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A bstract

This thesis investigates alternative optical modulation schemes and their impact on 

the non-linear effects in a dense WDM optical network. In detail, two alternative 

modulation schemes, duobinary and dicode modulation are extensively studied in 

the context of optical transmission and their application in WDM optical networks. 

Two-level and three-level duobinary modulation schemes are applied to a simple 

optical system in order to explore the level of the reduction of Stimulated Brillouin 

Scattering (SBS) effects relative to binary transmission. The two duobinary schemes 

are compared to each other and to binary transmission and the techniques are as

sessed in terms of system penalties. Two-level duobinary suppresses SBS effects, 

giving an eye-opening improvement of 0.25 dB to 1.2 dB relative to binary trans

mission over a range of input power levels. An experimental study follows, where 

duobinary modulation is applied in a dense WDM system. The modulation scheme 

successfully suppresses the Four Wave Mixing products by a maximum of 3 dB. The 

suppression is maintained over a range of channel spacings. An investigation of the 

impact of fibre dispersion on Four Wave Mixing products under binary, duobinary 

and dicode modulation in a three channel dense WDM system is then performed 

through simulation. The interchannel spacing is varied from a maximum of 100 GHz 

to a minimum of 37.5 GHz, and the optical power applied to the fibre is also varied 

over a typical range of values. Results guide the choice of modulation schemes over 

a range of operating conditions. A basic study on the dispersion tolerance of di

code modulation, relative to normal binary transmission is also performed. Dicode 

modulation does not offer any dispersion compensation relative to standard binary



transmission. A strengths, weaknesses, opportunities and threats analysis identi

fies the merits and drawbacks of using duobinary and dicode modulation in dense 

WDM systems. The thesis comes to a conclusion by summarising the main results 

and proposing areas where further work maybe fruitful.
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Chapter 1

Introduction

1.1 Dense W D M  Optical Networks

In order to meet the huge capacity demands imposed on the core transmission 

network by the explosive growth in data communications, the number of optical 

channels in dense WDM optical networks is being increased [1, 2, 3]. Since the gain 

bandwidth of EDFAs is limited (1525-1607 nm) [1], these requirements for a very 

large number of channels mean that the channel spacing will have to be small.

The current ITU grid specifies a 100 GHz channel spacing, but dense WDM systems 

are being considered with 50 GHz to 25 GHz channel spacing [2, 4]. For these systems 

the linear and non-linear properties of the optical fibre can induce serious system 

impairments limiting the performance of dense WDM systems.

The research presented in this thesis is concerned with the application and im

21
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plementation of alternative modulation schemes in dense WDM optical systems in 

order to suppress the non-linear effects of the optical fibre, while in the same time 

controlling the spectrum of the signal. In detail, duobinary and dicode modulation 

schemes are considered in dense WDM systems and their impact on Stimulated 

Brillouin Scattering and Four Wave Mixing effects.

1.2 Thesis Organisation

Following this brief introduction, chapter two provides a review of high speed long 

haul optical WDM fibre systems. Here, the fundamental structure and properties of 

WDM systems are examined together with the building blocks of such systems. In 

particular, attention is drawn to the structure of record breaking experimental dense 

WDM systems that are involved in Terabit/s capacity experiments. The chapter 

concludes with a discussion on the trends of dense WDM optical networking.

Building upon this, chapter three is a study of duobinary and dicode modulation 

schemes. Fundamental properties of both the schemes are presented together with 

a mathematical analysis, leading to spectral density formulas for each modulation 

scheme. Implementation approaches for the modulation techniques in optical sys

tems are discussed. The chapter concludes with a brief review of the reported merits 

of using duobinary modulation in optical systems.

Chapter four presents a comparison of the robustness between two-level and three- 

level duobinary modulation formats to Stimulated Brillouin Scattering (SBS) effects.
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In that context, equations that describe the effect are presented. Duobinary modu

lation is applied in order to suppress the onset of the SBS effect and this is studied 

using simulation techniques. The discussion section of the chapter brings out the 

findings and their significance to optical systems.

Having looked at scattering fibre non-linear effects, chapter five moves to the im

pact of duobinary modulation on Kerr effects. An experimental demonstration of 

the reduction of Four Wave Mixing (FWM) products with duobinary modulation is 

presented. An analysis of the FWM effects and their impact on WDM systems is 

also included. It is shown that duobinary modulation can offer important benefits 

to dense WDM systems by significantly reducing the FWM non-linear effects. Sim

ulation results are also taken based on the experimental arrangements in order to 

provide confidence in the experimental measurements.

Chapter six presents a simulation-based investigation of the impact of alternative 

modulation schemes on the level of FWM products in dense WDM systems. Both 

duobinary and dicode modulation schemes are considered in a three channel dense 

WDM system, and parameters such as linear fibre dispersion, fibre input power and 

channel spacing are varied. The aim of this chapter is to investigate the variation 

of the FWM products for the modulation schemes, identify factors that infiuence 

these variations, and to produce a guide to the choice of modulation schemes for a 

range of operating conditions.

Chapter seven investigates, in basic terms, the impact of fibre linear dispersion on 

dicode modulation compared to binary transmission in a simple optical transmission
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system.

Chapter eight builds on the previous chapters and is a SWOT (Strengths, Weak

nesses, Opportunities and Threats) analysis of the alternative modulation schemes 

relative to binary transmission in the context of WDM systems. The analysis iden

tifies the advantages and disadvantages of applying the modulation techniques to 

dense WDM systems. This analysis can possibly influence network planners in mak

ing their decision to implement the alternative modulation schemes considered, in 

order to overcome some of the limitations that dense WDM networks face.

Finally, chapter nine concludes the thesis by summarising the main findings of the 

research and provides suggestions for further work.

1.3 Outline of Main Contributions

The major contributions resulting from this work may be summarised as follows:

• A comparison of the robustness of two-level and three-level duobinary mod

ulation to Stimulated Brillouin Scattering is presented. This comparison is 

made between the two types of duobinary modulation relative to normal bi

nary transmission.

• An experimental demonstration of the reduction of Four Wave Mixing effects 

with two-level duobinary modulation in a two-channel dense WDM system. 

The reduction of the FWM effects is presented relative to binary transmission.
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The experiments are also duplicated using a simulation tool.

• The impact of duobinary and dicode modulation schemes on the FWM prod

ucts of a dense WDM system, and the influences which parameters such as 

flbre input power, channel separation and flbre dispersion play on the FWM 

products. A guide of choice between binary, duobinary and dicode modulation 

under different system operating conditions is developed from this study.

• An evaluation of the dispersion tolerance of dicode modulation in a simple 

optical transmission system. This tolerance is investigated over various lengths 

of standard flbre, relative to binary transmission.

• A SWOT analysis, between binary, duobinary and dicode modulation schemes 

in the context of dense WDM systems.

The contributions made during the course of this research have led to the following 

publications:

1. G. Katsaros, P. Lane, M. Murphy, M. Green, P. Jiang, ’’Experimental demon

stration of the reduction of FWM with duobinary modulation” , 25th European 

Conference on Optical Communication (ECOC), Volume I, pages 1-402, 1-403, 

France, September 1999.

2. G. Katsaros, P. M. Lane, M. Murphy, ”Investigation and Modelling of FWM 

effects in various flbre types under Partial response Signalling using the Opt- 

Sim simulator” , 3rd Annual ARTIS Users Group Forum held in conjunction
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with 26th European Conference on Optical Communication (ECOC), Ger

many, September 2000.

3. G. Katsaros, P.M. Lane, M. Murphy, ” A comparison of the impact of FWM 

on binary, duobinary and dicode modulation in DWDM systems” , 13th IEEE 

Lasers and Electro-Optics Society (LEOS) Annual Meeting, Volume 1, pages 

27-28, USA, November 2000.

4. G. Katsaros, P.M. Lane, M. Murphy, ’’The Impact of Alternative Optical 

Modulation Schemes on the Level of Four Wave Mixing Products in DWDM 

Systems” submitted for publication in lEE Proceedings-Optoelectronics, mi

nor corrections required are pending.

5. G. Katsaros, C. Matrakidis, P.M. Lane, P. Jiang, M. Murphy, ”Comparison 

of the robustness of 2-level and 3-level duobinary modulation to stimulated 

Brillouin scattering” submitted for publication in 35th Annual Conference 

on Information Sciences and Systems (CISS), The Johns Hopkins University, 

USA, March 2001.

1.4 Summary

This chapter has outlined the motivation and background for the investigation of the 

impact of optical modulation schemes on fibre impairments in dense WDM optical 

systems. Having outlined the structure of the thesis and provided a summary of the 

main contributions, chapter two, gives a general introduction to high speed, long
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haul, optical WDM fibre systems.
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Chapter 2

High Speed Long Haul Optical 

W D M  Fibre System s

2.1 Introduction

Optical network planning activities have to reflect a variety of physical, as well as 

practical, conditions and constraints in order to produce useful results. Among 

the activities is a set of available optical functions which are to be used for the 

construction of the optical networks.

In this chapter, the state of the art optical functions, as they are available now, 

or will be in the near future, are presented. The performance characteristics of 

available WDM systems are discussed together with powerful WDM systems which 

are involved in Terabit capacity laboratory experiments.

29
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The state of the art optical components and the roles that they take in WDM 

systems are progressing very rapidly. Thus it is necessary to update the information 

on the presently available optical functions fairly often.

2.2 Description of Optical Components Functions

2.2.1 The Optical Fibre

All optical networks are based on a passive fibre infrastructure which serves as the 

physical transport medium between the network nodes. The most relevant properties 

of the transmission fibres are attenuation, dispersion, and non-linearities. Standard 

single mode fibres (SMF) as well as dispersion shifted (DSF), dispersion compen

sating (DCF), non zero dispersion (NZDF) fibres are commercially available with 

standardised properties according to ITU-T recommendations. True Wave, LEAF, 

Teralight, are some of the innovative fibres available that mainly treat dispersion and 

non-linearities of SMF. In table 2.1 below indicative characteristic data of various 

fibre types are summarised [1, 2, 3].
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Table 2.1: Indicative Characteristic Data for some Types of Single Mode Fibres.
Name Zero Disp. A Disp. Goeff. at 1.55//m Disp. slope

ifim) (ps/nm/Km) (ps/nm^/Km)
SMF 1.55 16 to 17 0.059
DSF 1.55 <-2.7 0.066

LEAF 1.53 1 to 6 0.09
NZDSF 1.52 3 to 3.8 0.09 to 0.092

DGF 1.55 -108 to -73.2 -0.81 to -0.28
TrueWave 1.55 5.6 0.037
Teralight 1.55 8 0.057

2.2.2 Transmitter Technology 

Laser D iode w ith D irect M odulation

The standard optical transm itter element in WDM systems is a laser diode. In

tegrated laser modulation or direct modulation offers a high dispersion tolerance 

through the use of an electroabsorption modulator on the same laser chip. Key 

features of these devices include, optical output power in the range of 0 to +10 dBm 

and accuracy of optical frequency of 0.05 nm [4, 5].

Laser D iode w ith External M odulation

External modulation is mostly used in optical systems since it reduces the chirp 

of the optical transmitter therefore increasing its dispersion tolerance. Modulators 

are commercially available operating at bit rates of 20 G bit/s and laboratory ex

periments with modulation bandwidth of 100 GHz have been demonstrated. Some 

manufactures will soon offer 40 G bit/s Mach-Zehnder (MZ) modulators.
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2.2.3 Optical Receiver

Optical receivers are mainly PIN photodiodes and are found in optical line termi

nations and in transponders where they convert the optical signal into the electrical 

domain. Optical receivers reach sensitivities around -30 dBm for 2.5 Gbit/s, -25 

dBm for 40 G bit/s transmission [6].

2.2.4 W DM  M ultiplexers-Dem ultiplexers

Wavelength multiplexers are specialised devices that combine a number of optical 

streams at distinct wavelengths and launch all their powers in parallel into a single 

fibre channel. Multiplexers must have little loss, preferably no loss. Demultiplexers 

divide a composite multiwavelength optical signal into different output fibres ac

cording to wavelength with minimum splitting loss. Two main types of multiplexers 

or demultiplexers exist, the Phased Array Based Multiplexers and the Fibre Grating 

Multiplexers.

Phased Array Based M ultip lexers\D em ultip lexers

This device is based on an arrayed waveguide grating. It consists of input and 

output slab waveguides and two identical focusing planar star couplers connected 

by grating array waveguides. The length of the grating array waveguides differ by a 

constant value AL [5]. This device can function as a multiplexer, a demultiplexer, 

an add/drop element or a wavelength router [5].
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Fibre Grating M ultip lexers\D em ultip lexers

A fibre grating is another device that can be used as a multiplexer, a demultiplexer, 

or an add/drop element [5]. Fabrication of these devices is based on the inherent 

photosensitivity of conventional germanium-doped silica fibres. When a wavelength 

satisfying the Bragg condition encounters the grating, the energy from this wave

length is reflected and all others pass through the device with low loss. To extract 

the desired wavelength, a circulator is used in conjunction with the grating [5].

2.2.5 Dispersion Compensation

Fibre chromatic dispersion is the effect which limits the transmission length in op

tical links. The origin of the effect is the variation of the group delay as a function 

of the optical frequency [6]. In fibre optical transmission lines the dispersion effect 

increases linearly with the fibre length and width of the optical spectrum and causes 

pulse distortion and bit interference. Since chromatic dispersion is a linear effect it 

can be compensated for by inserting additional appropriate optical elements into the 

transmission link [6]. These elements can be specially fabricated optical fibre with 

negative dispersion value and/or fibre gratings. Moreover, modulation or coding 

techniques can be applied to the electrical signal before transmission, to minimise 

the dispersion effects.
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D ispersion C om pensating Fibre (D C F) and Non-Zero D ispersion Fibre 

(N ZD F)

Dispersion compensating fibre is a special type of fibre which for light in the 1550 

nm wavelength region has negative dispersion coefficient in the order of -80 ps/(nm  

km). Mixtures of SMF and DCF are used to compensate for dispersion in fibre 

spans and dispersion maps that bring the total dispersion of the link close to zero 

are created with mixing the SMF with the DCF or other special use fibres. DCF is 

commercially available in large quantities [2].

Other types of fibre exist that compensate for the dispersion slope, one of which is 

the reduced dispersion slope fibre TrueWave with dispersion of 5.6 ps/nm /km  and 

dispersion slope 0.037 ps/nm^/km [1, 3].

Non-Zero Dispersion fibre seems to be the choice for future optical systems due do 

to low dispersion and non-linearities. NZDF does not need dispersion compensation 

as often as standard fibre. As an example for 40 G bit/s transmission NZDF needs 

dispersion compensation at six times longer fibre length than standard fibre [6].

Chirped Bragg Fibre Gratings

Another option for dispersion compensation is by the use of chirped Bragg fibre 

gratings. These devices provide a low loss solution. Their non-linearities are around 

zero and that makes them attractive for the high bit rate systems together with the 

fact that they are much more compact than dispersion compensating fibres [4, 6].
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Signal Formats

Modulation and coding techniques are reported, that allow the signal to achieve 

dispersion tolerance. The most well known technique is duobinary modulation. 

Duobinary modulation is one of the subjects of study in this thesis and its principles 

are extensively covered in the following chapters.

2.2.6 Optical Amplifiers

Erbium doped fibre amplifiers (EDFAs) are one of the building blocks for WDM sys

tems since they allow the power amplification of all the signals in the WDM channels. 

The most important properties of an EDFA include, power gain, saturated output 

power, noise figure and optical bandwidth. The power gain is calculated as the 

ratio of output to input signal power of the amplifier, and this value determines the 

spacing between amplifiers, typical values vary from 20 dB to 30 dB. The saturated 

output power of the amplifier is the upper limit of the total output power from the 

amplifier for high input power [4, 7].

2.2.7 Optical Filters

The optical filter is the basic building block of WDM systems, providing the neces

sary wavelength selection to isolate independent channels. The transmission char

acteristics of the filter are very important as they have a significant effect on the 

performance of the WDM system. Filter types are most commonly used in WDM
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systems include, fixed interference filters, tunable Fabry-Perot filters and grating 

based filters. Some of the basic concepts of grating based optical filters are [4, 6]:

Fibre Bragg Grating Filters

These filters are based on photosensitivity in Ge-doped core optical fibres. Fibre 

Bragg gratings have proven successful as line filters, and advantages include low loss, 

with a narrow pass band characteristic in the order of 0.5 nm and low cost. Tuneable 

filtering is achieved by stretching the fibre where the Bragg filter is deposited [4].

Diffraction Gratings

Grating devices are suited to address several wavelengths simultaneously since they 

pass a discrete set of predefined wavelengths. Two types of gratings exist, the 

Arrayed Waveguide Grating (AWG) with typical insertion loss of 5 dB and crosstalk 

of 25 dB and the micro-optic diffraction grating with typical insertion loss of 3 dB 

for each channel with a -30 dB adjacent crosstalk level. Gommercial components 

are available, that filter channels spaced at 0.8 nm or 100 GHz [4].

2.2.8 Optical Add Drop M ultiplexer (GADM )

Optical add drop multiplexers are key elements in achieving network management. 

This is facilitated by wavelength multiplexed transmission, in which narrow band

width optical filters can be used to remove specific channels and reinsert new ones
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anywhere in the optical link. Recently there have been reported, OADMs that can 

add-drop 40 channels at 100 GHz spaced, with dynamic equalisation devices [4].

2.2.9 Optical Switching

Switching matrices are available which are suited for realising flexible optical add 

drop multiplexers and optical crossconnect (OXC) operations. Various approaches 

have been followed to perform the switching functions. Devices relying on mechan

ical operation contain motors and electro-statically or piezo-electrically deflected 

micro mirrors for the switching of the optical signal. There are other approaches 

followed in realising the switching, using thermal or electro-optic technology [4, 8]. 

