimental 
records on capacity and distance achieved in 40 Gbit/s WDM systems. 
It is noteworthy that all of these state-of-the-art experiments employ 
more advanced modulation formats than simple on-off keying. In these 
experiments the DPSK format is extensively employed as an 
advantageous modulation format offering better nonlinear resilience 
and consequently larger capacity and longer system reach [19-24]. The 
DQPSK format has emerged as a new modulation format that can 
largely increase the spectral efficiency [25-28], thus accommodating 
more channels within the available fiber bandwidth as listed in Table 
3.2. 
     In this chapter, the generation method of each modulation format is 
illustrated. The encoding and decoding principles of DPSK and 
DQPSK are presented. Balanced detection and a noise estimation 
model are also discussed. 
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problem can be solved by changing the order of subtraction of the two 
branches. 
     Compared with the spectrum of RZ, the DPSK spectrum has no 
impulse at carrier frequency and sub-carrier frequencies as shown in 
Figure 3.6. The derivation of the spectra of ASK and PSK are reviewed 
in Appendix B. 
 
 
 
 
 
 
 
 
 

    a)     b) 
Figure 3.6. Spectra of a) RZ-DPSK and b) CSRZ-DPSK. 

 

3.2.3 Model for noise analysis of DPSK 
Normally a Gaussian approximation is quite accurate and extensively 
used because the statistics of the received optical signal can be 
assumed to have a Gaussian distribution. However, ASE (Amplified 
Spontaneous Emission) noise from the optical amplifiers accumulates 
and is dominant along the system and must be considered. At the 
detector, beat noise is generated by ASE-ASE beating and signal-ASE 
beating; both of these processes give electrical noise at the baseband. 
In such a case it turns out the statistics of a received optical signal 
accompanied by noise is non-Gaussian [30], and the Gaussian 
approximation can not be trusted anymore. 
 
Limitation on balanced DPSK detection      
For instance, the probability density function (PDF) of DPSK after 
balanced detection is quite different from Gaussian PDF of ASK. In 
brief, to demodulate each bit, two bits from two arms will interfere 
constructively or destructively. Thus the combination of the two noise 
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3.4 Summary 
 
We have given an overview of generation methods for modulation 
formats such as RZ, CSRZ, DPSK and DQPSK. Half the spectrum 
width from the CSRZ makes it a better candidate for spectral efficient 
design; more over the DPSK own the benefit of higher receiver 
sensitivity from balanced detection. Derivations have been presented 
pertaining to especially DPSK and DQPSK demodulation principle. 
The spectrum and power density characteristics of DPSK have also 
been discussed in a mathematical approach offering understanding in 
simple terms. The discussions indicate that DQPSK has the advantage 
of half modulation bandwidth, which is promising for ultra-high speed 
system application. 



 

  



 

  

Chapter 4                                   

Single channel 160 Gbit/s 

systems simulation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Numerous experiments on 40 Gbit/s WDM systems have been 
demonstrated. A distance of 10000 km has been achieved for a 40-
channel 40 Gbit/s WDM system with bi-directional Raman 
amplification on SLA (super-large-core-area) and IDF (inversed 
dispersion fiber) spans [23]. However, even higher channel rates will 
be advantageous for lower cost and this will accelerate the effort to 
improve the capacity of a single channel [39-41]; consequently 
160 Gbit/s systems as the next scenario are attracting increased 
research attention. Since the nonlinearity effects occurring for a few 
picoseconds pulse width in 160 Gbit/s systems are more complicated 
than for 40 Gbit/s systems, it is very important to investigate single 
channel systems before WDM systems are addressed. 
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     Results for experiments on 160 Gbit/s single channel systems are 
listed in Table 4.1. RZ-DPSK modulation format was employed in 
Ludwig’s experiment to achieve 410 km transmission with SLA+IDF 
span [44]. In another experiment, 480 km of system reach was 
achieved with short pulses of 2.8ps and NDSF [43]. Up to now the 
longest transmission distance of 550 km was demonstrated with SSMF 
[42]. The SLA+IDF span is demonstrated to outperform SSMF+DCF 
[4]. Experimental comparison of RZ-DPSK and RZ modulation format 
was investigated [69]. Since with EDFA, the maximum distance is 
limited to about 600-700 km, Raman amplification is very promising 
to greatly increase the system reach as it demonstrated in 40 Gbit/s 
systems. However, up to now, the simulation work on 160 Gbit/s 
mainly focuses on comparison of different modulation formats [45-48]. 
We notice that for 160 Gbit/s single channel systems, not much 
simulation work [46] has been published on newly developed 
SLA+IDF spans, Raman amplification, DPSK and DQPSK formats 
and new dispersion maps.  
 