The switching times vary for every other technology from less than 2 ms up to 500 

ms for the mechanical switches. Insertion losses vary from 2 dB up to 8 dB for the 

thermal and electro-optic switches and channel isolation figures vary from 30 dB to 

60 dB for the mechanical switches [4, 8].

2.3 W DM  Systems

This section describes what is generally called a WDM point-to-point system. Rep

resentative commercial and experimental WDM systems are compared and finally, 

future functionalities of the WDM systems are given.
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2.3.1 Description of a W DM  System

Some WDM systems are bi-directional consisting of multi fibre pairs with in-line 

amplification. Figure 2.1 shows a WDM system consisting of two fibre pairs, one 

for each direction [4]. Each of the optical signals coming from the SDH terminals 

provide a wavelength compatible signal to the WDM terminal. The WDM terminal 

contains a multiplexer and a booster for each direction and a demultiplexer and pre

amplifier at its other side. The optical multiplex is launched into the transmission 

fibre and regularly amplified. The optical amplifiers are spaced between 50 to 100 

km. Another WDM terminal similar to the first one is placed at the end of the line 

and the signals are received by the SDH terminal.

SDH

SDH

WDM Terminal

_Q_

J2L

-Q_

_Q_

_Q_

_Q_

amplifier amplifier

WDM Terminal

SDH

SDH

Figure 2.1: WDM System Description

One way to manage a WDM system is by using an Optical Supervisory Channel 

(OSC) at a wavelength which is dedicated to transporting fault, configuration and 

performance information. This channel is processed in the WDM terminal sites and 

also in each amplifier site [4, 8].
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2.3.2 Commercial W D M  System s

Commercial systems have been announced with Terabit/s capacities and with ninety 

(90) optical channels. Some of the systems accept 40 Gbit/s, 10 G bit/s and 2.5 

G bit/s input rates and possibly lower rates of 622 M bit/s or even 155 Mbit/s. In 

terms of SDH equipment the maximum bit rate per channel is 40 Gbit/s, STM-256. 

However, equipment for STM-256 are not commercially available as yet.

ITU-T recommendations address four or eight optical channels, extended to 16 or 

32 channels, multiplexed together. The channel grid is defined from the ITU with 

100 GHz or 0.8 nm interchannel spacing and recommendations are shifting towards 

50 GHz or 0.4 nm [4].

Table 2.2 below shows a comparison between some representative commercial avail

able WDM systems on which information is publicly available. It indicates the 

supplier and the name of the product, the maximum system bit rate capacity, the 

number of optical wavelengths and the maximum transmission distance, which de

pends on the number of cascaded spans. The availability of these systems vary 

together with the maximum span, depending on the type and characteristics the of 

fibre.

WaveStar OLS 400G WDM system from Lucent Technologies can support up to 

eight fibre spans of 80 km each [9].

Nortel, state for their OPTera Long Haul 4000 system a maximum span without 

regeneration of 4,000 km [10]. Moreover, they have available an 80 channel system



40

Table 2.2: Characteristic Data for Commercial D-WDM Systems.

Supplier/Product Name Capacity Distance No.X Spacing Ref.
(Gbit/s) km (nm)

Lucent, WaveStar OLS 400G 400 80 (8 Spans) 40 0.8 [9]
Lucent, WaveStar OLS 400G 200 80 (8 Spans) 80 0.8 [9]

Nortel, OPTera Long Haul 1600 1600 600 160 0.8 [10]
Nortel, OPTera Long Haul 1600 1600 ? 640 ? [10]

Nortel 800 600 80 0.8 [11]
Nortel 6400 ? 160 7 [11]

Alcatel, Tera 10 600 3,000 60 7 [12]
Ciena, MultiWave Sentry 4000 240 500 16 0.4 [13]
Ciena, MultiWave CoreStream 2,000 7 200 7 [14]

Marconi, SmartPhotoniXPTL40 400 160/700 40 7 [15]
Marconi, SmartPhotoniXPTL16 160 160/640 10 7 [16]

at 10 G bit/s for each channel, giving a total system capacity of 800 G bit/s over 600 

km of fibre. The channel spacing is at the ITU standard, i.e. 100 GHz or 0.8 nm 

[10]. Another system that will soon be commercially available has 160 channels at 

a rate of 10 Gbit/s per channel, giving a total system capacity of 1.6 T bit/s  over 

600 km of fibre at a closer channel spacing of 50 GHz or 0.4 nm [10]. In the longer 

term, a system of 6.4 Tbit/s capacity will become available, with 160 channels at a 

rate of 40 G bit/s for each channel. The total system span and the amplifier spacing 

together with details of the channel spacing are not presently available [11].

Alcatel’s, Tera 10 [12] has 400 G bit/s system capacity and repeaters are spaced every 

55 km. The maximum system span is 3,000 km. Moreover, their Tera 10 system can 

support eight fibre pairs, therefore a total capacity of 4.8 Tbit/s. System OALW40 

from Alcatel [12], supports 16 channels of 2.5 G bit/s per channel capacity. Repeaters 

are spaced every 90 km with a total system length of 9,000 km.
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Finally, Marconi’s SmartPhotoniX PTL40 system can reach a total span of 700 km 

with optical amplifiers but no regenerators. The same system can reach a total of 

160 km with no optical amplifiers present [15]. SmartPhotoniX PTL16 can reach 

up to 640 km with optical amplifiers (no regenerators present) and a total of 160 

km with no optical amplifiers [16].

The management of these optical systems is done using software interfaces which 

allow access to the system state and the OSC channel is used, in most systems, 

to transfer data. Each terminal or amplifier site can be accessed either directly or 

remotely [4, 9, 10, 16].

2.3.3 Experimental W DM  System s

In this section, the multi-Terabit WDM transmission experiments are reviewed. 

There are several transmission experiments performed that reach up to 7 Tbit/s 

capacities on a single fibre [20]. Capacities in the orders of 1 to 5 Tbit/s are widely 

reported and are realised with different techniques but in most cases by utilising 

both the C and L bands of the EDFAs. Table 2.3 below summarises some of the 

highest capacity experimental systems reported to date.

The Siemens 7 Tbit/s [20] experiment is realised over 50 km of NZDSF, by 176 

optical channels at a 40 G bit/s rate for each channel. The 40 G bit/s electrical 

transmission is achieved with 4 x 10 G bit/s time division multiplexing technology 

(ETDM). DCF is used to compensate for the dispersion in the receiver site. The 

experiment is bidirectional, in each amplifier band one subband is propagated east-
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Table 2.3: Characteristic Data of the most recent Experimental D-WDM Systems.

Experiment Capacity Distance No.X Spacing Bands Ref.
(Tbit/s) km (nm)

Siemens 7 50 (NZDSF) 176 0.4 G/L [20]
Alcatel 5.12 300 (TeraLight) 128 0.6/0.4 G/L [19]
NEC 6.4 186 160 0.4 G/L [18]

Nortel 1.28 1,000 (NDSF) 32 0.8 G [21]
KDD 2 2,700 100 (RZ) 0.25 G [22]

TyCom 1.12 6,200 56 1.34/0.67 G [23]
Fujitsu 2.1 7,221 (zero D slope) 211 0.3 G/L [24]

bound and the other, westbound. Eastbound channels are tuned to 0.8 nm and 

westbound channels tuned at 0.4 nm interleaved.

The 5.12 Tbit/s experiment from Alcatel [19], has 128 channels at 40 G bit/s each, 

where the 40 Gbit/s are reached through ETDM. The experiment was carried on 

300 km of specialist TeraLight fibre with minimum non-linear effects. DGF is used 

in the transmitter site in order to compensate for the dispersion of the TeraLight 

fibre. The 128 optical channels were alternatively spaced at 0.4 and 0.6 nm. The 

channels were aggressively filtered at the receiver site by using 30 GHz, 3 dB optical 

filters, tuned away from the carrier to the sidebands.

The 6.4 Tbit/s experiment from NEC Corporation [18], uses 160 channels of 40 

G bit/s over 186 km of specialised RDF fibre. The success of the experiment relies 

on the polarisation interleave multiplexing used at the transmitter site. This was 

achieved by the use of an automatic polarisation controller and a polarisation beam 

splitter. RDF fibre has dispersion value (at wavelength of 1550 nm) -15.6 ps/nm /km , 

dispersion slope of -0.046 ps/nm^/km and good characteristics about PMD. Four
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spans of RDF fibre were used in the experiment and for each span the accumulated 

dispersion value summed nearly to zero.

Nortel’s 1.28 Tbit/s experiment [21], was implemented by 32 channels of 40 G bit/s 

ETDM transmitters over five 160 km spans and a 200 km span, in total 1,000 

km of NDSF. The dispersion compensation was achieved by using negative slope 

dispersion compensating modules (DCM). No regenerators were used and optical 

amplifiers were spaced at 160 km. The modulated data was in the Return to Zero 

(RZ) format.

KDD laboratories 2 Tbit/s experiment [22] was realised by 100 channels of 20 G bit/s 

each, and were very narrowly spaced at 35 GHz or 0.25 nm. The data format was 

20 ps RZ, through nine fibre spans or a total of 2,700 km over dispersion flattened 

fibre. The dispersion flattened fibre was realised by combining two kinds of fibre, 

enlarged positive dispersion fibre and dispersion slope compensating fibre (SCF) 

that form a dispersion flattened transmission path. DCF fibre was also applied at 

the transmitter and receiver sites. The optical channels were launched at the fibre 

in orthogonal states of polarisation.

TyGom reported a 1.12 Tbit/s experiment [23], over 6,200 km (a typical trans- 

Atlantic distance) with LEAF and inverse dispersion fibre of D =  -40 ps/nm /km . 

Adjacent optical channels were launched with orthogonal states of polarisation and 

the modulation format was Chirped Return to Zero (CRZ) where the bits alternate 

in phase at a rate of 20 Gbit/s of a total 56 channels. There are a total of 11 

fibre spans, connected with 12 C-band EDFAs. Reed-Solomon forward error coding
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(FEC) was used, at a channel spacing of 0.67 nm. All C band of the EDFA was 

utilised.

Fujitsu, set up a 2.1 Tbit/s experiment [24] which was realised by wavelength mul

tiplexing 211 channels of 10 G bit/s bit rate. Equal channel spacing was used with 

adjacent channels spaced at less than 0.4 nm. FEC code was used together with 

RZ transmission. Adjacent channels were launched orthogonally polarised. Total 

transmission length was 7,221 km with 80 km amplifier spacings.

Concluding, the recent reported experimental dense WDM systems indicate that 

there is a great challenge of building ultra fast high capacity optical transmission 

systems. The record breaking system of 7 T bit/s from Siemens together with systems 

from Nec and Alcatel of 6.4 Tbit/s and 5.12 T bit/s respectively set the trend for 

future commercial optical transmission systems.

2.4 Optical Functions

In this section, the optical functions that are required for optical networking are 

identified. These functions are either considered as necessary or simply as desirable. 

These functions include:
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2.4.1 W avelength Conversion

Optical conversion, converts the optical frequency of an optical channel on a WDM 

combiner from its original position at the input signal combiner to another position 

at the output signal combiner. This property improves flexibility in the optical 

network by the use of wavelength domain switching on optical cross connects and 

optical add-drop multiplexers [4, 8].

2.4.2 Optical Signal M onitoring Functions

Optical signal monitoring determines bit error rates (BER), frequency accuracy, 

frequency stability and detects failures. It is a necessary function to assure quality 

of service (QoS) in the optical network [4, 8].

2.4.3 Optical 3R Regeneration

This function performs optically ampliflcation, reshaping and retiming of the optical 

signal. It is an important feature in order to increase the cascability of network 

operation devices such as add-drop multiplexers [4, 17].

2.4.4 Network Survivability

Network survivability ensures the fast recovery of the network from a failure, using 

optical layer mechanisms. It is a necessary function to assure provision of service
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with QoS, by re-routing traffic on the network via alternative available routes [4, 8].

2.4.5 M anagement Functions

These functions allow the management of an optical network element by an inte

grated network management system, via standardised management interfaces when

ever possible [4].

2.4.6 Optical Packet Switching

Optical packet switching performs dynamic switching of optical packets and is re

quired to enable high speed optical packet networks. Improvements in the areas of 

optical signal processing including optical addressing, optical headers and optical 

switches are required in order to realise this function [4].

2.5 Discussion

This chapter reviews the dense WDM systems both, in the current commercially 

available applications and in future optical networks based on the impressive WDM 

laboratory experiments.

Figure 2.2 shows the transmission capacity of laboratory experiments and installed 

systems over the years of deployment or laboratory demonstration. The growth rate 

of the long haul lightwave systems is faster than the Moore’s law [25] and this rapid
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growth was and is maintained from the evolution of WDM technology in conjunction 

with major breakthroughs in the optical components technology.

10000

■5 1000 -

100 -

19:90 19:94 19:98 2000

Year Commencing Service

4  Installed System s ■  Laboratory Experiments ^ — Moore's Law

Figure 2.2: Transmission Capacity of Laboratory Experiments and Installed Systems 
vs. the Year in which they were Demonstrated or Installed. The line indicates 
Moore’s Law.

The capacity of dense WDM systems will most possibly continue to increase at 

impressive Tbit/s units in the laboratory experiments and soon T bit/s systems 

will become commercially available. In this direction, leading manufacturers have 

already started advertising Tbit/s systems over a single fibre and the record breaking 

Siemens, bi-directional transmission experiment of 7.04 T bit/s over 50 km of NZDSF

[20] sets the challenge for any future experiments.

However, fundamental limitations will exist, such as dispersion management, EDFA 

bandwidth, non-linear effects of the fibre, which will limit the capacity of the WDM 

systems. Important strides have been made in areas of dispersion management, gain



48

equalisation, use of EDFA C and L bands, fabrication of dispersion flattened flbre 

and modulation formats which have made possible the demonstration of the Tbit/s 

capacities but these developments need to continue in order for the systems to grow 

in both capacity and span. Moreover, more optical functions have to be introduced 

to the future optical networks in order to make them fully functional. Some of these 

functions are already available and others are still in the development stage.

This thesis will further explore how modulation formats impact the Kerr and scat

tering effects of the optical flbre and what impact the modulation formats can have 

on increasing the capacity of dense WDM systems, by suppressing some non-linear 

effects. Modulation formats can and will play a role in the ease of limitations that 

restrict dense WDM systems.

2.6 Summary

This chapter reviewed the available optical components, the state of the art WDM 

point-to-point systems in commercial applications, laboratory experiments and basic 

optical functions. Some of these functions are desirable to increase the functionality 

of the optical networks and most of them are in their development stage.

In the following chapters, work carried towards reducing impairments of the optical 

flbre by using modulation formats is presented. The next chapter describes these 

modulation formats and their application in optical networks.
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Chapter 3

Duobinary and D icode M odulation

3.1 Introduction

The duobinary process is a level coded correlative technique, first studied by Lender 

[1], with three levels where " duo" indicates doubling of the bit capacity of a binary 

system. The most significant property of duobinary is that it affords a two-to- 

one bandwidth compression relative to binary signalling or equivalently, for a fixed 

bandwidth it has twice the speed capability in bits per second compared with a 

binary system. Duobinary coding is a class of polybinary signals which themselves 

are a class of partial response signals that were first described by Lender [1, 2, 3] in 

the mid 1960s.

A polybinary signal is generated by introducing correlation between adjacent bits 

in a binary signal and it has the interesting attribute that its spectral density is

53
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redistributed, such that it is more concentrated around the carrier [4]. A polybinary 

signal can be obtained by passing a binary signal through the delay and add filter 

as, shown in figure 3.1 [4].

Binary Data

(b-2)T

2T

3T

Partial Response 
Polybinary Signal 
with b Levels

Figure 3.1: Filter for Generating a Polybinary Signal

Assuming there are (b-2) delay elements, a multilevel signal with b levels is generated 

at the output of the polybinary filter, with a spectral density that is compressed by 

a factor of {b — 1) compared to the original binary signal. Provided that the original 

binary sequence an is firstly precoded into binary sequence Cn according to:

^ n —(6—2) (3,1)
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The sequence Cn is fed to the polybinary filter of figure 3.1 to generate the polybinary 

signal:

+  Cn-i +  ... +  Cyi_(5_2) (3.2)

The original binary sequence can be recovered from independent decisions on bn, 

through the operation:

Qn = bnmod2 (3.3)

Duobinary coding is a polybinary signal with b=3, i.e. the polybinary filter contains 

one delay element.

Duobinary coding was developed in the 1960’s for use in radio transmission. Re

cently, it has attracted interest in optical communications due to the compact spec

trum  and high dispersion tolerance of the duobinary signal [5].

Dicode signalling is another form of partial response transmission. Dicode signals 

can also be generated using the same method as that used for the generation of 

duobinary signals. However, differences in the spectrum shape and non-minimum 

dicode bandwidth separate dicode signalling from duobinary [6].

This chapter is an introduction to both duobinary and dicode coding including the 

theory behind the correlative level coding techniques, together with some practical 

examples of duobinary and dicode applications and their implementation methods 

in optical communication systems.



56

3.2 The Duobinary Concept

If we consider two sequences of digits, a» and bn where [1, 3, 6]:

ün = I or 0 {Mark or Space respectively) (3.4)

with

p{l) = p(0) =  1/2, where p denotes probability. (3.5)

Sequence bn is:

bn = +1/2, 0, —1/2 or bn =  + , 0, — (3.6)

The sequence an can be transformed into sequence bn'

• When a„ = 0, bn = 0.

•  When a„ =  1, the polarity of bn depends upon the polarity of bn-k, where k every

positive integer, corresponding to the last an-k =  1- If and an-k are separated

by an even number of zeros bn = -\-bn~k- Otherwise bn = —bn-k ■

The following example illustrates the coding process :

Sequence a„:

000011001110110001101010000111011 

Sequence bn'.

0000-1—hOOH—I—hO— OOOH—h0~0+0000H—I—hO—
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In sequence bn a transition from 4- to -, or vice versa, in two successive time slots is 

impossible. Both and bn sequences consist of NRZ pulses of identical duration of 

T seconds. The purpose of the previously listed transformation is to compress the 

bandwidth of the sequence by a factor of two (2).

3.2.1 Spectral Density of the Duobinary Pulse train

The spectral density function of a pulse train is [1]:

1 oo
w( f )  = - |G ( /)p { iî(0 )  - m l  + 2 Y^[R(k) -  ml]cos27rkfT} (3.7)

 ̂ k = l

where G(f), the Fourier transform of rectangular pulses, is [1]:

The duobinary sequence bn defined in section 3.2 has probability p:

p(0) =  i  and p ( + i)  =  p ( - i )  =  i  (3.9)

From 3.9 the mean is:

mi =  0 (3.10)
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R(k) is the autocorrelation function. E denotes expectation:

R{k) = E [ b n + k b n ]  = ^ i i P i ^ n + k K  = ^i) (3.11)
i

Xi can be 0 or 1/4 or -1/4. The total number of patterns with the probabilities 

shown below are 2^+E Therefore, the probability of each pattern is

R{k) = p{xi =  0) X (0) +  p{xi =  - )  X ( - )  +  p(xi =  —- )  X (—̂ ) =

— ^ ^[Total number of patterns with ( i )  values —

—Total number of patterns with (~ j )  values] =

where A is the total number of patterns with positive values of {bnbn+k) less the 

total number of patterns with negative values of {bnbn+k)- 

For k=0, R(k) is:

ü(0) =  E[bl] = (O') X 1  +  ( t ) '  X ( i )  +  ( - t ) '  X ( t )  =  1  (3.13)

For k = l, by examining the sequences an and the patterns of interest should only 

be 11 in a„ and + +  or - - in 6;̂ . Digits in sequence that start and end with Is 

are only considered and their bn equivalents, because they are the only ones that 

result in non-zero terms. By multiplying the patterns for k = l the only output is a
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+. Therefore A is 1 and R(k) becomes:

^(1) -  21+3 -  16

For k=2, by again examining sequences an and bn the patterns of interest should

only be 101 and 111 in that correspond to -0+  or + 0- and + + +  o r  in

bn respectively. By multiplying, the output of the patterns is - or - and +  or +  

respectively. Therefore A is zero, resulting to R(2)=0

^(2) — 22+3 “  ^ (3.15)

For k=3, the patterns of interest in are 1001, 1011, 1101, 1111. In bn these are 

T00H“ or -00-, -0“|““l“ or 4-0- -, 4-4-0- or - -04-, 4-4-4-4- or - - - - respectively. By 

multiplying, the output is +  or 4-, - or -, - or - and 4- or 4- respectively. Thus the 

total number of patterns A =  4 — 4 =  0 for k=3 is zero. Therefore,

^(3) =  ^  =  0 (3.16)

For higher values of k, by performing similar analysis the total number of patterns 

A is zero. As a result equation 3.7 becomes:

^ ( / )  — ^ l^ ( / ) P { g  +  2— cos27t/T }  — ^ |G '( /) |^ { 1  -f cos27t/T }  (3.17)

The digits in sequence a„ are uncollerated and the spectral density of this sequence



60

is:

1
=  (3.18)

The analysis presented above was obtained and expanded from [1],

3.2.2 Applying the Duobinary Technique to Rectangular 

Pulses

The previous section gives the spectral densities of sequences and which are 

respectively:

W M )  =  ^  I G(f)  p (3.19)

m i f )  =  ^  I Gif)  P  (1 +  COS27T/T) (3,20)

where G(f) is the Fourier transform of the pulse shape. The spectral densities in 

the above equations are for the simplest case of rectangular NRZ pulses with no

shaping, where G(f), the Fourier transform of rectangular pulses, is [1]:

GiU) =  (3,21)T T / i

Substituting equation 3.21 into equations 3.19 and 3.20 results in the following 

equations for the spectral densities of the binary and duobinary sequences:

• * ' . ( / ) - 7  f î ? # ) ’ (3.22)
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(3.23)

Equations 3.22 and 3.23 illustrate exactly the two-to-one (2:1) bandwidth compres

sion property of the duobinary sequence compared with the binary. In figure 3.2 the 

spectral density functions of binary and duobinary signals are plotted.

0.25
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  D uobinary

0.2
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>■
I
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2 ■1.5 -0 5 0 0 5 1.5 2
F req u e n cy  (fT)

Figure 3.2: Spectral Density of Binary and Duobinary Signals

The duobinary technique should not be confused with other techniques which also 

employ three amplitude levels, i.e. ternary and pseudo ternary codes. The ternary 

code is a multi-level code where each digit represents log3 bits of information, the 

digits are independent and a transition from any level to any other level is possible. 

Pseudo-ternary codes eliminate direct current, occupy the same bandwidth and have 

the same speed capability as straight binary code. Similar to ternary a transition 

from any level to any other level can occur.
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3.2.3 Duobinary Im plem entation in Optical System s

Recently, duobinary coding has been applied to optical transmission systems [5, 7, 

8 , 9] in order to avoid waveform distortion due to the chromatic dispersion of the 

optical fibre. The optical duobinary signals have a narrower spectral bandwidth than 

conventional IM signals, and show high tolerance to fibre chromatic dispersion. This 

high tolerance is effective for suppressing distortion induced by chromatic dispersion. 

Also, optical duobinary signals enable the use of narrow optical filters, an important 

merit in WDM systems.

Two types of optical duobinary signals exist: a two-level duobinary, and a three-level 

duobinary format. In this section, the two duobinary formats, together with their 

practical implementation, and the transm itter and receiver topologies are described. 

Recent developments in transmitter ideas that allow the easy generation of a two- 

level duobinary signal are also discussed.

Three-Level Optical Duobinary Im plem entation

Generation of the electrical three-level duobinary signalling with restoration of bi

nary data is shown in figure 3.3 [7]. At the transm itter a precoder unit is used to 

prevent the error propagation that a duobinary signal may have [7]. The binary 

data, with two values 1 or 0 is coded by an exclusive-OR (EXOR) gate with a one 

bit delay. The precoded data still takes two values 1 or 0, representing binary mark 

and space respectively. The duobinary electrical signal is produced by adding the 

precoder output data delayed by again a one bit period relative to the data. The



63

three-level electrical duobinary signal ”0” , ”1” and ”2” is created and has a nar

rower bandwidth than the binary signal with the properties described in sections 

3 .2.1 and 3.2.2. The eye pattern of a three-level electrical signal is shown in figure 

3.4. This three-level duobinary signal was created during the laboratory experiments 

described in chapter four, following the methods described above.

Biimn W
R eceiver

Front-End

U pper D etection 
level

L ow er detection 
Level

Figure 3.3: Three-Level Electrical Duobinary Transmitter and Receiver

Setup print
P r in t  format

Dest i n a t io n  

d1*k

To . T I P  f i l e

8 0 . 4  D s / d i v 8 1 .6 7 8 1  ns screen
2 2 . 0 0  U / d i v  0 . 0  V

Figure 3.4: Eye Pattern for Electrical Duobinary Signal

The generation of the three-level optical duobinary signal is straightforward. The 

electrical duobinary signal can be converted to an optical format by either direct 

modulation or external modulation. For the external modulation case, using a Mach- 

Zehnder external modulator, the duobinary signal is amplified to a level that satisfies 

the swing voltage required by the modulator. The amplified signal is then applied 

to the modulator with a DC bias of half The output of the modulator is a
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three-level optical duobinary signal. The optical duobinary eye is slightly reshaped 

due to the modulator’s transfer characteristic [7].

At the receiver, the received duobinary three-level signal needs to be converted to the 

original binary data. The construction of the binary data requires some processing. 

By examining the formation of the precoded data, the duobinary data, and the 

model of duobinary generation, a rule of reconstruction of the original binary data 

can be deduced. The states of 0 and 2 of the duobinary data correspond to the state 

1 of the original binary data and the state 1 of the duobinary data corresponds to 

0 of the original binary data [7]. This operation can be realised by a dual threshold 

receiver followed by a EXOR logic gate [7].

Two-Level Optical Duobinary Im plem entation

Similar to the three-level duobinary case, for two-level optical duobinary generation 

an electrical duobinary signal has first to be produced. This is done by adding data 

delayed by one bit period to the present data. The three level duobinary signal ”0” , 

” 1” and ”2” has narrower bandwidth than the binary signal. A simple precoder 

is again required in the transmitter [5, 9]. The electrical transmitter and receiver 

circuitry is shown in figure 3.5.

For the generation of the two-level duobinary signal the three-level electrical duobi

nary signal is amplified to a level that satisfies the swing voltage required by the 

modulator. The amplified three-level electrical duobinary signal is then applied to 

an MZ-modulator, biased at the voltage equal to an induced phase shift of tt rad.
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InverterBinary I/p

1 Bit Delay

1 Bit Delay

Photodiode
Binary I/P

PRE-CODING TRANSMITTER

Figure 3.5: Electrical Duobinary Transmitter and Receiver for Two-Level Optical 
Duobinary Generation

The three electrical stages of ”0” , ”1” and ”2” are modulated to two-level optical 

with the ” 1” electrical stage to represent the ”0” optical and the ”0” and ”2” elec

trical stages are modulated to an optical ” 1” but with opposite optical phases which 

can be considered a ±  1.

Figure 3.6 shows the operation of a MZ-modulator for a normal binary signal [10],

1

Voltage0
W 2 V ti0

1

Binary Signal

1
V Time

Figure 3.6: Operation of the MZ-modulator for a Binary Signal
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For the generation of the optical duobinary signal a dual-drive Mach-Zehnder optical 

intensity modulator is most commonly used and is driven with push-pull operation 

[10, 16]. The modulator is driven by the electrical duobinary signal and its inverted 

signal. Figure 3.7 shows the operation of the MZ modulator. The output electric 

field E(t) of the MZ-modulator can be expressed as [10]:

E{t) = Eocos{A(f){t)/2}exp(-j{(l)o/2)) (3.24)

where Eq is the input electric field, A0(t) is the phase difference between the light

waves propagating in two optical waveguides, and (f)Q is a constant when the MZ- 

modulator is driven with push-pull operation. From equation 3.24 the sign of the 

output optical signal can be changed at A(f){t) =  tt, namely the phase of the output 

optical signal is inverted at point 14 in figure 3.7. Therefore by adjusting the ampli

tude and DC bias of the modulator driving signal so that the logic states ”-1” , ”0” , 

and ” 1” of the duobinary encoded signal are set at points 0 , 14 , and 214 respectively, 

(as shown in figure 3.7), the optical duobinary signal is created.

The optical duobinary signals can be demodulated into the original binary signal 

with a conventional direct detection type optical receiver [10]. Since, the photodiode 

converts the optical duobinary signal to the electrical binary irrespective of the 

optical phase, no duobinary decoder is needed. This is an important advantage in 

terms of ease of implementation. The detected signal must be inverted to recover 

the original binary signal, so a logic inverter is needed for data recovery [10].

Table 3.1 shows the complete duobinary process step by step.
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Figure 3.7; Operation of the MZ-modulator for a Duobinary Signal

Table 3.1: Example of Original Binary, 3-Level Duobinary, Optical 2-Level Duobi
nary, Receiver 0 /P  Signal.

Original Binary 0 1 0 1 1 0 0 1 0 0 1
EXOR of Original Binary 0 1 1 0 1 1 1 0 0 0 1
1-Bit Delay 0 0 1 1 0 1 1 1 0 0 0
3-Level Signal 0 1 2 1 1 2 2 1 0 0 1
Duobinary Encoded 1 0 -1 0 0 -1 -1 0 1 1 0
MZ-Encoded 1 0 7T 0 0 7T 7T 0 1 1 0
Receiver 0 /P  Signal 0 1 0 1 1 0 0 1 0 0 1

N ovel D uobinary Transmitter

The novel technique reported by Franc et al [11, 12], allows for a duobinary trans

mitter implementation which requires only a two-level electrical signal applied to 

the MZ-modulator. This technique performs both constant and alternating phase
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inversion in block of ” l ”s, therefore the output of the MZ-modulator is a two-level 

optical duobinary signal.

The transmitter consists of a differential encoder, a one bit period electrical time de

lay and a dual drive MZ-modulator. One branch of the dual drive MZ-modulator is 

driven with the signal from the differential encoder, whereas the inverted signal, de

layed by one bit period, is applied to the second branch. A voltage swing equal to the 

voltage required to induce a tt phase shift, T4 is applied to each branch. The adding 

operation of a bit and its preceding bit, which in previous transmitters has been 

accomplished in the electrical domain, is performed here by the MZ-modulator re

quiring only two level electrical drive signals. In figure 3.8 the transmitter schematic 

is shown. The operation of the MZ-modulator is shown in figure 3.9 where Vi,V2  

are the voltages applied to the modulator’s electrodes and the voltage difference is 

AV̂  =  V2 — Vf.

VI
PoutBinary I/P

MZEx-OR

V2

LD

1 Bit Delay

1 Bit Delay

PRE-CODING TRANSMITTER

Figure 3.8: Schematic of the Novel Duobinary Transmitter

Differential Precoder IC M odules

This section looks into the availability of duobinary precoder IC modules in order to 

implement the electrical duobinary precoder. Although the IC module technology
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Figure 3.9: Signal at the MZ Electrodes (VI,V2) Resulting the Difference in the MZ 
Branch Voltages

is beyond the scope of this study, it is appropriate to investigate the availability 

of a duobinary precoder circuitry that can realise speeds in excess of 10 Gbit/s. 

Precoder configuration has recently been reported from Yoneyama et al [13] based 

on the concept of parallel processing for speeds in excess of 20 Gbit/s. In this 

approach, a conventional precoder handles data multiplexed up to a transmission 

bit rate close to 10 Gbit/s. To increase the serial processing speed, the speed limit 

of the EXOR circuit and the difficulty in achieving a one bit delay time including 

the propagation delay of the EXOR circuit, must be overcome. Progress in process 

technology relaxes the speed problem, however the latter problem remains because 

of the propagation delay of the EXOR and interconnection. The proposed precoder 

by Yoneyama et al resolves these problems by parallel processing. The precoder has 

n parallel data channels of equal bit rate capacity and the final precoded signal can 

be obtained after multiplexing the output bit by bit. The precoder can perform a 

40 G bit/s precoding when combined with a 40 G bit/s 4:1 multiplexer unit.

In the experiments and simulations discussed later in this thesis, there was no pre

coder present. This is due to the observation, that in transmission experiments, if 

the input to the precoder is a pseudo random binary sequence (PRES) the output
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is identical to the input. Therefore the PRBS can be used as the precoded signal. 

However, an encoder without a precoder can only handle PRBS and is not therefore 

available in commercial systems.

3.3 Dicode M odulation

Dicode modulation is another partial response signalling technique that is very sim

ilar to duobinary. Dicode signals can be generated using the same methods as those 

used for the generation of electrical duobinary signals, except that the delayed and 

undelayed versions of the original data signal are now subtracted, i.e. dicode’s sys

tem polynomial is 1-D, where D is a bit delay [6]. The dicode spectrum shown in 

figure 3.10 has a sine wave envelope tapering to zero amplitude at zero frequency 

resulting in a discontinuity in its system function. Therefore dicode is not practical 

in the minimum bandwidth [6 , 14].

The spectral density function of a dicode signal can be calculated by following an 

equivalent analysis to that used for duobinary modulation.

The dicode signal sequence bn is derived from the binary sequence an in two steps. 

Firstly, sequence an is precoded to another binary sequence so that:

dn = (dn +  dn-i)modulo2 (3.25)

Then the dicode sequence, bn, can be obtained by subtracting the previous digit
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dn-i from each member of the dn sequence: 

Sequence a„:

100110101111000 

Sequence 6„:

“f"00—hO-OH—I—000

The spectral density function of a pulse train is given by equation 3.7. Using equa

tion 3.7, equation 3.9 and the autocorrelation expression 3.11, equation 3.12 be

comes:

R{k) =  p{xi =  0) X (0) + p(x i =  j )  X ( j )  + P k  =  - ^ )  X ( - j )  =

— 2 ^  ^ i[Total number of patterns with ( - )  values —

—Total number of patterns with (—- )  values] =

X 7^ X A =  X A (3.26)2k+i  22 2^+3

Where A is the total number of patterns with positive values of (bnbn+k) less the 

total number of patterns with negative values of (bnbn+k)- 

For k=0, R(k) is:

fl(0) =  E[bl] = (O') X i  +  ( \ f  X ( i )  +  ( - \ f  X ( i )  =  i  (3.27)

For k = l, by examining the sequences an and bn the patterns of interest should only 

be 11 in a„ and +- or --f in bn- Digits in sequence an that start and end with Is and
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their bn equivalents, are only considered because they are the only ones that result 

in non-zero terms. By multiplying the patterns for k = l the only output is negative 

(-). Therefore A is -1 and R(k) becomes:

For k=2, by again examining sequences and bn the patterns of interest should only 

be 101 and 111 in that correspond to +0- or -OH- and -t—H or in respectively. 

By multiplying, the output of the patterns is - or - and +  or +  respectively. Therefore 

A is zero, resulting to R(2)=0

~  22+3 “  ^ (3.29)

For k=3, the patterns of interest in an are 1001, 1011, 1101, 1111. In bn these 

are -1-00- or -004-, 4-0—I- or -04—, 4—04- or —1-0-, 4—I— or —I—1- respectively. By 

multiplying, the output is - or -, 4- or + , 4- or 4- and - or - respectively. Thus the 

total number of patterns A =  4 — 4 =  0 for k=3 is zero. Therefore,

^(3) =  ^  =  0 (3.30)

For higher values of k by performing similar analysis the total number of patterns 

A is zero.