Table 4.1 Experiments demonstrated for 160 Gbit/s single channel 

systems 
Authors Fiber Modulation 

format  
Distance Amplifier 

J-L. Auge [43] NDSF 2.8 ps short 
pulse  

480 km EDFA 

G. Lehmann [42] SSMF 2 ps RZ  550 km EDFA 
R. Ludwig [44] SLA+IDF+ 

SSMF+DCF 
RZ-DPSK 410 km EDFA 

  
      The purpose of this chapter is to present a numerical simulation of 
160 Gbit/s single channel systems in order to predict the longest 
transmission distance for different system configurations. New aspects 
of the research to be reported include SLA+IDF spans, discrete and 
distributed Raman amplification along with DPSK and DQPSK 
modulation formats. In particular, the goals of the research are to 
identify the optimum Raman pumping schemes to mitigate amplifier 
noise in the transmission, to identify the most favorable modulation 
formats that have largest tolerance towards dispersion and 
nonlinearities and to significantly increase the transmission system 
reach.  
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   This chapter is organised as follows. The first section describes 
discrete Raman amplification consisting of four kinds of pumping 
schemes and it also provides an analysis of pulse width and fiber 
parameters. Following this discussion, a comparison of discrete and 
distributed Raman amplification is given. Section 2 deals with a 
comparison of distributed Raman amplification using three different 
pumping schemes and it gives the longest transmission distance, the 
optimal signal power distribution and the optimal span length margin. 
In the following Section 3, we present dispersion tolerance and 
nonlinearity margin of RZ, CSRZ, RZ-DPSK, CSRZ-DPSK and 
DQPSK formats for such systems. The different modulation formats 
versus single channel systems reach and SSMF and DCF span 
configurations are discussed.  Such topics will be discussed for WDM 
systems in Chapter 6.  

 

4.1 Discrete Raman amplification in 
transmission systems 
 
Raman amplification is very attractive because of its various merits 
such as wideband flat gain profile and higher OSNR along the fiber 
compared to using conventional EDFA. However, up to now few 
papers exist that present numerical comparisons between different 
pumping schemes [47]. In this section, we compare different pumping 
configurations for discrete Raman amplification using SLA and IDF 
spans. For such spans different Raman pumping schemes are 
numerically simulated for 160 Gbit/s single channel transmission for 
the first time. We find that the optimal scheme is to pump the span in 
the middle where the IDF is located. A transmission distance of 1800 
km is predicted and short pulses are preferred in these systems. We 
also compare the advantage of discrete Raman amplification and 
distributed Raman amplification. 

4.1.1 Raman Model and pumping scheme setup 
Raman model 
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4.1.2 Optimum signal power evolution and pump 

condition 
After power calculation along fibers, the non-linear Schrödinger 
equation (NLSE) including dispersion, dispersion slope and 
nonlinearity is solved numerically by split-step algorithm [12]. Figure 
4.2 shows a contour plot of the longest transmission distance at a BER 
of 1.0E-9, measured in number of 100 km spans.  
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Figure 4.2.  Contour plot of optimal longest transmission distance vs. 
combinations of EDFA and pump power for backward or middle 
pumping and vs. combinations of pump powers for double backward 
or bi-directional pumping. 
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The optimal combination of EDFA power and pump power are 
presented for backward and middle pumping schemes. For double 
backward pumping the figure shows optimal combination of first and 
second backward pump power, and for bi-directional pumping optimal 
combination of forward and backward pump power. Also in the latter 
two cases the EDFA input power was optimised for each combination 
of pump powers. However, it is kept in mind that with double 
backward pumping, pump power range is not fully investigated. 

        Backward                                              Middle 

               Double backward                          Bi-directional 
Figure 4.3. Signal power evolution inside the span based on longest 

transmission distance with respect to each pumping schemes. 
      