Equation 3.7 becomes:

m n  = | | G ( / ) r { i  +  (2) ( - ^ ) c o s 2^ / r )  =  ^ | G ( / ) |+ 1  -  cos2^ /T }  (3.31)
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Substituting for G(f) from equation 3.21 the spectral density function of a dicode 

sequence is obtained:

Wo.codM) -  7 (3.32)

Figure 3.10 illustrates the spectral density of binary, and dicode signals.
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Figure 3.10: Spectral Density of Binary and Dicode Waves

3.3.1 Dicode Implementation in Optical Systems

Generation of the three-level dicode electrical signalling with restoration of the bi

nary signal is shown in figure 3.11. In more detail, the electrical dicode transmitter 

unit is shown in figure 3.12.

The electrical dicode signal is produced by subtracting data delayed by 1-bit period 

to the present data. A simple precoder is required in the transmitter. The function of 

the precoder is not to allow the binary data signal to be recovered at the receiver, but
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Figure 3.11: Electrical Dicode Transmitter and Receiver

to allow easy recovery of the binary data without error propagation. The precoder 

is an EXOR circuit with one bit delay.

For the generation of the two-level dicode signal the three-level electrical dicode 

signal is amplified to a level that satisfies the swing voltage required by the mod

ulator. The amplified three-level electrical duobinary signal is then applied to an 

MZ-modulator, biased at which maps the signal into three optical states: ”+1”, 

”0” and ”-1” by modulating both amplitude and phase. The ”+ 1” and ”-1” levels 

have the same optical intensity but opposite optical phase.

The optical dicode signals can be demodulated into binary signals with a conven

tional direct detection type optical receiver. As the photodiode converts the optical 

duobinary signal to the electrical binary irrespective of the optical phase, no dicode 

decoder is needed as for the two-level duobinary case.

Table 3.2 shows step by step, the process of precoding and generating a dicode 

signal. The optical receiver recovers the original signal by direct detection.
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Table 3.2: Example of Original Binary, 3-Level Dicode, Optical Dicode, Receiver 
0 /P  Signal.

Original Binary 0 1 0 1 1 0 0 1 0 0 1
EXOR of Original Binary 0 1 1 0 1 1 1 0 0 0 1
1-Bit Delay 0 0 1 1 0 1 1 1 0 0 0
3-Level Signal 0 1 0 -1 1 0 0 -1 0 0 1
Dicode Encoded 0 1 0 -1 1 0 0 -1 0 0 1
MZ-Encoded 0 1 0 7T 1 0 0 7T 0 0 1
Receiver 0 /P  Signal 0 1 0 1 1 0 0 1 0 0 1

Binary
Data To MZ-Mod.Lowpass

Filter

1-Bit Delay

Figure 3.12: Dicode Electrical Transmitter (Tx)

3.4 Discussion

This section reviews the modulation techniques applied in the dense WDM systems 

under study. Duobinary modulation is an efficient spectrum compression method, 

achieving two-to-one (2 :1) bandwidth compression compared with the binary trans

mission. This important property of duobinary signalling when applied to dense 

WDM optical systems gives benefits to the main building components of WDM 

systems, optical fibres and optical amplifiers .

Optical fibres in WDM systems suffer mainly from dispersion, dispersion slope and 

the non-linear effects. High dispersion tolerance is required for signals used in Ter

abit/s systems that utilise the full bandwidth of EDFAs. Even if the fibre dispersion 

is compensated by a dispersion compensator, the residual dispersion due to the dis-
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persion slope distorts the waveform. Ono et ai [5] compared the dispersion tolerance 

in 20 G bit/s optical duobinary and conventional binary signals. The dispersion tol

erance was evaluated by transmitting at a wavelength of 1.55 /im through fibre with 

anomalous dispersion {D > 0) and through dispersion compensating fibre (DCF) 

with normal dispersion {D < 0). For the first case, in the anomalous dispersion 

regime (D > 0), the maximum transmission length of the optical duobinary is twice 

that of the binary signal, i.e. 42 km compared to 25 km. The same happened for the 

DC fibre. For standard fibre of, D =  17 ps/nm /km , Yonenaga et al [10], reported 

that they achieved, at a bit rate of 10 Cbit/s, very good eye opening after 110 km 

of fibre in contrast with binary transmission gave a badly distorted eye opening.

Ono et al, [5], have also investigated the filtering requirements and coherent crosstalk 

tolerance of duobinary modulation. In their findings they confirm that the narrow 

spectral characteristics of optical duobinary signals allow the use of narrow optical 

bandpass filters for demultiplexing the optical channels of a WDM system. They 

reported a minimum channel spacing of 32 CHz for 20 C bit/s duobinary signalling 

with a binary minimum channel spacing under same conditions of 45 CHz being 

needed. Sharif et al, [15], recently reported that extreme care has to be taken 

with duobinary filtering. They point out that bandwidth reduction associated with 

duobinary encoding does not, by itself, enable a closer packing of channels in WDM 

systems. In order to achieve that, it is imperative that the individual channels 

are properly filtered prior to being combined in the optical fibre. For this filtering 

requirement they propose low-pass third order Bessel type filter.

The non-linear effects of optical fibre carrying duobinary signals are extensively
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studied in this thesis. Both scattering and Kerr effects are examined. In particular 

Stimulated Brillouin Scattering (SBS) and Four Wave Mixing (FWM) effects are 

considered. Results in the following chapters, demonstrate that duobinary modula

tion shows robustness to both SBS and FWM effects.

Dicode signals belong to the family of partial response signalling. The method used 

to generate dicode signals is similar to that for duobinary generation except that 

the delayed and undelayed versions of the original data signal are subtracted rather 

than summed. However, the spectra of dicode is different to duobinary, it is wider 

and has a null at DC [6]. Comparing to binary modulation dicode does not have DC 

carrier components and as can be seen in the following chapters dicode modulation 

shows very good tolerance to the non-linear effects of the optical fibre. On the 

other hand, dicode modulation has similar spectrum occupation as normal binary 

therefore dicode modulation can not offer any dispersion tolerance against binary 

transmission. Although this can well be the case, no solid study in this direction 

has been performed. This research briefly looks into this matter, since the main aim 

is to investigate the behavior of dicode modulation with fibre non-linear effects.

Finally, both duobinary and dicode modulation schemes introduce complexity in the 

optical transmitter modules. The merits obtained in both the linear and non-linear 

domains are worth the complexity introduced. It must be stressed that dicode and 

two-level duobinary modulation implementations operate wiîh a standard optical 

receiver (PIN photodiode) giving ease of implementation at the receiver side of the 

system. Therefore, as WDM systems tend to use closer channel spacing and more 

wavelengths are introduced, need arises for modulation schemes such as the ones
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described here to be implemented, aiming to cure either the linear or non-linear 

effects of the optical fibre.

3.5 Summary

Duobinary and dicode modulation fundamentals were presented in this chapter, 

together with the benefits the two technologies offer. Practical implementation 

schemes of the technologies in optical systems were included. It is accepted that 

duobinary coding significantly suppresses the dispersion shortfalls in optical systems, 

but is not well understood how duobinary and dicode will react to the non-linear 

characteristics of optical fibres. The following chapters, describe the outcomes of the 

investigations in that direction. Firstly, the impact of Stimulated Brillouin Scatter

ing under two and three-level duobinary modulation is studied, and then the impact 

of duobinary and dicode coding on Four Wave Mixing effects is investigated. A basic 

investigation of the dispersion tolerance of dicode modulation is also presented.
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Chapter 4

Comparison of the R obustness of 

2-Level and 3-Level Duobinary

M odulation to  Stim ulated

Brillouin Scattering

4.1 Introduction

Stimulated Brillouin Scattering is a non-linear process that is one of the limiting 

factors for long haul optical communication links. Stimulated Brillouin Scattering 

is detrimental for optical communication systems because it manifests itself through 

the generation of a backward propagating wave, known as the Stokes wave, which 

carries a significant amount of the input signal energy once the Brillouin threshold

82
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is reached, causing loss of signal energy [1, 2]. In modern long span optical fibre 

links the large repeater spacings require high input signal powers which reach the 

Stimulated Brillouin Scattering threshold.

This chapter initially describes the dynamic Stimulated Brillouin Scattering effects 

and numerically solves the dynamic equations that describe the effect using a com

puter model.

Duobinary modulation schemes are used to suppress the onset of the SBS effect,

[3], and this is further explained and exploited using simulation techniques within 

this chapter, together with an assessment of the amount of suppression the schemes 

achieve.

4.2 Mechanism of Stimulated Brillouin Scattering

Attenuation in state of the art single mode optical fibres is primarily caused by 

Rayleigh scattering of light from local inhomogeneities in the glass density, i.e. re

fractive index [4, 5]. Similarly, photons will be scattered from localised refractive 

index variations induced by sound or acoustic waves. This happens because the 

sound waves cause vibrations in the glass lattice that makes up the fibre core. This 

scattering is known as Brillouin Scattering. Ultimately, light from an intense forward 

propagating signal, known as the pump signal, provides the gain for the backward 

propagating Stokes wave, therefore creating Stimulated Brillouin Scattering or SBS 

[1, 2, 4, 5, 6, 7, 8).
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The SBS related behavior of an optical fibre is governed by a coupled three-wave 

system [4] :

{dr +  0( )̂El = —EsQ — clEl (4.1)

-  nEg (4.2)

(aT +  6)Q =  -yEz,E; (4.3)

where El and Es are the normalised and slowly varying electrical field amplitudes 

of the laser signal and the stokes wave respectively, Q is the normalised and slowly 

varying amplitude of the density perturbation, and a is the linear loss of the medium, 

i.e. the fibre loss.

In order to create a computer model of the SBS effect in an optical fibre, the above

set of partial differential equations are treated as propagation equations and are

solved numerically by applying appropriate boundary and initial conditions. For 

the numerical solution of the SBS dynamic equations the steady-state solutions of 

the SBS equations are applied as the initial conditions of the system [1, 4, 5]. The 

steady-state solutions are [5]:

(« )

/ Ca 
=  (^ )

(4.6)
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where x =  exp{2^CÇ,/6), a = \Es{0)\‘̂ /\El{0)\‘̂ and C = |^ l(C )P  ~  l^ 5 (C)P- 

7  is the normalised Brillouin gain and can be determined experimentally. Since [2, 3]

where qb is the Brillouin gain (2.2 x 10“ ^̂  m /W ), L is the fibre length, P is the 

input power, A is the fibre effective cross-sectional area (1.06 x A ub is

the effective Brillouin linewidth (47 MHz) and Ug is the group velocity [4].

Ô is determined from the following formula [4, 5]:

{ =  (4.8)
Un

where Aub is the effective Brillouin linewidth, Ug is the group velocity and L is the 

fibre length.

4.3 The SBS Simulation M odel

The SBS simulation model is written in the C programming language and follows 

Hook’s approach [1, 4, 5]. The model numerically solves the SBS system of partial 

differential equations (propagation equations) by applying a first order marching 

scheme to the discretised versions of the propagation equations, using the stady-
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state solutions of the propagation equations as initial conditions. The discretised 

versions of the propagation equations are:

For equation 4.1:

Eh{t +  1, z)/A  — Elit, z) f  A +  Ei{t, z) /A  — Ei,{t  ̂z — 1) / A =  (4.9)

— E s Q  — clE l  (4.10)

4=> E i , { t  +  1 , 2 ) =  E i , { t ,  z — 1) — AF7gQ — AnF/2, (4.11)

Similarly for equations 4.2, 4.3 the discretised equations are:

Es{t +  1, z) — Es{t, z +  1) +  AEiÇt, z)Q*(t, z) — AaEs{t, z) (4.12)

Q(t +  1, z) =  (1 — 0A)Q(t, z) +  'yAEp(t, z)Es{t, z) (4.13)

In order for the wave fields at point (z.Az, (t+ l)A t)  to be determined, the prop

agation characteristics have to be followed and numerical estimates of the needed 

position are obtained as shown graphically in figure 4.1.

To avoid unstable behavior the SBS computer model disregards internal refiections 

at the fibre’s end and assumes a time independent boundary condition on the Stokes 

intensity at the fibre end [4].
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Time

t+1

Positionz-1 z+1z

Figure 4.1: First Order Marching Scheme in order to calculate the Wave Fields at 
Point (z.Az, (t+ l)A t)

The optical fibre model was for fibre length of 19.8 km with 7.7 mW fibre input 

power. Therefore using equation 4.7 where qb is the Brillouin gain (2.2 x 10“ ^̂  

m /W ), L is the fibre length (19.8 km), P is the input power (7.7 mW), A is the 

effective cross-sectional area of the fibre (1.06 x 10“ °̂ m^), the value for 7  relative 

to 7.7 mW input power is obtained, ô is determined from equation 4.8 where L is 

the length of the computer fibre model (19.8 km) and A ub is the effective Brillouin 

linewidth (47 MHz). Therefore, the ratio 7 /6  is 15.9. Care must be taken when 

changing the power input parameter since it is included in this ratio. In such a case, 

the ratio 7 /6  has to be calculated and its new value entered into the model.

In order to reduce computer run-time to a reasonable level, the well established 

technique of creating a reference model [4] was followed. Since computational re

strictions occur, it was not possible to simulate for lengths of fibres greater than a 

few kilometers. Therefore, by substituting the loss parameter of a fibre of actual 

length L (i.e. a fibre of length L=19.8 km has a reasonable loss of 4.6 dB), to a fibre 

with a reference length of L’ (e.g. L’= l  km) and since the ratio 7 /6  determines the



intensity distributions along the fibre in the steady-state case, by postulating this 

ratio of the actual fibre length (L) to be kept for the fibre of reference length (L’), it 

is possible to simulate realistic lengths of fibre, i.e. Simulate for fibre of L=19.8 km 

using a reference simulation length of L’= l  km, by keeping the ratio 7/(5 same as 

in the fibre with length 19.8 km and losses corresponding to 19.8 km. Reference to 

the specific length of 19.8 km is made mainly to allow validation of the simulation 

model by repeating the simulation results of [4, 5].

To show the accuracy of the computer SBS model together with the reference model 

approach, the propagation equations were applied to a fibre of total length 19.8 km. 

The input signal was phase modulated at a rate of 1 M bit/s at an input signal power 

of 7.7 mW. When a phase shift of (yr-rad) is introduced, sharp amplitude modulations 

are formed in the transmitted signal. Figure 4.2 shows the time evolution of the 

optical power transmitted through the fibre at a phase transition in the presence of 

SBS with normal fibre loss.
P h a se  transition

I
I

xIO"̂

Figure 4.2: Phase Transition for 19.8 km 

The signal encounters an acoustic wave (the acoustic wave is the cause of the scatter-
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ing photons which make the SBS effect) with a phase that does not allow for energy 

transfer from the signal to the scattered wave. Immediately after the phase shift 

in the signal the acoustic wave adjusts its phase so that the energy transfer, which 

was momentarily inhibited starts again. This process gives rise to the rapid phase 

transition in the lower peak of figure 4.2. The signal can gain some power from the 

Stokes wave, thus reaching a level larger than the level transmitted through the fibre 

in the absence of SBS. After the phase shift the intensity of the signal decays expo

nentially with a decay time related to the Brillouin linewidth {tdecay =  l/(A i/g 7r))

[4]. Since the computer model succeeds to perform this extreme condition, namely 

the rapid 7r-rad phase shift, provides confidence for its correct operation [4, 5]. The 

simulation was repeated using a reference model of total length 1 km and the out

put power was again determined, and plotted in figure 4.3, around the region of the 

phase transition. The almost exact agreement between the two curves in figures 4.2 

and 4.3 provides confidence in the accelerated modeling approach.

P h a se  transition
2.5
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I
i
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1.9599 1.9599 1.96 1.9601

Figure 4.3: Phase Transition for 1 km. Reference Model
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4.4 Simulation Results

In order to study the impact of SBS on a binary signal and compare with the impact 

of SBS on a duobinary signal, two types of simulations were performed. Initially, a 

binary sequence with a constant input pump power was applied as the input signal. 

The binary signal was a pseudo-random sequence of length 2̂  ̂— 1 bits at a bit rate 

rate of 1 G bit/s for a 19.8 km fibre length (L), with simulation length (L’) of 1 km. 

The pseudo-random sequence had 70 % more one than zero bits. The reason for 

this was to amplify the SBS effects and create a worst case scenario.

In order to run a reasonable computer simulation and not to assume that the signal 

has instantaneous rise time, the input signal was filtered with a 20 point low-pass 

FIR (Finite Impulse Response) filter. The value of the filter coefficient was chosen 

to produce an acceptable eye-diagram.

The second group of simulations investigated the impact of SBS on two types of 

duobinary modulation, the two-level and three-level duobinary. The fibre input 

power levels were kept in the same range as in the binary simulations together with 

all other parameters.

The results of the simulations in form of eye diagrams are shown in the figures 

below. The input signal in the fibre is depleted by linear losses and by the impact of 

SBS. The relative power scale in the eye diagrams is defined as the output power at 

the fibre end relative to the input power at the start of the fibre. The input power 

was increased in six steps starting from Hook’s [4] recommendations of 7.7 mW and
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reaching a maximum of 62 mW by changing the value of the ratio 7 /^ accordingly.

In figure 4.4 the binary, two-level duobinary and three-level duobinary simulations 

are shown for an input power of 7.7 mW. In the two-level duobinary simulation 

the SBS effects are considerably less than their binary equivalents. The three-level 

duobinary simulation shows almost no SBS effects.
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Figure 4.4: Eye Diagrams for (a) Binary, (b) 2-Level Duobinary and (c) 3-Level 
Duobinary Transmission at 7.7 niW of Input Power

Figure 4.5 shows binary, two-level and three-level duobinary simulations for an in

put power of 11.6 inW. There is an increase to the SBS effects in the binary case
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compared to the prior power level. Two-level duobinary suppresses the SBS effects 

compared to binary. For the three-level duobinary transmission, the SBS effects are 

minimal.
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Figure 4.5: Eye Diagrams for (a) Binary, (b) 2-Level Duobinary and (c) 3-Level 
Duobinary Transmission at 11.6 mW of Input Power

Figure 4.6 shows the eye diagrams of binary, two-level and three-level duobinary 

for fibre input power of 15.4 mW. There is an increase of the SBS effects on both 

the binary and two-level duobinary than the previous input power of 11.6 rnW. 

The three-level duobinary modulation shows resilience to SBS keeping SBS effects 

minimal.
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Figure 4.6: Eye Diagrams for (a) Binary, (b) 2-Level Duobinary and (c) 3-Level 
Duobinary Transmission at 15.4 mW of Input Power

Figure 4.7 gives eye diagrams of binary, two-level and three-level duobinary modula

tions for 30.8 inW of fibre input power. Two-level duobinary transmission, achieves 

increased eye opening compared to binary.

In figure 4.8 the input power to the fibre is increased to 46.2 mW. Simulations are 

shown for the binary, two-level and three-level duobinary modulations.

Finally, in figure 4.9 the eye diagrams of binary, two-level and three-level duobinary 

modulations for 61.6 niW of input power are shown. As expected SBS effects in-
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Figure 4.7: Eye Diagrams for (a) Binary, (b) 2-Level Duobinary and (c) 3-Level 
Duobinary Transmission at 30.8 rnW of Input Power

creased on all modulation schemes than in the previous power level of 46.2 inW. 

Two-level duobinary improves the eye opening compared to binary transmission.

From the above simulation results, it is clear that duobinary modulation significantly 

reduces the SBS effects, resulting in better eye-opening together with higher signal 

levels.
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Figure 4.8: Eye Diagrams for (a) Binary, (I) 2-Level Diiobimary and (c) 3-Level 
Duobinary Transmission at 46.2 mW of Input Power

4.5 Discussion

In order to assess the modulation techniques in terms of systetm penalties it is im

portant to compare the eye opening between the three modulation schemes for each 

power level. This is shown in figure 4.10 whbh summarises tlhe simulation results 

and indicates the reduction of SBS phenorneia over the range of fibre input power 

levels for the two-level and three-level duobiiary modulation schemes relative to 

binary transmissions.
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Figure 4.9; Eye Diagrams for (a) Binary, (b) 2-Level Duobinary and (c) 3-Level 
Duobinary Transmission at 61.6 mW of Input Power

4.5.1 Two-level Duobinary M odulation

To compare the eye opening of binary transmission with two-level duobinary is 

fairly straight forward. The results are shown in figure 4.10 where the solid line 

indicates gain in dBs achieved in terms of eye opening of using two-level duobinary 

modulation. In order to calculate this gain, the relative eye openings of the binary 

and two-level duobinary modulations are measured and compared to each other. 

For example, at 11.6 mW the relative eye opening in binary is 10.3 dB. In the
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two-level duobinary case under 11.6 mW the eye opening is 10.8 dB. If these two 

measurements are subtracted, two-level duobinary minus binary, the 0.5 dB gain 

figure is derived. This is plotted on figure 4.10 at 11.6 mW power level.

Two-level duobinary gives an eye opening improvement of 0.25 dB for the 7.7 mW 

input power level and reaches a gain of about 1.2 dB for the 30 and 46.2 mW 

input power levels. For the 61.6 mW power level the improvement is 1.1 dB. The 

suppression of the SBS effects in the two-level duobinary case is mainly due to two 

reasons:

• The two-level optical duobinary signal has its signal power concentrated within 

a narrow bandwidth, approximately half of the bandwidth of an intensity 

modulated (IM) binary signal. The optical duobinary signal has no carrier 

frequency component in contrast to the binary signal. Therefore, fibre input 

power limitation due to SBS is expected to be relaxed since the Brillouin 

gain bandwidth is very narrow, less than 100 MHz, and intense narrow-band 

frequency components (such as the optical carrier frequency component) are 

the main cause of SBS [9].

• Aoki et Al [10] prove that the SBS wave for each laser source builds up in

dependently, in detail each frequency of the laser source acts independently 

and induces corresponding Brillouin gain. In other words the Stokes wave or 

SBS for each pump line builds up independently and the total spectrum repli

cates the laser source spectrum. Therefore the replication of intense frequency 

components is a serious cause of SBS. This effect is mitigated in the case of
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duobinary modulation resulting in the reduction of SBS.

4.5.2 Three-level Duobinary M odulation

In order to compare the eye opening of the three-level duobinary modulation to 

binary transmission, it is necessary to calculate the mean of lower and higher eye 

transitions in the three-level duobinary eyes and compare this mean to the binary 

eyes mean. In figure 4.10 this comparison is shown in the dashed line.
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Figure 4.10: Suppression of SBS. Solid line indicates gain (dBs) in terms of eye 
opening of 2-level duobinary modulation against binary over various power levels. 
The dashed line indicates the gain (dBs) for the 3-level duobinary against binary over 
various power levels. In the 3-level duobinary there is an attendant 3 dB penalty.

The reduction of SBS effects using three-level duobinary signalling clearly evident 

in the eye diagrams of figures 4.6 to 4.9 can be explained as follows:

For 50% of the time the three-level duobinary signal occupies the mid level of 

the eye diagram and for the rest is equally spread between the zero and the
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highest level of the eye diagram. Therefore in this duobinary case, the signal 

takes its peak value for only 25% of the total time. This results in reduced 

SBS effects since the extreme case is less frequent and the SBS threshold is 

not reached as often as in the other modulation schemes.

• On the other hand, there is an attendant 3 dB penalty on the eye opening of 

the three-level duobinary signal which is not fully realised relative to binary 

transmission due to the significant reduction of the SBS effects.

The implementation complexity of the two-level duobinary system is considerably 

less than that for the three-level duobinary system, a simple binary receiver suffices 

as opposed to a dual threshold receiver.

The issue of bandwidth of the two duobinary signals, and therefore the dispersion 

tolerance together with the potential for tight packing of WDM channels is an open 

issue. It is well accepted that two-level duobinary achieves significant bandwidth 

reduction compared to binary, but it is generally accepted that this reduction is not 

as marked as in the three-level duobinary case [6 , 11, 12].

In terms of long haul optical fibre networks, for 40 km of fibre spacing between 

two repeater stations, in the first 20 km of the fibre, SBS effects will be more 

significant since the signal carries higher energy compared to the last 20 km as the 

fibre attenuation reduces signal energy. Therefore the analysis performed can well 

represent the efficiency of the duobinary coding schemes in reducing the SBS effects 

in commercial systems.
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4.6 Summary

Numerical code to examine the time dependent Stimulated Brillouin Scattering in

teraction in an optical fibre under binary, two-level and three-level duobinary mod

ulation was developed. The numerical results showed that two-level and three-level 

duobinary modulation schemes suppress the SBS effects in optical communication 

systems. This is due to the fact that duobinary modulation offers a more effective 

concentration of the signal power, approximately half of the bandwidth of an inten

sity modulated binary signal and to the fact that a duobinary signal has suppressed 

carrier frequency component in contrast to a binary signal.

The choice of which duobinary format to adopt, as already discussed, is not straight

forward. Both offer robustness to SBS impairments. The three-level case is more 

complex to implement and inherently has a 3 dB penalty associated with the sig

nal format. It does however offer the possibility of tighter WDM channel packing. 

However, unless this density of channels is the key issue, the simplicity and greater 

eye opening suggest that two-level duobinary should be adopted.
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Chapter 5

Experim ental D em onstration of

the Reduction of FW M  with

Duobinary M odulation

5.1 Introduction

In WDM systems the simultaneous requirements of high launch power and low fibre 

dispersion lead to the generation of new optical frequencies by Four Wave Mixing. 

These generated optical frequencies can seriously interfere with system operation 

[1, 2, 3, 4, 5]. Four Wave Mixing is considered as the principal non-linearity in 

WDM systems due to its involvement in the degradation of the system performance 

[6 , 7],
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This chapter describes the nature and size of the impairment due to Four Wave 

Mixing, and experimentally demonstrates that a two-level duobinary modulation 

format suppresses the FWM non-linear effects in two closely spaced WDM channels.

5.2 Four Wave Mixing

5.2.1 Definition of Four Wave M ixing

In terms of quantum mechanics Four Wave Mixing occurs when photons from one 

or more waves are annihilated and new photons are created at different frequencies 

or wavelengths such as the net energy and momentum are conserved during the 

parametric interaction [4, 5, 8]. Parametric interaction is defined as the role that 

the fibre plays in the non-linear phenomena for mediating the interaction among 

several optical waves through a non-linear response of bound electrons [4]. Such 

processes are referred to as parametric processes as they originate from light induced 

modulation of a medium parameter such as refractive index.

In simple terms, Four Wave Mixing is a non-linear process in which three waves of 

frequencies f,, fj, fk(k ^  i,j) interact through the third order electrical susceptibility 

of the optical fibre to generate a wave of frequency [9] :

f g  —  f i ~ ^  f j  -  f k  (5.1)
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As is well accepted, fibre chromatic dispersion at 1.55 /im can be effectively reduced 

by using dispersion shifted fibre. The use of low dispersion fibre however, enhances 

the efficiency of the generation of Four Wave Mixing waves by reducing the phase 

mismatch naturally provided by the fibre dispersion [9,10]. For this reason, crosstalk 

due to FWM is the dominant non-linear effect in long haul WDM systems using 

dispersion shifted fibre (DSF) [9].

5.2.2 Impact of Four Wave M ixing on W DM  System s

Three copropagating waves give rise, by FWM, to a number of new optical waves. 

The number of FWM products for N channels launched are given by the following 

equation [1]:

Based on equation 5.1 for a two channel system, i.e. pump waves at fi and / 2, input 

to an optical fibre can generate FWM products at frequencies /a =  2 /i — /2 and 

/4 =  2/2 — /i. The number of FWM products generated grows rapidly with the 

increasing number of channels. For example, in a four channel system, there are 

24 FWM waves generated. For an eight channel system there are 224 FWM waves 

generated.

In conventional WDM systems the optical channels are typically equally spaced 

in frequency. This approach worsens the effects of FWM, since all product terms
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generated by FWM in the bandwidth of the system fall precisely at the channel 

frequencies [1].

There are approaches to minimise the FWM effects in WDM systems, the most com

mon one is the use of unequally spaced channels [9, 10]. However these approaches 

are beyond the scope of this study.

The FWM depends on various system parameters such as signal powers, optical 

channel spacing and fibre chromatic dispersion. In that direction studies have been 

performed to investigate how these parameters interact in forming the final FWM 

products. Based on both theoretical calculations and experimental results, the al

lowable fibre input powers for different systems configurations have been evaluated.

5.2.3 Theoretical Background of FW M

Four Wave Mixing frequencies are generated based on equation 5.1, so that in mul

tichannel systems, three optical frequencies mix to generate a fourth. Assuming 

that the input signals are not depleted by the generation of mixing products, the 

magnitude of this new optical signal is given by [1]:

10247T̂  / DxiiiiLeff 2

where n is the refractive index, A is the wavelength of the light, c is the speed of 

light, Pi,Pj,Pk are the input powers of the channels, Leff is the effective length of
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the fibre, i.e.;

Leff — -(1  -  e (5.4)

with a as the fibre loss with a typical value of 0.2 dB/km. Aeff is the effective area 

of the fibre, D =  3 for two-tone products and 6 for three-tone products, and Xun 

= AxlO~^^esu is the non linear susceptibility that can be expressed in terms of the 

non-linear index of refraction ri2, in the case of a single polarisation as [1]:

CTL̂xun[esu\ = — (5.5)

The efficiency n is given by the formula:

The quantity Af3 is the difference of the propagation constants of the various waves, 

due to dispersion. For a two-tone product with channel spacing Af, A/3 is [1]:

— 0g 3- (3k — (3j — (3i —  ̂ A p  - t -  ( 5 - 7 )

where D is the fibre chromatic dispersion. It is therefore seen, that the FWM 

efficiency decreases with increasing channel spacing, fibre chromatic dispersion, or
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transmission length due to increased phase mismatch between the signals. Figure 

5.1, obtained from [2], shows a plot of the mixing efficiency as a function of input 

signal frequency differences for two values of fibre chromatic dispersion. The plot 

is for fibre length of 12 km. From the plot, large chromatic dispersion experienced 

by a 1.5 /xm signal propagating through a conventional single mode fibre, results in 

the mixing efficiency dropping for signals whose frequencies are different by more 

than a few GHz. On the other hand, when the chromatic dispersion is small, i.e. 

0.3 ps/nm /km , the efficiency remains strong up to nearly 100 GHz. Therefore, the 

effect of FWM is stronger when standard fibre is used with 1.3 /xm sources or when 

dispersion shifted fibre is used with 1.5 /xm sources, as is the case in the following 

experiments.

For sufficiently low fibre chromatic dispersion % 0 and n % 1 [1]. If in addition 

all the channels have the same power Pin, the ratio of the generated power Pg to the 

transmitted power of the channel Pout can be written as:

Pm., ^ / /  )  “   ̂ ’

For a practical case of a three-tone product, D =  6, at 1.55 /xm with Leff = 22 

km, Aeff = 55 /xm ,̂ by using equation 5.8, the mixing product to be transmitted 

channel power ratio is evaluated to be O.OlxPj^ [mVF ]̂.
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Figure 5.1: FWM Efficiency Versus Effective Signal Frequency Difference or Channel 
Separation [2]

5.3 Experim ental R eduction of FW M  Effects w ith  

Duobinary Coding

5.3.1 Introduction

Two experiments were conducted in order to determine the level of FWM products 

in a conventional binary system and to compare them against the FWM products in 

a duobinary system. In the first experiment, an assessment of the amplitudes of the 

signal carriers and the resulting FWM products was performed for both the binary 

and the duobinary systems. In the latter, an investigation into the amplitude levels 

of the FWM products of the binary and duobinary systems at a range of channel 

spacings were carried out.

Representative outputs from the optical spectrum analyser and plots of the FWM 

levels at a range of channel spacings for both modulation schemes are shown in the 

following sections. These results were also presented at ECOC 1999, [11].
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5.3.2 FW M  Experim ental Set-up

The experimental setup used in the experiments is shown in figure 5.2.

À1

EDFA
PC

m
3dB

Coupler

20Km DSF

PC
m

PPG

OSA

LD2
P2

LDl

Duobinary
Tx

MZ-Mod.

Figure 5.2: The Experimental Set-up

A pattern generator drove the optical transm itter in both binary and duobinary 

modulation experiments. The pattern generator produced a PRBS of length of 

2̂  ̂ — 1 at a bit rate of 2.5 Gbit/s. The optical transmitter generated a modulated 

optical signal (binary or duobinary depending on the experiment) which was com

bined with the second unmodulated optical carrier in the 3 dB optical combiner. 

The unmodulated carrier is a worst case scenario, since it can be considered as a 

continuous string of ”on” pulses. An EDFA followed the coupler to increase the 

launch power into the fibre to +11 dB. The signals were then transported over 20 

km of DSF operating at close to zero dispersion. DSF was used in this experiment 

to enable the observation of a significant non-linear effect without requiring a very 

long fibre span. The spectrum after propagation through the DSF was viewed on 

an optical spectrum analyser (OSA).

The duobinary encoder used consisted of a one-bit delay line. A microwave delay
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line of variable delay was used and the one bit delay was adjusted by the help of a 

fast oscilloscope. The output of the delay line was added to the original signal to 

generate a zero mean, three-level duobinary signal. This signal was amplified and 

applied to a single drive, balanced Mach-Zehnder modulator which was biased at 

minimum transmission. This generated a two-level optical duobinary signal which 

exhibited a tt phase shift in the optical field for the two extremes of the three-level 

signal. The average launch power was kept constant for all the experiments. As 

explained in chapter three there was no need for the presence of a precoder circuit 

prior to the electrical transmitter since a PRBS was used in the experiments.

5.3.3 Spectrum  Plots for Binary and Duobinary Transmis

sion

With a channel spacing of 50 GHz or 0.4 nm, the levels of the first order FWM 

products were measured for both the binary and the duobinary cases. Figures 5.3 

and 5.4 show the spectrum plots obtained with the optical spectrum analyser and 

table 5.1 gives the numerical values of the levels of the four components marked PI 

to P4 in the figures 5.3 and 5.4. P I, P2 are the carriers and P3, P4 are identified as 

the FWM products.

The above results show that duobinary modulation suppresses the FWM products 

by 3.4 dB in the P3 case and 2.4 dB in the P4 case.

For a channel spacing of 100 GHz or 0.8 nm, the spectra obtained for binary and
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Figure 5.3: Spectral Plots at Fibre Output for Binary Modulation at 50 GHz Chan
nel Spacing

duobinary transmission are shown in figures 5.5 and 5.6 respectively. Table 5.2 gives 

the values of the two carriers and FWM products. PI is the right carrier, P2 the 

left and PS, P4 the first order FWM products.

The results show that for the current ITU standard channel spacing of 0.8 nm (100 

GHz), duobinary modulation suppresses the level of FWM wave PS by S.6 dB.
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Figure 5.4: Spectral Plots at Fibre Output for Duobinary Modulation at 50 GHz 
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Table 5.1: Levels of the Optical Signals in the Binary and Duobinary Case for 50 
CHz Channel Spacing

Binary
(dBm)

Duobinary
(dBm)

PI (Carrier Right) 2.7 2.9
P2 (Carrier Left) 2.4 2.7
P3 (FWM Left) -13.8 -17.2
P4 (FWM Right) -15.8 -1&2

5.3.4 Variation of the FW M Levels under Binary and Duobi

nary Transmission for a Range of Channel Spacings

In this experiment, the experimental setup shown in figure 5.2 was used however 

the EDFA gain was set to +9.5 dB. Since there was need to constantly vary the
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Channel Spacing

Table 5.2: Levels of the Optical Signals in the Binary and Duobinary Case for 100 
CHz Channel Spacing

Binary
(dBm)

Duobinary
(dBm)

PI (Carrier Right) 3.0 3.0
P2 (Carrier Left) 2.1 1.8
P3 (FWM Left) -24.7 -28.3
P4 (FWM Right) -32/4 -%12

wavelength of the channels, a tunable Santee laser was used. The advantage of 

such a laser source was that it allowed the easy and reliable variation of the chan

nel wavelength. The same duobinary modulator was used together with all the 

connecting components of the previous experiment. In order to equalise the two 

laser sources, as much as practically possible, an optical attenuator of 3.5 dB was
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Figure 5.6: Spectral Plots at Fibre Output for Duobinary Modulation at 100 GHz 
Channel Spacing

used on the Santee laser source. Care was taken not to overheat the laser sources 

and the EDFA, resulting in the laser sources to drift, by keeping the procedure of 

experimental measurements, short.