     The results were obtained with Gaussian pulse width 1 ps. A 
longest transmission distance of 1800 km can be reached by pumping 
IDF in the middle of the span. It is clear from Figure 4.2 that backward 
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pumping scheme requires largest pump power around 1.3 W, while 
middle pumping has the lowest pump power around 300 mW. 
     These can be explained by optimal power evolution inside spans as 
shown in Figure 4.3. It can be seen that for all cases, the signal power 
has a minimum value to keep enough OSNR. In the meantime, the 
middle pumping on IDF has the smallest average power level, which 
causes least nonlinearity effect compared to other schemes; 
consequently it gives the best performance. It is also noticed that 
although backward pumping scheme requires above 6 dB larger 
launched signal power than the other pumping schemes and much 
larger pump power is needed, the longest system reach is equal to the 
double backward and bi-directional pumping, thus it shows that less 
Raman pump source is preferred. 

4.1.3 Transmission distance with pulse width and fiber 

parameters 
 
Available longest transmission distance as a function of pulse width for 
different Raman pump schemes is investigated and the results are 
shown in Figure 4.4. 

Figure 4.4 Transmission distance vs. pulse width for four different 
pumping schemes. 
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    For all schemes, narrower pulse width is preferred for longer 
transmission distance due to quicker pulse broadening and thus less 
nonlinearity. It is also found that although the optimal pump level 
changes significantly for different pumping configurations, the optimal 
signal power distribution profile for the same pumping configuration 
stays constant regardless of pulse width variation. 
 
Effective core area (Aeff) and dispersion of SLA in the span 
In order to investigate the effect of dispersion and Aeff of fibers in the 
span, we change the dispersion of the SLA and IDF proportionally in 
the span. Figure 4.5 shows such a proportional variation of the SLA 
and IDF dispersion in case of a symmetrical dispersion map. We 
employ the middle pumping scheme mentioned earlier. 
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Figure 4.5.  Proportional dispersion variation of SLA and IDF in 
symmetrical dispersion map with 100 km span length. 
 
      
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Contour plot of transmission distance in terms of number of 
100 km spans with respect to the Aeff and dispersion of SLA. 
 
     The contour plot in Figure 4.6 shows the system maximum reach in 
terms of number of 100 km spans with respect to Aeff and dispersion of 
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discrete and distributed Raman amplification set-ups. Unlike the 
discrete set-up a) with an isolator to block the pump propagation along 
the consecutive fiber sections, the Raman pump power in b) passes all 
the fiber sections and amplifies the signal with the remaining pump 
power.  
 

                          a)         b) 

Figure 4.8.   Backward Raman pumping a) discrete and, b) distributed.    

Figure 4.9.  Optimal power evolution for discrete (blue) and distributed 
(orange) Raman amplification for longest transmission, respectively. 

      
     We optimize the launched signal power and pump power based on 
longest transmission distance available for each set-up. The pulse 
width is 1 ps. We find that the system performance of distributed 
Raman amplification is much better than that of discrete amplification 
with nearly doubled transmission distance.  
     Figure 4.9 gives the optimal power evolution based on Figure 4.8 
for the two set-ups. It shows nearly the same launched signal power of 
5 dBm. The average signal power by distributed Raman amplification 
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    a)           b) 

Figure 4.10.  Optimal combination of EDFA power and pump power 
for longest system transmission. a) Discrete backward pumping, b) 

distributed backward pumping. 

 

 4.2 Distributed Raman assisted system 
      
Distributed Raman amplification has emerged as a most attractive 
amplification scheme in recent research on 40 Gbit/s WDM 
transmission with merits of uniform gain profile and up to 10 THz 
dynamic operation bandwidth [49]. Pure Raman or hybrid 
Raman/erbium amplifications have been suggested  [50, 51] as a way 
to improve the in-line signal to noise ratio in 160 Gbit/s per-channel 
WDM systems compared to using lumped erbium doped fiber 
amplifiers. Recent simulations indicate that symmetrical dispersion 
maps are favourable in case of distributed amplification [52]. 
Management of effective area and the noise performance have also 
been investigated in dispersion managed fiber spans [53, 54].  
     In this section, we focus on 160 Gbit/s single channel systems and 
the use of distributed Raman amplification. With realistic super large 
effective area fiber and symmetrical dispersion map, we investigate 
three Raman pumping configurations, backward pumping, bi-
directional pumping and second-order pumping. In order to obtain a 
proper balance between nonlinearity and OSNR, the signal evolution 
inside a span is adjusted by changing signal and pump power toward
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4.2.2 Optimization of Signal power evolution and pump 

power 
For all the results presented below, a BER of 10-9 is taken as the 
criterion for defining the maximum system reach.  
 