The aim of this experiment was to investigate the dependency of the suppression of 

the FWM products on the optical carrier spacing. The channel spacing was varied 

from 0.35 nm or 43 CHz to 1 nm or 125.4 CHz for both the binary and duobinary 

cases. In table 5.3 the levels of the mean values of the two optical carriers together 

with the mean values of the FWM products for binary modulation are shown. Table

5.4 gives the same values as table 5.3 but for duobinary modulation. The results of 

tables 5.3 and 5.4 are based on three sets of experimental results. Each experiment
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was repeated three times so that confidence in the results was obtained.

Further, both tables in the far right hand column, give the difference between the 

mean values of the optical carriers from the mean values of the FWM products. 

These values, defined as ’average suppression’ are plotted in figure 5.7. They show 

how the average level of the FWM products relative to the average levels of the 

two optical carriers, vary over the channel spacing range. It can be seen that the 

adoption of duobinary coding suppresses the FWM products from a maximum of 

around 3 dB to around 1 dB, over the range of channel separations.

Table 5.3: Experimental Resu ts for Binary Modulation
Spacing
(GHz)

Spacing
(nm)

Garrier Average 
(dBm)

FWM Average 
(dBm)

Garrier-FWM
(dB)

44 0.35 0.7 -20.3 21
50 0.4 0.7 -20.6 21.3
62 0.5 0.6 -21.7 22.3
75 0.6 0.7 -22.7 23.4
87 0.7 0.8 -24.5 25.2
100 0.8 0.7 -28.1 28.8
112 0.9 0.8 -32.1 3&9
125 1 0.8 -34.5 35.4

Tab e 5.4: Experimental Results for Duobinary A/ odulation
Spacing
(GHz)

Spacing
(nm)

Garrier Average 
(dBm)

FWM Average 
(dBm)

Garrier-FWM
(dB)

44 0.35 0.5 -22.7 23.5
50 0.4 0.5 -23.6 24.1
62 0.5 0.4 -24.3 24.7
75 0.6 0.6 -25.5 26.1
87 0.7 0.5 -27.8 28.3
100 0.8 0.5 -31.2 31.7
112 0.9 0.6 -33.9 34.5
125 1 0.5 -35.9 36.4
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5.4 Duplication of the Experimental Results on 

OptSim  Simulator

In order to build confidence into the experimental results the experiments were 

duplicated on the OptSim simulator from Artis [12]. OptSim version 3.1-0 was used

[13]. The experimental setup of section 5.3.4 was duplicated in the OptSim simulator 

environment. The simulation parameters were chosen to be as close to experimental 

parameters as practicable. Table 5.5 following shows the experimental parameters 

together with the corresponding simulation parameters. A simulator screen shot 

of the system setup is shown in figure 5.8. Specific care was taken in order to 

account in the simulator the losses occurred during the experimental procedure.
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An approximate amount of 6.5 dB was calculated for component losses during the 

experimental procedure and this figure was accounted in the simulator by inserting 

optical attenuators as shown in figure 5.8. An analysis of the loss figure is shown 

in table 5.6 and a breakdown of how the losses were accounted in the simulator 

environment is shown in table 5.5.

Table 5.5: Simulation Parameters were set Equal as those of Experiment

Parameter Experiment Simulation
Bit Rate 2.5 GBit/s 2.5 G bit/s

PRBS Sequence Length 2̂ 1 -  1 2̂ ® — 1 (max. possible on OptSim)
Fibre Length, Loss 21 km, 0.25 dB/km 21 km, 0.25 dB/km

Fibre Dispersion 2.7 ps/nm /km 2.7 ps/nm /km
Fibre D Slope 0.07 ps/nm ^/km 0.07 ps/nm ^/km

Fibre Zero Disp. A 1514.11 nm 1514.11 nm
LDl DEB Laser 

Power 6.5 dBm
Lorentzian (CW) 
Power 6.5 dBm

LD2 Tunable Laser 
Power 4 dBm 

Attenuator 3.5 dB

Lorentzian (CW) 
Power 4 dBm 

Attenuator 3.5 dB
MZ-Mod Loss 7 dB 

Driver ~14.5V 
Extinction Ratio 20dB

Loss 7 dB 
Extinction Ratio 20 dB

EDFA +9.5 dB +9.5dB Fixed Gain, Noise Activated
OSA Anritsu MS9780A, 

Power Accuracy 
Level: + /-  0.6dB

Lorentzian Resolution (0.00092THz)

Channel Spacing Range 
(nm)

1548.6 to 1549.6 1548.6 to 1549.6

Losses 6.5dB Coupler Loss 0.5dB 
Optical Attenuators:

2 following LDl, LD2 of 1.5dB each 
1 following Coupler 2.5dB 

1 after EDFA of 0.3dB 
1 before OSA of 0.3dB

Other Full BW Simulation 
(1546 nm-1552 nm)

The results of the simulations were processed with the method described in section
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Figure 5.8: OptSim Simulator Screen Shot

5.3.4 in order to calculate the ’average suppression’ values. Average suppression 

values are plotted in figure 5.9 together with the respective values obtained in the 

lab experiment. The results provide confidence in the experiment since experimental 

and simulation values clearly show the same trend. Discrepancies in the range of 2 

to 4 dBs between the experimental and simulation results are attributed to factors
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Table 5.6: Calculation of Component Losses in the Experimental Set-up
Component Loss (dB)

Polarisation Controllers (x2) 3
Connectors (xlO) 3

Coupler 0.5
Total 6.5 dB

of loss not taken into account in the simulations and to the possibility of wavelength 

variations. The error bars in the simulation plots of figure 5.9 are based on possible 

variations of losses of ±10%. Such assumption is reasonable given variations in 

connector losses, fibre loss, EDFA gain and Laser output power. For example basic 

analysis using the simulations indicate that, a possible increase of both Lasers’ 

powers by 1 dB and in the EDFA gain by 1 dB would result in a decreased average 

suppression of 3.7 dB for the binary modulation case. It is worth noting that in the 

experimental setup the CW Laser was not temperature controlled. This would result 

in output power and wavelength variations that could explain the discrepancies 

between the simulation and experimental results. Other factors that could explain 

the discrepancies may be attributed to variations in connectors and splices losses 

as well as inaccuracy of the OSA measuring equipment. Such factors were not all 

taken into account in the simulations due to the complexity of the setup and of the 

inappropriateness of modelling such uncertainties. The error bars in figure 5.9 give a 

basic indication of the errors encountered, however, they do not account fully for the 

3 dB errors. The fact that simulation error levels are shown for both duobinary and 

binary transmission indicates a consistent difference between the simulation results 

and those obtained from measurements in the experimental setup.
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5.5 Discussion

The experiments, whose main objective was to investigate the level of the FWM 

waves with duobinary modulation, clearly show that two-level duobinary modula

tion suppresses the FWM effects of a simple two channel, dense WDM system.

The first set of experiments were performed in order to test the impact of duobi

nary modulation on the Four Wave Mixing effects. The results obtained were quite 

encouraging; a suppression of the FWM products was achieved in the dense case of

0.4 nm or 50 GHz channel spacing with duobinary, reducing the first order FWM 

terms. According to equation 5.2 there are two first order FWM terms for a two 

channel system. Duobinary modulation gave a reduction of 3.4 dB for the first term 

and 2.4 dB for the second.

These results supported more experiments which measured the FWM terms for 

duobinary modulation at the standard ITU spacing of 0.8 nm or 100 GHz. In this 

experiment, there was a reduction on only one of the two FWM terms by 3.6 dB. 

The other term is almost equal to binary’s transmission counterpart.

A more detailed study on how this variation on the FWM levels under duobinary 

modulation is associated with the change in channel spacing was then carried out 

in the second experiment. The channel spacing was varied over a broad range of 

spacings starting from the least possible spacing that the experimental equipment 

allowed, without any overlapping of the optical carriers, of 0.35 nm or 44 GHz and 

moving up to 1 nm or 125 GHz in eight steps. Maximum suppression of the average 

FWM waves relative to the average data channels was observed at channel spacing
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of 0.7 nm or 87 GHz under duobinary modulation by around 3.1 dB. At the dense 

spacings below 0.5 nm or 62 GHz suppression was at the order of 2.5 dB to 2.8 dB 

for 0.35 nm/44 GHz and 0.4 nm/50 GHz respectively. One important finding is that 

at higher channel separations of the current ITU standard the suppression of the 

FWM effects under duobinary modulation were minimum at about 1.6 dB at 0.9 

nm/112 GHz and 1.1 dB at 1 nm/125 GHz. This was expected, as the separation 

of channels increased, the first order FWM effects became less significant than their 

equivalents in closer channel spacings. Finally, at channel spacings of 0.6 nm/75 

GHz and 0.5 nm/62 GHz the suppression was 2.6 dB and 2.4 dB respectively.

The experimental results were duplicated on the OptSim simulator in order to gain 

confidence in the experimental results. The simulation results show good agreement 

with the experimental ones and clearly follow the same trend. There is a 2 dB 

to 4 dB discrepancy between average suppression values of the simulator and the 

experiment results but that can be attributed to various losses that take place in 

the lab experiment and can not be accounted for in the simulator, together with the 

possibility of wavelength variations during the experimental procedure.

The main reason that the D-WDM experiment involved only two optical channels 

was due to laboratory hardware limitation. Hardware availability allowed the gen

eration of one duobinary channel and one CW channel. This, however represents 

a worst case scenario. It is acknowledged here that the use of a two channel ex

periment does not reflect the reality of multi-channel D-WDM practical systems. 

However, since the FWM generation mechanism is not dependent on the number of 

channels (but the FWM components are) and since our experimental results show
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FWM suppression in the duobinary two wavelength case, we expect that such sup

pression will also be evident in a duobinary multi-channel system. This is verified 

through simulation of a three channel D-WDM system in section 6.4 of Chapter 6. 

Other experimental limitations include the fact that the experiment involved only 

one power level and fibre dispersion level. However, the experiment gave a clear 

indication that duobinary modulation suppresses the FWM products in a D-WDM 

system and the FWM suppression depends on the channel spacing. With this indi

cation in place a more thorough investigation of the interplay of various parameters 

under a three channel D-WDM system is been performed in the Chapter 6 using 

the OptSim simulator tool.

The reason for the reduction of FWM levels under duobinary modulation in DS 

fibre is not a straight forward task. It has been seen that the FWM levels depend 

on many parameters and as proved in this case, on the channel spacing. Duobi

nary modulation provides a more effective concentration of the signal energy and 

suppresses the optical carrier at the centre frequency of the channel which exists 

in binary modulation. This important property of duobinary is responsible for the 

suppression of the FWM levels in the above experiments. In order to justify this, 

more research work is required. Some of these issues are further addressed in the 

following chapters.
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5.6 Summary

This chapter provided experimental verification that the use of duobinary modula

tion can significantly reduce the level of Four Wave Mixing products. The suppres

sion observed experimentally varied from 3 dB to 1 dB, depending on the channel 

spacing. The experiments were duplicated on the OptSim optical simulator from 

Artis and the simulations clearly show the same trend as the experimental results. 

The discrepancies of 2 dB to 4 dB are attributed to factors of loss not tolerated in 

the simulation and to the possibility of wavelength variations.

The suppression is greater for narrower channel spacing which suggests that as dense 

WDM systems reach higher channel counts duobinary becomes an attractive encod

ing method. This is not only because of its narrower spectral width and consequently 

greater tolerance to dispersion and narrower channel spacing possibilities, but also 

because of its already proven SBS tolerance, and as shown here, its tolerance to 

FWM effects.
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Chapter 6

The Impact of A lternative Optical

M odulation Schemes on the Level

of Four Wave M ixing Products in 

D -W D M  System s

6.1 Introduction

In the previous chapter, experimental results of the impact of duobinary modulation 

on FWM products of a simple two channel dense WDM system were presented. 

The results were expressed over a wide range of interchannel spacings leading to 

the graph of figure 5.7 that gives the relative gain of duobinary modulation against 

normal binary transmission over a range of channel spacings.
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The aim of this chapter is to investigate further the impact of the alternative modula

tion schemes on the FWM products. Modulation schemes considered are duobinary 

and dicode and this chapter presents how these schemes impact the FWM prod

ucts and their dependence on various system parameters. These parameters include 

optical fibre linear dispersion, optical power levels and interchannel spacing.

Early representative results of this research were published at LEOS 2000, [1].

6.2 Spectral Densities of Binary-Duobinary-Dicode 

M odulation

Duobinary and dicode modulation schemes were extensively discussed in chapter 

three. Figure 6.1 compares the two modulation schemes relative to binary transmis

sion, in terms of sideband spectral density.

6.3 Simulation M odel

Simulations were conducted to determine the impact of fibre dispersion on the FWM 

products for dicode and duobinary modulation schemes and to compare these to 

binary. In detail, three simulations were conducted: First one determined the FWM 

products under binary, duobinary and dicode modulation in dispersion shifted fibre, 

the second simulation determined the FWM products under the same modulation 

schemes in a zero-dispersion fibre and the third simulation determined the FWM
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Figure 6.1: Spectral Density of Binary, Duobinary and Dicode Signals

products under the inodulation schemes in standard fibre. The simulator used was 

the OptSim simulator from Artis [2, 3].

The system studied was a three channel, equally spaced, dense WDM system and 

is shown in figure 6.2. A pattern generator produced a PRBS of length 2̂  -  1 at a 

bit rate of 10 Gbit/s. The optical transmitter generated a modulated optical signal 

(binary, dicode or duobinary depending on the simulation). The duobinary encoder 

consisted of a one bit delay, the output of the delay line was added to the original 

signal to generate a zero mean three-level duobinary signal. This signal was then 

applied to a single drive, balanced Mach-Zehnder modulator that was biased at 

minimum transmission. This generated a two-level duobinary optical signal which 

exhibited a ±7t phase shift in the optical field for the two extremes of the three-level 

signal.
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The dicode encoder was similar to the duobinary encoder with the only difference 

that the output of the delay line was subtracted from the original signal. Since the 

input data sequence was a PRBS there was no need to include a differential encoding 

precoding stage as would be used with random data.

Two EDFAs were used in the simulations. The first one gave a fixed gain of +17 

dB and was placed in the transmitter module before the optical fibre. The second 

EDFA gave a fixed gain of +8 dB at the receiver end before the OSA, realising a 

pre-amplihed receiver.

The Dispersion shifted fibre (DSF) had dispersion of -2.16 ps/nm /km  and enabled 

the observation of significant non-linear effects. The zero dispersion fibre was a 

custom fibre type with dispersion of 0 ps/nm /km . The standard fibre had dispersion 

of 16 ps/nm /km .
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EDFA EDFA
PC

m
Fibre
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L D l

LD2

P2
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MZ-Mod.
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Figure 6.2: D-WDM System Under Study
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6.3.1 Mach-Zehnder M odulator M odel in OptSim

Earlier versions of OptSim included an erroneous MZ-modulator model where phase 

modulation, when the modulator was biased at 14? was not modeled. Therefore 

it was felt that it is important to verify the correctness in the models used in this 

work, in version 2.0-0 SP2 of OptSim. Verification was carried out by simulating the 

circuitry shown in figure 6.3 [4]. Accordingly, the laser diode output was split using 

an ideal optical splitter. The first output of the splitter was applied as the optical 

input to the MZ-modulator of either one of the transm itter modules (duobinary or 

dicode) and the second output was coupled with the optical output of the transmitter 

module. Ideal optical couplers were used. The optical signal was converted to 

electrical using a PIN photodiode and filtered with a lowpass Butterworth filter. 

Following, an electrical probe allowed the observation of the phase swap performed 

for the duobinary or dicode case.

In figure 6.4 the electrical probe output is shown for binary transmission. As ex

pected two electrical levels exist. In figure 6.5 the dicode probe output is shown and 

figure 6.6 shows the probe output for duobinary modulation. In both dicode and 

duobinary probe plots three electrical levels exist, where the zero level is a result 

of the cancellation of the opposite phase terms. These results clearly indicate that 

phase modulation takes place in the MZ-modulator model of version 2.0-0 SP2 of 

the OptSim simulator.
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Figure 6.5: Electrical Probe Output for Dicode Modulation
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Figure 6.6: Electrical Probe Output for Duobinary Modulation
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6.4 Simulation Results

Two power levels, 132 mW and 90 mW were applied to 20 km of optical fibre. The 

two optical power levels were achieved by varying the CW power output of the laser 

diodes. The variation of the FWM products under different channel spacing was 

investigated. The channel spacing was varied from 0.3 nm to 0.8 nm in five steps. 

Table 6.1 shows the nm and GHz equivalents.

Table 6.1: Channel Spacings in nm and GHz
0.3 nm 37.4 GHz
0.4 nm 49.9 GHz
0.5 nm 62.4 GHz
0.6 nm 74.9 GHz
0.8 nm 99.8 GHz

Figure 6.7 shows the average FWM levels for 132 mW of power launched in dis

persion shifted fibre over the range of channel spacings. These FWM levels (figure 

6.7) were derived by averaging the actual FWM products, i.e. figure 6.8 shows a 

representative OptSim OSA plot for binary transmission through DS fibre with 132 

mW of optical power at 62.4 GHz interchannel spacing.

The average FWM levels were then subtracted from the average carrier levels there

fore creating a relative carrier/FWM value. This value is an indicative measurement 

of each unique case and was processed to create comparative plots, i.e. figure 6.9. 