 
(a) (b) 

 
(c) 

 
Figure 4.12. Signal power evolution in a 105 km span for (a) backward 
pumping, (b) bi-directional pumping, (c) second order bi-directional 
pumping. The pump powers in (a), (b) and (c) have been set to 
maximize the transmission distance for –3, 0, 2 and 5 dBm span input 
signal power, respectively. 
 
     Figure 4.12 shows the optimal signal power evolution resulting in 
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the longest system reach for all three pumping configurations, while 
Figure 4.13 shows the systems reach contours as a function of signal 
and pump power for each pump configuration. 
 

 
(a) (b) 

 
(c) 

 
Figure 4.13. Number of transmitted 105 km spans as a function of (a) 
span input signal power and pump power for backward pumping, (b) 
backward and forward pump power for bi-directional pumping; (c) 
backward and forward pump power for second order bi-directional 
pumping. 
 
     In Figure 4.12 a) curves 1, 2 and 3 correspond to the three sets of 
span input signal power and backward pump power indicated with 
points in Figure 4.13 a). Curve 2 presents the signal power distribution 
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along the fiber span for longest system reach. Curve 1 and 3 present 
signal power distributions in case of 15% degradation of the system 
reach. Curve 1 is expected to result in less nonlinearity accumulation 
compared to curve 2, but the system reach is degraded due to reduction 
in OSNR stemming from more Raman induced noise. This suggests 
the existence of a minimum signal power limit in the power 
distribution. Curve 3 corresponds to less Raman induced noise because 
of lower pump power, but nonlinearity accumulation is higher than for 
curve 2 and becomes the limiting factor.  
     Hence, there is also an upper limit for the signal power distribution 
set by nonlinearities. The optimized signal power evolutions for 
longest reach are also shown in Figure 4.12 b) and c) for bi-directional 
and second order pumping at different input signal power, respectively.       
     For all investigated pumping configurations and signal input power 
levels, it can be seen that the signal power has to remain above –6 dBm 
within the span to get optimal results. In all optimal system reach 
cases, although large signal power variations can be tolerated in both 
SLAs, the lowest signal power in the span is reached within the IDF. 
Therefore there is a trade-off between OSNR and nonlinearity, which 
means the IDF constitutes a nonlinearity bottleneck in the system. 
     For all the pumping configurations, about the same optimal longest 
distance of 2500 km is reached. From Figure 4.13, we define the 
optimal power operation range for the three pumping configurations to 
be within 15% shorter reach compared to the maximum transmitted 
distance of 2500 km, i.e. in the 2200 - 2500 km range. In the backward 
pumping case the optimum pumping power range is 200 mW. 
However, for bi-directional pumping both pump power levels are much 
more critical, the tolerance of the optimum range for both pump 
powers decreases from 200 to 100 mW. In the second order pumping 
case the pump power tolerance is the largest, namely more than 200 
mW for the backward pump power and more than 600 mW for the 
forward pump power.  

4.2.3 Pump schemes comparison and span length 
For both bi-directional and second order pumping, extensive 
calculations have been performed of longest transmission distance for 
different span input signal power levels. The results are shown in 
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Figure 4.14. It is clear from Figure 4.14 that backward pumping is 
most sensitive to decreasing incident signal power due to OSNR 
limitations, while second order pumping offers large tolerance to 
decreasing signal power. Above 2200 km system reach, second order 
pumping can accept around 9 dB span input signal power variation, 
while for bi-directional and backward pumping it is limited to 5 and 3 
dB. The results from Figure 4.13 and Figure 4.14 indicate that for a 
single channel system, backward pumping has acceptable pump power 
margin; it is also the simplest and most practical pumping scheme. 
Second order pumping offers the largest pump and span input signal 
power tolerance. Furthermore, it has good potential for being used in 
WDM transmission at 160 Gbit/s because it allows lower incident 
signal power, which mitigates nonlinear degradation between channels. 
On the other hand, it is also a more costly pumping scheme. 
 

 
Figure 4.14. Maximum transmitted spans as a function of span input 

signal power. Span length is 105 km. 
 