In detail, figure 6.9 shows the average suppression of the FWM interference signals 

relative to the average levels of the three optical carriers over the channel spacing 

range using dicode and duobinary modulation with 132 mW of power launched in
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Figure 6.7: Average FWM Products under 132 niW of Power Launched in DS Fibre

DS fibre. The average supiiression of FWM products relative to the average data 

channels is relative to binary transmission in order to make the plots easier to read. 

The same approach was followed for the other power levels and optical fibre types.

Figure 6.10 shows the average FWM levels for 90 rnW of power launched in disper

sion shifted fibre over the range of channel spacings. Figure 6.11 shows the average 

suppression of these FWM levels relative to the average levels of the three optical 

carriers over the channel spacing using dicode and duobinary modulation with 90 

mW of power launched in DS fibre.

Figure 6.12 shows the average FWM levels for 132 mW of power launched in zero 

dispersion fibre over the range of channel spacings. Figure 6.13 shows the average 

values of these FWM levels relative to the average levels of the three optical carriers
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Figure 6.8: OSA Plots for Binary Transmission over Dispersion Shifted Fibre

over the channel spacing using dicode and duobinary modulation with 132 rnW of 

power launched in the same fibre type.

Figure 6.14 shows the average FWM levels for 90 mW of power launched in zero 

dispersion fibre over the channel spacings and figure 6.15 shows the average sup

pression of the FWM levels relative to the average levels of the three optical carriers 

using dicode and duobinary modulation for 90 mW of power launched in the same 

fibre.

Finally, findings for the standard fibre case are presented. Figure 6.16 shows the 

average FWM levels for 132 rnW of power launched in the fibre over the channel 

spacing range and figure 6.17 gives the average values of these FWM levels relative 

to the average levels of the three optical carriers over the channel spacing with 132
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inW of power launched in the fibre. Figures 6.18, 6.19 show the equivalent outputs 

to figures 6.16, 6.17 for standard fibre, but with 90 mW of fibre input power.
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6.5 Discussion

The simulation results give insight into how the two partial response modulation 

schemes alter the Four Wave Mixing products generated by the fibre, and the impact 

of the fibre dispersion on the FWM levels. The results produced for the dispersion 

shifted fibre suggest that dicode modulation suppresses the FWM products relative 

to binary transmission in both high and low launch power cases. For the high power 

case (132 mW), dicode gives a maximum suppression of more than 3 dB at the 0.5 

nm channel spacing and around 1.7 dB for the very dense channel spacing of 0.3 

nm. For the current ITU standard channel spacing the improvement is around 1.3 

dB. In the low power case (90 mW), the results show a FWM reduction of 2.5 dB at 

the 0.3 nm channel spacing and a reduction around 2.2 dB at a spacing of 0.5 nm. 

For the standard ITU channel spacing the reduction is about 1.2 dB. Duobinary 

modulation also reduces the FWM products in the DS fibre in both power levels 

relative to binary modulation. In the high power case a maximum suppression of 2.4 

dB is achieved for the 0.4 nm channel spacing and almost 1 dB for the 0.3 nm and 

0.8 nm channel spacings. For low power, the duobinary performance is very close to 

dicode, i.e. 2.5 dB for the 0.3 nm channel spacing and 2 dB FWM suppression at 

the 0.4 nm channel spacing. For the 0.8 nm channel spacing the FWM suppression 

is around 1 dB. Therefore for the DS fibre type both modulation schemes manage 

to suppress the FWM products. Dicode modulation leads the way, especially for 

the 132 mW case, with duobinary modulation a very close follower.

For the zero dispersion fibre, the results appear mixed. In the high power case (132
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mW), dicode reduces FWM products by around 0.5 dB for 0.3, 0.4 nm channel 

spacing. It also gives a significant reduction of almost 2 dB at the 0.8 nm channel 

spacing. Under duobinary modulation the FWM products are weaker, (see figure 

6.12), but the modulation scheme does not offer advantages in the high power case 

since the duobinary data channels are also weaker against the binary carriers. For 

the lower power value of 90 mW, duobinary modulation offers marginal FWM sup

pression with a 0.6 dB gain at 0.5 nm channel spacing. Dicode modulation gives 

a maximum FWM suppression of 2.2 dB at 0.5 nm channel spacing and a 1.8 dB 

suppression at 0.3, 0.8 nm channel spacing for the same power level (90 mW).

For fibre dispersion of 16 ps/nm /km , the dispersion value of standard fibre, both 

modulation schemes offer significant FWM reduction for the high power case. In 

detail, there is a very encouraging FWM reduction in the order of 3.5 dB using dicode 

modulation and 2.5 dB using duobinary at 0.3 nm channel spacing with 132 mW of 

power launched. At 0.4 nm and 0.5 nm channel spacing the results are not as good 

as in the 0.3 nm case but still the modulation schemes give a reduction to the FWM 

products of more than 0.8 dB with duobinary performing better than dicode. The 

modulation schemes fail to offer any advantages at 0.8 nm channel separation. For 

the lower power case (90 mW), the results advise to ignore the modulation techniques 

as they do not reduce the FWM products. This statement contradicts figure 6.18 

where almost, at all channel spacings, the FWM products under binary transmission 

are of higher power than their dicode and duobinary equivalents, but against that the 

binary carriers are stronger than their dicode and duobinary counterparts resulting 

binary transmission to give better relative outcome. Therefore for standard fibre.
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major advantages of using either one of the modulation techniques only exist for 

power levels of 132 mW and above.

Three tables that indicate which modulation technique, if any, should be used under 

each type of optical fibre, summarise the above findings. The channel spacings are 

divided into three categories, small channel spacings are the 0.3 and 0.4 nm inter

channel separations, medium channel spacings are the 0.5 and 0.6 nm separations 

and large channel spacing is the current ITU standard of 0.8 nm or 100 GHz inter

channel separation. Figure 6.20 gives the findings for small channel spacings. Figure 

6.21 presents the results for the medium channel spacings and lastly the outcome 

for large channel spacing is shown in figure 6.22. Each figure is divided into two 

power levels, high power of 132 mW and low power of 90 mW.

An analysis of the results shows that there is no individual system parameter that 

determines the FWM products, but instead they have a multiple dependence on 

various system parameters such as signal powers, optical channel spacing and fibre 

chromatic dispersion together with phase mismatch between the optical signals.

6.6 Summary

The impact of duobinary and dicode modulation schemes on the FWM products of 

various optical fibre types was investigated. A multiple number of parameters were 

varied in the simulations, including power launched, channel spacing and fibre linear 

dispersion.
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Figure 6.20: Summary of Results for 0.3 and 0.4 nm Spacing, yj Recommends use 
of the Modulation Scheme under the Operating Conditions, x Indicates Modulation 
Scheme is not Optimum, f Indicates Marginal Situation.

The results suggest, that in order to reduce the FWM products at very dense channel 

spacings (0.3-0.4 nm interchannel separation), to implement the modulation schemes 

almost to all fibre types studied. As interchannel spacings increase, modulation 

schemes produce advantages only for dispersion shifted fibre and mainly for low 

power levels in a zero dispersion fibre. Finally for standard fibres, the modulation 

schemes reduce FWM effects at medium interchannel spacings and at high power 

levels.
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Figure 6.21: Summary of Results for 0.5 and 0.6 nm Spacing. Recommends use 
of the Modulation Scheme under the Operating Conditions, x Indicates Modulation 
Scheme is not Optimum.
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Figure 6.22: Summary of Results for 0.8 nm Spacing, yj Recommends use of 
the Modulation Scheme under the Operating Conditions, x Indicates Modulation 
Scheme is not Optimum.
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Chapter 7

Dispersion Tolerance of D icode  

M odulation in Optical

Transmission System s

7.1 Introduction

High dispersion tolerance is required for signals used in Terabit/s optical trans

mission systems that utilise the full bandwidth of the EDFAs. Even if the fibre 

dispersion is compensated by a dispersion compensator, the residual dispersion due 

to the dispersion slope continues to distort the waveform.

Previous chapters of this thesis investigated the impact of duobinary and dicode 

modulation schemes on the non-linear effects of the optical fibre. For the linear

151
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impairments of the fibre, there are sufficient reports on how duobinary modulation 

impacts the linear dispersion of the optical fibre which is the main linear limitation. 

Duobinary transmission is widely considered as a dispersion tolerant transmission 

method. On the other hand, little is known about the impact of chromatic dispersion 

on dicode modulation. Although one can argue that since dicode modulation does 

not offer the spectral compression that duobinary offers, dicode modulation can not 

give any significant gains against linear dispersion. However, the need arises for a 

more solid study to be performed and this chapter presents some early results in 

this area.

7.2 Dispersion Tolerance

In this chapter, the dispersion tolerance of 10 G bit/s optical dicode and conven

tional binary signals were evaluated by simulation. The dispersion tolerances were 

evaluated by transmitting the signals, binary or dicode, at a wavelength of 1550 nm 

through standard fibre (1372.9 nm zero dispersion wavelength) with dispersion of 16 

ps/nm /km  and dispersion slope of 0.06 ps/nm^/km. Fibre non-linearities are not 

considered in this study.

The simulation model used is a simple one channel optical transmission system. A 

pattern generator produced a PRBS of length 2̂  — 1 at a bit rate of 10 Gbit/s. The 

optical transmitter generated a modulated optical signal (binary or dicode depending 

on the simulation) following the methods described in the earlier chapters. An 

EDFA was used prior to the fibre, giving a fixed gain of 4-20 dB. At the receiver
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side, the signal was detected by a photodiode and filtered with a lowpass filter. The 

eye-diagrams were then observed using the virtual OptSim Opteye measurement 

component.

7.3 Simulation Results

Simulations were conducted to determine the dispersion tolerance of the modulation 

schemes for four different fibre lengths. In order to allow comparisons to be made 

between the eye-diagrams obtained at the output of various fibre lengths, the need 

arises to include eye-diagrams of binary and dicode modulation for the back-to- 

back case, i.e. 0 km transmission. In figure 7.1 the left eye-diagram is for binary 

transmission and the right eye-diagram for dicode. For the purpose of this study 

both EDFA and photodiode noise were removed. Figure 7.2 shows the eye-diagrams 

obtained after propagation through 35 km of fibre. The left eye-diagram corresponds 

to binary modulation and the right to dicode modulation. Figure 7.3 shows the eye- 

diagrams after 50 km of fibre and figure 7.4 gives eye-diagrams obtained after 70 

km of fibre. Finally figure 7.5 presents the eye-diagrams obtained after transmission 

through 80 km of standard single mode fibre.

7.4 Discussion

The purpose of this study is to investigate the performance of dicode modulation 

under the influence of fibre linear dispersion. It is expected that dicode modulation
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Figure 7.1: Eye-diagrams for Back-to-Back Transmission: Left for Binary, Right for 
Dicode Modulations

Figure 7.2: Eye-diagrams after 35 km Transmission: Left for Binary, Right for 
Dicode Modulations

will be impacted by fibre dispersion by the same amount as binary transmission due 

to the fact that dicode modulation does not offer a spectral efficient solution. Dicode 

modulation occupies the same bandwidth as binary transmission. The simulation 

results confirm these predictions.

All eye-diagrams obtained show good eye-opening for the various fibre lengths since 

important fibre impairments were removed, including all polarisation mode disper

sion (PMD) and non-linear effects. Therefore the fibre is represented as a lossy and 

dispersive medium only.
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Figure 7.3: Eye-diagrams after 50 km Transmission: Left for Binary, Right for 
Dicode Modulations

Figure 7.4: Eye-diagrams after 70 km Transmission: Left for Binary, Right for 
Dicode Modulations

In detail, for propagation through 35 km of fibre, both binary and dicode modulation 

give almost ideal eye-diagrams. The impact of fibre dispersion is minimum on both 

modulation schemes, however dicode modulation gives better extreme and average 

eye-opening.

Increasing the fibre length to 50 km decreases eye-opening for both modulation 

schemes. Dicode modulation is impacted at the eye transition levels. This is due to 

the fact that this modulation scheme performs multiple transitions.
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Figure 7.5; Eye-diagrams after 80 km Transmission: Left for Binary, Right for 
Dicode Modulations

For transmission through 70 km of fibre, binary transmission gives better average 

eye-opening than dicode modulation. Although, dicode modulation suffers at the 

transition levels it gives slightly improved extreme eye-opening than binary.

Finally, after propagation through fibre of 80 km length, dicode modulation has 

better extreme eye-opening than binary, although binary achieves higher average 

eye-opening. Again, that can be blamed to the multiple transitions required in the 

dicode between the zero and one levels.

The simulations presented in this chapter conclude that the performance of both 

binary and dicode modulation schemes against linear fibre dispersion can be consid

ered similar, however further research should be conducted since this chapter only 

presents a basic study on this issue. Particular attention should be paid to the elec

trical filtering requirements at the receiver site of the dicode transmission system 

and the possibly of optimised optical and electrical filtering for dicode modulation 

must be examined.
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7.5 Summary

The simulations confirm the original analytical considerations, that dicode modula

tion should have same or similar dispersion tolerance as normal binary transmission 

due to the fact that dicode does not offer more effective spectral concentration than 

binary transmission. The eye-diagrams obtained for fibre lengths, varying from 35 

km to 80 km, of only dispersive and lossy optical fibre show that dicode’s behavior 

against fibre dispersion is almost similar to binary’s behavior.

Dicode modulation gives better extreme eye-opening than binary but on the other 

hand binary offers slightly better average eye-opening than dicode modulation. 

Therefore, the performance of both schemes against linear dispersion can be consid

ered similar, however further research should be conducted. The electrical filtering 

requirements at the receiver site of the transmission system, have to be investigated 

and possibly optimised especially for the dicode modulation case.

The simulation results obtained in this chapter, are used as arguments in assessing 

duobinary, dicode and binary modulation schemes in the SWOT analysis that follows 

in the next chapter.



Chapter 8

A SW OT Analysis o f the

M odulation Schemes considered in

this Thesis

8.1 Introduction

In the previous chapters a comprehensive analysis of binary, duobinary and dicode 

modulation is undertaken. The analysis includes numerical aspects of the modula

tion techniques, implementation schemes, experimental and simulation results that 

describe the behavior of the modulation schemes in a dense WDM environment.

In this chapter, a SWOT (Strengths, Weaknesses, Opportunities and Threats) anal

ysis is performed for binary, duobinary and dicode modulation. The aim of the

158
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SWOT analysis is to identify the advantages, if any, of using the alternative modu

lation schemes and to remotely stand as a comparison of all aspects of the schemes.

8.2 Binary M odulation

8.2.1 Strengths

Binary modulation is the fundamental transmission technique. The broad applica

tion makes binary transmission a very well known transmission method. However, 

the major concern in optical systems is the impact of fibre linear dispersion. Nowa

days, there are lots of dispersion compensating techniques, mainly using speciality 

fibre, therefore still leaving binary transmission as a first choice. Binary modulation 

does not require any transmitter precoders and just uses a simple photodiode at the 

receiver, easing implementation.

8.2.2 W eaknesses

Main shortfall of binary transmission is that it is volatile to fibre dispersion and non

linear effects. Therefore in order to achieve long-haul, high capacity transmission, 

the need arises to use dispersion compensation.

Non-linear effects in the context of a WDM system include Four Wave Mixing, 

Stimulated Raman Scattering, Stimulated Brillouin Scattering and polarisation ef

fects which are more difficult to both compensate and overcome than the linear
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fibre impairments. Binary transmission is heavily impacted from non-linear effects 

especially at high transmission powers.

8.2.3 O pportunities

Since binary transmission is the fundamental transmission technique, opportunities 

exist in technologies that ease the bottlenecks of long-haul, high capacity optical 

transmission. Some examples of such technological advances include the increase of 

the speed of the electronics at rates above 40 Gbit/s, speciality fibre accommodat

ing dispersion, dispersion slope, non-linear effects and polarisation mode dispersion 

effects and the full exploitation of C and L bands in EDFAs.

8.2.4 Threats

Dense WDM systems count more channels bringing the total power in the fibre to 

significant levels to trigger non-linear effects. Channel spacing has to be small in 

order to accommodate the maximum number of channels to the EDFA’s limited 

bandwidth increasing FWM effects. The above will make network planners to look 

for alternative modulation schemes, which with relative low complexity can overcome 

some of binary’s boundaries.

A threat to binary modulation comes from Return to Zero (RZ) transmission. It 

was demonstrated that by the use of appropriately dispersion managed RZ pulses, 

transmission distances over standard fibre can be extended by a factor of two at dense
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WDM environments compared with NRZ transmission [1]. Moreover, 80 G bit/s 

RZ data transmission was achieved over 523 km of standard fibre with periodic 

dispersion compensation almost error free (BER is less than 10“ )̂ [2]. The power 

penalty was 4.5 dB with receiver sensitivity of -16 dBm [2], Duobinary and dicode 

modulation schemes, also, seriously threaten binary transmission.

8.3 Duobinary M odulation

8.3.1 Strengths

Duobinary modulation is a spectral efficient technique and theoretical calculations 

confirm that duobinary occupies half the bandwidth of binary modulation. There 

have been extensive reports that duobinary modulation is resilient to fibre dispersion 

achieving almost twice transmission span [3, 4].

Chapter four demonstrates that two-level duobinary modulation reduces the SBS 

effects, achieving up to 1.25 dB eye opening benefit against binary modulation, 

depending on the applied fibre input power.

In terms of FWM reduction, chapter six states that duobinary modulation sup

presses FWM products in small channel spacings at high power levels. In medium 

and high channel spacings duobinary reduces FWM products for specific fibre types. 