     Since backward pumping has good performance and is the simplest 
and most cost effective pumping scheme, we focus on backward 
pumping in the following.  
     We now investigate the influence of span length on the system 
reach by scaling the fiber length linearly without changing any other 
fiber parameters. From Figure 4.15 it is clear that the longest 
transmission distances have large span length tolerance. The span 
length can be increased from 45 to 120 km while maintaining a system 
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reach above 2500 km. The large span loss tolerance is very beneficial 
for practical designs. 
      

 
 

Figure 4.15. Longest transmission distance versus span length for 
backward pumping. 

 

 
 

Figure 4.16. Net-gain versus span input signal power for backward 
pumping with 105 km span length. 

 
     The signal net gain, defined as the ratio between output and input 
signal power was also investigated.  For each incident signal power in 
case of optimum system reach, the net gain as a function of span input 
signal power is shown in Figure 4.16. The data are collected from the 
power contour in Figure 4.12 a). More than 6 dB positive net gain can 
be realized while still maintaining good performance, which means
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that placing an EDFA before the span is not necessary, instead the 
positive net gain can be used to compensate insertion loss between the 
spans. 
     In conclusion, 160 Gbit/s single channel transmission using a 
scheme consisting of two SLA fibers separated by one IDF fiber and 
Raman amplification has been investigated numerically. Backward 
pumping, bi-directional pumping and second order pumping were 
investigated. For the three schemes about the same systems reach of 
2500 km was obtained. For the single channel system considered, 
backward pumping is not only the simplest configuration, but it also 
offers good pump power margin. Second order pumping shows the 
largest pump power and input signal power tolerance. All three 
configurations offer a span length tolerance of 45 to 135 km and 
positive net gain can be obtained. Second order pumping could be 
more attractive for WDM applications because it allows lower input 
power levels that would mitigate the influence of nonlinearities. 

 

4.3 Modulation format comparison on 
system performance 
 
New modulation formats that offer large dispersion and nonlinear 
tolerance pave the way to greatly increased system capacity and 
transmission distance [55]. Recent research on high bit rate systems 
above 40 Gbit/s emphasize employing modulation formats such as 
DPSK and DQPSK [56,25].  
     At 160 Gbit/s, modulation formats are also investigated both in 
simulations and experiments [57]. However high speed electronic 
components have not yet been developed for 160 Gb/s. For instance 
the method to generate phase-modulated format at 160 Gbit/s is under 
investigation. Recently, RZ-DPSK format was used in a single channel 
160 Gbit/s transmission system based on polarization multiplexing and 
an integrated chip as transmitter [44]. However, the 160 Gbit/s RZ-
DPSK signal is aggregated by optical time-division multiplexing of 4 
channels of 40 Gb/s RZ-DPSK signals, thus the generated 160 Gbit/s 
signal is not strictly phase related between adjacent bits. Recently, Bell 
Labs put forward new proposals on generating the real CSRZ and RZ-
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Figure 4.18. Optical and electrical filter bandwidth optimization of 
penalty in dB from highest receiver sensitivity for different modulation 
formats. 

 
     For each modulation format, we use third-order Gaussian optical 
filter and third-order Bessel electrical filter. By optimizing the 
bandwidths of the filters in terms of maximum receiver sensitivity for 
the corresponding modulation formats separately, we get the optimal 
filter bandwidth. Figure 4.18 shows contour plots of penalty in dB 
from highest receiver sensitivity versus optical and electrical filter 
bandwidth for each modulation format. It can be seen that the optimal 
DPSK receiver requires a narrower electrical filter bandwidth 
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compared to OOK. The electrical filter bandwidth of RZ, CSRZ, RZ-
DPSK and CSRZ-DPSK is then 100, 90, 90 and 85 GHz, respectively. 
The optical filter bandwidth is 500, 400, 550 and 400 GHz, 
respectively. 
     However, the Gaussian assumption of noise probability density 
distribution for PSK signals is not accurate; we get a sensitivity 
enhancement of 2.3 dB for NRZ-DPSK compared with NRZ, while 
only 1.7 dB for RZ-DPSK compared with RZ. We use eye-opening 
penalty (EOP) 1dB as criterion to describe the signal degradation in 
systems. The eye-opening at the receiver is normalized to the back-to-
back eye-opening according to EOP=10log10(eye-opening at 
reciever/B2B eye-opening). 
 
One span results 
Figure 4.19 shows the normalised eye-opening as a function of residual 
dispersion obtained by varying the DCF length, for a span average 
input power of 0 dBm. The dispersion tolerance of 1 dB eye opening 
penalty is equal to 1.4, 2.4, 1.5 and 2.2 ps/nm for RZ, CSRZ, RZ-
DPSK and CSRZ-DPSK. However, the most significant improvement 
is offered by RZ-DQPSK, where dispersion tolerance exceeds 6.2 
ps/nm.  
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Figure 4.19. Normalized eye opening vs. span residual dispersion for 

the five modulation formats. 
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      Figure 4.20 shows the tolerance to launched power for the five 
modulation formats. It can be seen that RZ-DQPSK not only offers 
improved dispersion tolerance, but also results in resilience to self-
phase modulation similar to that of CSRZ and CSRZ-DPSK. 
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Figure 4.20. Eye-opening penalty vs. span launch power for the five 
modulation formats. 

 
     From the discussion, we find that for single channel systems, the 
RZ-DQPSK format has much larger dispersion tolerance than the other 
modulation formats, and similar sensitivity to fiber nonlinearity 
compared to other DPSK related formats.  

 
Three span results 
We investigate RZ, CSRZ, RZ-DPSK and CSRZ-DPSK in the same 
system set-up as shown in Figure 4.17 but with 3 spans. The margins 
for both dispersion and nonlinearity are calculated for an eye-opening 
penalty of 1 dB. The residual dispersion is obtained by changing DCF 
length.  
     Figure 4.21 shows contour plots of receiver penalty in dB after 
three spans each using post DCF compensation. It can be seen that the 
carrier-suppressed formats as CSRZ and CSRZ-DPSK outperform RZ 
and RZ-DPSK in terms of dispersion tolerance. Furthermore, RZ-
DPSK and CSRZ-DPSK are more robust to ASE noise with lower 
OSNR, which shows the advantage of balanced detection. CSRZ-
DPSK has the largest dispersion margin of 2 ps/nm and is most robust 
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to accumulated ASE noise. RZ has narrowest dispersion tolerance of 
0.6 ps/nm. However, the nonlinear upper limit in the simulation of the 
different modulation formats is identical as 7dBm. 
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Figure 4.21. Contour plot of receiver penalty vs. residual dispersion 
and span input power for four modulation formats after three spans 
with post DCF compensation (Penalty range 0-4 dB). 

      

4.3.2 Dispersion management for different modulation 

formats based on SSMF+DCF span 
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Dispersion map is one of the key techniques to obtain an optimized 
balance between dispersion and nonlinearity. The approach is to 
choose the different fiber sections in the link in an optimal way to give 
a better dispersion design. The aim is to provide the system with higher 
tolerance to dispersion and nonlinearity induced effects such as SPM 
and XPM. Another approach is to use new kinds of fiber to reduce the 
nonlinearity and allow a higher input signal power. Some research on 
160 Gbit/s systems have been published as the EDFA and DCF 
positions in the span are studied, and then the proper input power to 
each section of fiber is determined [61,62]. In this section, various 
modulation formats are adopted to investigate the effect on the 
decision of optimized dispersion map. 
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Figure 4.22. Dispersion map of SSMF+DCF span. 
 
     The length of the SSMF and DCF is 80 and 12 km, respectively. 
The dispersion of the SSMF and DCF is 15 and -100 ps/nm/km, 
respectively. The dispersion maps are investigated by changing the 
DCF position in the 80 km of SSMF as shown in Figure 4.22. We 
investigate the modulation format effect on the dispersion map design. 
The results are shown in Figure 4.23 for an EOP of 1 dB. The RZ-
DPSK accepts largest power margin of 7 dB, while it is 6 dB, 3 dB and 
2 dB for CSRZ-DPSK, CSRZ and RZ, respectively. Pre-compensation 
is better for RZ and RZ-DPSK format. This can be understood that the 
narrower pulse compared to CSRZ and CSRZ-DPSK broadens quicker, 
then it is better to recover it early before it is dispersive and get 
deteriorated too much. Therefore in the design of dispersion map, RZ 
and RZ-DPSK format prefer a dispersion compensation taken place 
close to the beginning of the span. 
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