Impressive reductions are encountered in DS fibre.
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8.3.2 W eaknesses

Duobinary modulation introduces complexity at the transmitter side due to its need 

for a precoder. The precoder is an EXOR circuit and realising an EXOR at high 

speeds is still a challenge. Also, creating the duobinary encoder requires hardware 

units that introduce complexity to the system especially achieving the unit delay, 

although use of microwave delay lines are recommended. In order to achieve the 

phase inversion at every other blocks of one, 1, pulses the MZ-modulator has to be 

biased at 14- That to be realised in practice, the bias voltage of the MZ-modulator 

has to be carefully set. Another important issue is that in order to realise the 

spectral efficient duobinary modulation, the electrical duobinary signal has to be 

heavily filtered, i.e. by a lowpass Butterworth filter.

It was reported that duobinary modulation above a power threshold, defined as the 

non-linear duobinary limit, losses its dispersion tolerance against binary transmis

sion due to the impact of Self Phase Modulation (SPM) [5]. Finally, under low power 

levels at standard fibre duobinary modulation fails to suppress the FWM products.

8.3.3 Opportunities

Duobinary modulation offers the possibility of dispersion, SBS and conditional FWM 

compensation in dense WDM systems. With relatively non complex and low cost 

implementation, duobinary modulation can be implemented in already installed fibre 

systems. The advantages that duobinary modulation may offer to systems level are
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almost irrelevant towards its implementation costs.

8.3.4 Threats

Duobinary fails to reduce FWM non-linear effects at standard fibre, therefore binary 

modulation performs better under these conditions. Contesters to duobinary are RZ 

transmission and mid spectral inversion techniques [6, 7] that are reported to achieve 

transmission with negligible distortion. Dicode is a threat to duobinary, due to its 

impact on Kerr and Scattering non-linear effects as extensively discussed in the 

previous chapters.

8.4 Dicode M odulation

8.4.1 Strengths

Dicode modulation is another partial response modulation scheme similar to duobi

nary modulation. The main difference is that dicode is not in the practical minimum 

bandwidth as duobinary modulation and does not carry a signal carrier. Due to the 

fact that no signal carrier is present, dicode has excellent behavior towards the 

non-linear effects of the optical fibre.

Dicode modulation, reduces the FWM products in small channel spacings in all fibre 

types under study. At medium channel spacings it suppresses FWM at DS fibre, 

reduces FWM at low power levels in zero dispersion fibre and at high power levels
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in standard fibre. At large channel spacing, dicode reduces the FWM effects at 

both high and low power levels in DS and zero dispersion fibre. In terms of SBS 

behavior, dicode achieves similar benefits to that achieved with two level duobinary 

modulation.

8.4.2 Weaknesses

Similar to duobinary modulation, dicode introduces hardware complexity due to 

its need for a transmitter precoder. The dicode encoder is similar to duobinary 

encoder, instead of addition there is subtraction of the delayed signal. Microwave 

subtraction is generally viewed as more difficult to implement than addition, a well 

accepted method to perform microwave subtraction is by the use of a RF balanced 

mixer. To achieve the unit delay a microwave delay line is recommended. For phase 

inverting at every consecutive one, 1, pulses the MZ-modulator has to be biased 

at %r- Similar to duobinary modulation, for the phase inversion to be realised in 

practice, the bias voltage of the MZ-modulator has to be carefully adjusted.

A serious drawback with dicode modulation is that it is not spectral efficient to 

the extent that duobinary modulation is. In terms of bandwidth occupancy it is 

similar to binary modulation, resulting dicode modulation not to offer any dispersion 

resilience. However, the dispersion tolerance of dicode modulation can be considered 

similar to binary’s.

Finally, in terms of FWM non-linear effects, dicode modulation fails to deliver any 

benefits at large channel spacing for standard fibre and at medium channel spac-
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ings for high and low power levels in both zero dispersion and standard fibre types 

respectively.

8.4.3 Opportunities

Dicode modulation offers the possibility of SBS and FWM compensation in dense 

WDM systems. With relatively low complexity and competitive implementation 

costs, dicode modulation can be applied in already installed fibre systems.

8.4.4 Threats

Dicode modulation, is impacted from fibre linear dispersion to the same extent 

as normal binary transmission, therefore it does not offer any advantages in this 

direction. Similar to duobinary modulation, contesters to dicode modulation are 

RZ transmission and mid spectral inversion techniques.

Duobinary modulation is a serious threat to dicode, mainly due to it’s proven abili

ties against fibre linear dispersion and to its impact on Kerr and Scattering effects, 

extensively discussed in the context of this thesis.

8.5 Summary

The SWOT analysis performed for each of the alternative modulation schemes rel

ative to binary transmission is a brief but fairly broad study of the schemes. The
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strengths, weaknesses, opportunities and threats of duobinary and dicode modula

tion schemes will help network planners to assess the modulation techniques, weigh 

the implementation costs against the relative benefits and decide if the alterna

tive modulation techniques can be implemented in commercial dense WDM optical 

networks.

Indeed the alternative modulation techniques, can not be considered as a panacea to 

the multiple problems that evolving dense WDM systems suffer. However, if alterna

tive modulation schemes are used in accordance with some already well established 

dispersion compensation techniques and/or Four Wave Mixing suppression tech

niques, these alternative modulation schemes can seriously help to overcome some 

of the transmission bottlenecks in dense WDM networks.

In the light of the above, it will soon be announced that one of the leading companies 

in the dense WDM network implementation field has adopted duobinary modulation 

as the transmission method for very high bit rate optical systems.
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Chapter 9

Concluding Remarks

This research has been primarily concerned with investigating alternative optical 

modulation schemes and their impact on the non-linear effects in a dense WDM 

optical network. Two alternative modulation schemes, duobinary and dicode mod

ulation, were investigated for dense WDM systems.

Duobinary modulation is known as a transmission technique that is resilient to 

linear fibre dispersion. The thesis building on this property investigated the impact 

of duobinary modulation on Stimulated Brillouin Scattering and Four Wave Mixing 

effects in fibre.

Dicode modulation was also applied in a dense WDM system environment and its 

impact on Four Wave Mixing and linear dispersion effects were investigated. A 

comparative study between the two modulation schemes was also performed.

169
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9.1 Research Outcomes

The key outcomes of this research fall into five main areas.

1. Comparison of the robustness of two-level and three-level duobinary modula

tion to Stimulated Brillouin Scattering.

2. An experimental demonstration of the reduction of Four Wave Mixing effects 

for two-level duobinary modulation in a simple dense WDM system.

3. The impact of duobinary and dicode modulation schemes on the level of the 

Four Wave Mixing products in a dense WDM system and the influences pa

rameters such as input power, channel separation and fibre dispersion have on 

the Four Wave Mixing products.

4. An evaluation of the dispersion tolerance of dicode modulation in a simple 

optical transmission system.

5. A basic Strengths, Weaknesses, Opportunities and Threats analysis between 

binary, duobinary and dicode modulation.

Each of these will now be briefly reviewed.
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9.1.1 Comparison of the Robustness of Two-Level and Three- 

Level Duobinary M odulation to SBS

Numerical code to examine the time dependent Stimulated Brillouin interaction in 

an optical fibre for binary, two-level duobinary and three-level duobinary modula

tion was developed. The numerical results showed that both two and three-level 

duobinary suppressed the Stimulated Brillouin effects in an optical communication 

system.

The main achievements in this area maybe summarised as follows:

• The suppression achieved with two-level duobinary modulation was found to 

be dependent on the fibre input power and varied from a minimum of 0.25 dB 

to a maximum of 1.2 dB relative to binary transmission.

• In the three-level duobinary case, there was a fundamental 3 dB penalty rel

ative to binary transmission. However, the penalty was not fully realised due 

to the suppression achieved using three-level duobinary modulation. The sup

pression in this case was again dependent on the input power, and varied from 

a minimum of around 0.4 dB to a maximum of around 1.2 dB.

The m atter of choice between the two duobinary formats and their implication in 

optical systems was also discussed.



172

9.1.2 An Experimental Dem onstration of the Reduction of 

FW M  Effects w ith Two-Level Duobinary M odulation  

in a D -W D M  System

An experimental verification that two-level duobinary modulation significantly re

duced the FWM products in a two channel dense WDM system was presented.

The main achievements in this area maybe summarised as follows:

• The suppression of the FWM products varied from a minimum of 1 dB to a 

maximum of 3 dB relative to binary transmission. The suppression depended 

on the channel spacing.

• The suppression achieved was greater for narrower channel spacings, offering 

a significant advantage to dense WDM systems.

• The laboratory experiments were duplicated using the OptSim simulator from 

Artis in order to provide confidence in the experimental measurements. The 

simulator results clearly follow the same trend as the experimental measure

ments.
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9.1.3 The Impact of Duobinary and Dicode M odulation on 

the Level of the FW M  Products in a D -W D M  system

The FWM products in a dense WDM environment were investigated for duobinary 

and dicode modulation. Parameters such as launched power, channel spacing and 

linear dispersion, influenced the level of the FWM products. This influence was 

determined using simulation analysis.

The main achievements can be summarised as follows:

• The levels of FWM products for binary, duobinary and dicode modulation 

were determined over a range of operating conditions.

• Comparisons were made on the performance of the modulation schemes under 

each of the operating conditions. A guide of how to choose between binary, 

duobinary and dicode modulation under the different operating conditions was 

developed from this study.

9.1.4 An Evaluation of the Dispersion Tolerance of Dicode 

M odulation in an Optical Transmission System

The dispersion tolerance of dicode modulation relative to binary transmission was 

investigated in the context of a point to point optical system. This was done over 

various lengths of standard fibre.
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The main achievement was that:

•  Dicode modulation showed, under specific operating conditions, similar dis

persion tolerance to binary transmission.

9.1.5 A Basic SWOT Analysis between Binary, Duobinary  

and Dicode m odulation

This was a comparative assessment of binary, duobinary and dicode modulation 

schemes in the form of a SWOT analysis.
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9.2 C onclusions

The research was based on simulation studies and experimental verifications of the 

impact of duobinary and dicode modulation schemes on Stimulated Brillouin Scat

tering and Four Wave Mixing non-linear effects of the optical fibre. The simulation 

studies of duobinary modulation on SBS prove that two-level duobinary improves 

the eye opening of the system by more than 1 dB at power levels above 30 mW. 

The reasons for the suppression of SBS are due to the fact that the two-level opti

cal duobinary signal has its signal power concentrated within a narrow bandwidth, 

approximately half of the bandwidth of an intensity modulated binary signal. The 

optical duobinary signal has no carrier frequency component in contrast to the bi

nary signal. Therefore, fibre input power limitation due to SBS is expected to be 

relaxed since the Brillouin gain bandwidth is very narrow (less than 100 MHz) and 

intense narrow-band frequency components are the main cause of SBS.

The reduction of SBS effects was maintained using three-level duobinary modulation. 

However, there is an attendant 3 dB penalty on the eye opening of the three-level 

duobinary signal due to the three level eye. The reduction of the SBS effects under 

this duobinary version is mainly due to the fact that for 50% of the time the three- 

level duobinary signal occupies the mid level of the eye diagram and for the rest is 

equally spread between the zero and the highest level of the eye diagram. Therefore 

in this duobinary case, the signal takes its peak value for only 25% of the total time. 

This results in reduced SBS effects since the extreme case is less frequent in this 

modulation scheme resulting the Brillouin threshold not to be reached as often as
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in the other modulation schemes. In terms of system implementation complexity of 

the two-level is considerably less than that for the three-level duobinary system, a 

simple binary receiver suffices as opposed to a dual threshold receiver.

Experimental studies were then conducted in this research to monitor the impact 

of duobinary modulation on the FWM products of a two channel D-WDM system. 

The optical fibre used in the experiment was Dispersion Shifted to allow the obser

vation of significant non-linear effects without requiring a very long fibre span. The 

channel spacing was varied over a broad range of spacings starting from the least 

possible spacing that the experimental equipment allowed, without any overlapping 

of the optical carriers, of 0.35 nm and moving up to 1 nm in eight steps. Maximum 

suppression of the average FWM waves relative to the average data channels was 

observed at channel spacing of 0.7 nm under duobinary modulation by around 3.1 

dB. At the dense spacings below 0.5 nm suppression was at the order of 2.5 dB to 

2.8 dB for 0.35 nm and 0.4 nm respectively. The experiments prove that as the 

separation of the optical channels increase, the first order FWM effects become less 

significant than their equivalents in closer channel spacings. It is acknowledged here 

that the use of a two channel experiment does not reflect the reality of multi-channel 

D-WDM practical systems. However, since the FWM generation mechanism is not 

dependent on the number of channels and since our experimental results show FWM 

suppression in the duobinary two wavelength case, we expect that such suppression 

will also be evident in a duobinary multi-channel system. Other experimental limi

tations include the fact that the experiment involved only one power level and fibre 

dispersion level. However, the experiment gave a clear indication that duobinary
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modulation suppresses the FWM products in a D-WDM system and the FWM sup

pression depends on the channel spacing. The reason for this reduction is not a 

straight forward task. It has been seen that the FWM levels depend on many pa

rameters and as proved in this case, on the channel spacing. Duobinary modulation 

provides a more effective concentration of the signal energy and suppresses the opti

cal carrier at the center frequency of the channel which exists in binary modulation. 

This important property of duobinary is responsible for the suppression of the FWM 

levels.

A thorough study of the influence of duobinary and dicode modulation schemes on 

the FWM levels of a three channel D-WDM system was then performed by the 

use of a simulator tool. The purpose of this study was to investigate the role of 

different system factors play together with the modulation techniques on FWM. 

These factors included fibre dispersion, system optical power and channel spacing. 

The results produced for the dispersion shifted fibre suggest that dicode modulation 

suppresses the FWM products relative to binary transmission in both high and low 

launch power cases. For the high power case (132 mW), dicode gives a maximum 

suppression of more than 3 dB at the 0.5 nm channel spacing and around 1.7 dB 

for the very dense channel spacing of 0.3 nm. For the current ITU standard channel 

spacing the improvement is around 1.3 dB. In the low power case (90 mW), the 

results show a FWM reduction of 2.5 dB at the 0.3 nm channel spacing and a 

reduction around 2.2 dB at a spacing of 0.5 nm. For the standard ITU channel 

spacing, the reduction is about 1.2 dB. Duobinary modulation also reduces the 

FWM products in the DS fibre in both power levels relative to binary modulation.
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In the high power case a maximum suppression of 2.4 dB is achieved for the 0.4 

nm channel spacing and almost 1 dB for the 0.3 nm and 0.8 nm channel spacings. 

For low power, the duobinary performance is very close to dicode. For the 0.8 nm 

channel spacing the FWM suppression is around 1 dB. For the zero dispersion fibre, 

the results are showing dependence in the signal power. In the high power case 

(132 mW), dicode reduces FWM products by around 0.5 dB for 0.3, 0.4 nm channel 

spacing. It also gives a significant reduction of almost 2 dB at the 0.8 nm channel 

spacing. For the lower power value of 90 mW, duobinary modulation offers marginal 

FWM suppression with a 0.6 dB gain at 0.5 nm channel spacing. Dicode modulation 

gives a maximum FWM suppression of 2.2 dB at 0.5 nm channel spacing and a 1.8 

dB suppression at 0.3, 0.8 nm channel spacing for the same power level (90 mW). 

For fibre dispersion of 16 ps/nm /km , the dispersion value of standard fibre, both 

modulation schemes offer significant FWM reduction for the high power case. There 

is a FWM reduction in the order of 3.5 dB using dicode modulation and 2.5 dB using 

duobinary at 0.3 nm channel spacing with 132 mW of power launched. At 0.4 nm 

and 0.5 nm channel spacing, FWM reduction is not as good as in the 0.3 nm case 

but still the modulation schemes give a reduction to the FWM products of more 

than 0.8 dB with duobinary performing better than dicode.

Analysis of the results shows that there is no individual system parameter that 

determines the FWM products, but instead they have a multiple dependence on 

various system parameters such as signal powers, optical channel spacing and fi

bre chromatic dispersion together with phase mismatch between the optical signals. 

However, the spectral properties of duobinary and dicode modulation schemes and
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in particular the fact that both schemes have significantly reduced optical carrier 

frequency component play important role to minimise the FWM effects. The results 

summarised above represent a guide to network planners on how the modulation 

schemes can improve D-WDM optical networks and under which operating condi

tions. The Strengths, Weaknesses, Opportunities and Threats analysis presented in 

this research points towards this direction as well.

As a concluding remark, the research work carried out shows that duobinary modu

lation is resilient to Stimulated Brillouin Scattering and Four Wave Mixing effects. 

Together with its well known dispersion tolerant properties and its ease of imple

mentation, duobinary modulation will be a very strong candidate to relax some of 

the milestones D-WDM systems face. On the other hand dicode modulation sig

nificantly helps to suppress Four Wave Mixing effects in D-WDM systems but the 

spectral density of the scheme does not allow it to offer low dispersion. However, 

implementation of this scheme is again reasonable and the scheme can be used where 

Four Wave Mixing needs to be suppressed.
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9.3 Suggestions for Further W ork

There are a number of areas of research resulting from this work that are worthy of 

further investigation. These are summarised as follows.

• A rigorous and thorough investigation of all possible phase and amplitude 

modulation regimes in the context of dense WDM systems. This research 

should exploit all phase/amplitude modulation schemes, their impact on fibre 

linear and non-linear impairments and maybe develop either a new modulation 

scheme resilient to fibre impairments or build on the existing ones.

• Measure the impact of the Four Wave Mixing suppression achieved with duobi

nary and dicode modulation schemes, in terms of system eye opening and 

obtain bit error rate (BER) performances.

• Simulate a long haul dense WDM system and apply the modulation schemes 

(duobinary or dicode). Investigate how the different fibre dispersion values 

interact as a whole to the suppression of Four Wave Mixing effects.

• Investigate the impact of modified duobinary (Class 4) modulation scheme in 

the context of a dense WDM system and its interaction to both linear and 

non-linear fibre impairments.

• Implement the Four Wave Mixing suppression techniques described in this 

thesis together with conventional methods to minimise Four Wave Mixing in 

dense WDM systems, i.e. unequal channel spacing, in order to reduce the 

effects as much as possible.


