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ABSTRACT 

Due to the enormous increase and future demands in data traffic on the Internet and 

other global telecommunications networks, the current focus of research and 

development is on the 40Gbps per channel; dense wavelength division multiplexed 

(DWDM) optical transport system. In order to realize a 40Gbps system, high speed 

electronic, optical and optoelectronic components and novel modulation, resilience in 

transmission impairments and transmission techniques are essential. The design and 

implementation of such large networks is a costly and time-consuming exercise, 

because the design procedures involved are complex. Hence development of a CAD 

package would enhance the engineering process of these optical communications 

networks. 

When the transmission bit rate is increased especially to the rate at which the fibre 

dispersion becomes very sensitive to the signal bandwidth and when the average 

power of all multiplexed channels is reaching the level of nonlinealy induced 

distortion, the suppression of the optical carrier is thus very essential. 

Double-sideband carrier-suppressed return-to-zero (DSB CS-RZ) modulation format 

has been included for the first time to enhance the system BER performance. Its 

advantages has been well- know in traditional communications systems In this report, 

this technique is applied in optical communication domain to provide similar benefits 

in spectral efficiency, as well as a novel exploration in the reduction of dispersion 

penalties and minimising the effects of nonlinearities under the multiplexing of 

several optical channel propagating through a single fibre transmission medium, the 

dense wavelength division multiplexed (DWDM) optical transmission system 
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Numerical simulations have been conducted to investigate system performance with 

signals modulated with different formats in dispersion managed long-haul 40Gbps 

DWDM communication systems. The second version of the Monash Optical 

Communications systems Simulator (MOCSS-2) has been further developed so that it 

can be used as a computer aided development (CAD) tool to model essential devices 

and technologies optimized for WDM, long haul, 40Gbps per channel optical 

communications systems.  
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SYMBOLS AND ABBREVIATIONS 

 

BER bit error rate 

CNR carrier-to-noise ratio 

CS carrier-suppressed 

CW Continuous wave 

DCF dispersion-compensating fibre 

DFB distributed feedback 

DSB double sideband 

EDFA erbium-doped fiber amplifier 

FP Fabry-Perot 

FWHM full width at half maximum 

FWM four-wave mixing 

GVD group velocity dispersion 

GVD group velocity dispersion 

H ridge height (MZ) 

IC integrated circuit 

ISI intersymbol interference 

LO local oscillator 

LSB lower sideband 

m modulation index 

MOCSS Monash Optical Communications Systems Simulation 

MZIM Mach-Zehnder intensity modulator 
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NRZ non-return-to-zero 

NSE nonlinear Schrodinger equation 

OSNR optical signal-to-noise ratio 

OTDM optical time interleaving 

OTDM optical time-domain multiplexing 

RZ return-to-zero 

SMF single mode fiber 

SPM self phase modulation 

T electrode thickness (in MZ) 

USB upper sideband 

WDM Wave Division Multiplex 

XPM cross phase modulation 
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1  Background 

With the explosion of the Internet in recent years, there is an ever-increasing demand 

from network operators for greater bandwidth, higher line rate, higher channel count, 

longer system reach and higher spectral efficiency. 40Gbps based WDM systems are 

now the focus of research and investigation because they are very attractive to meet 

these demands. They allow the reduction of the number of multiplexed channels, 

which simplifies network management and saves on the wavelength resources. There 

have been some impressive demonstrations of 40Gbps line-rate transmission over 

single and multi-channel WDM systems in the past two years.  

Deploying 40Gbps cannels instead of the currently used 10Gbps WDM channels are 

only feasible and attractive, if the same span length and transmission distances can be 

achieved. Increasing the line rate from 10Gbps to 40Gbps requires a 6dB increase in 

the received optical-signal-to-noise (OSNR). This can be achieved by shortening the 

amplifier spans or increasing launch power per span. However, at greater transmission 

power levels, nonlinear effects, such as self phase modulation (SPM) and cross-phase 

modulation (XPM) become significant in determining the system performance. To 

improve the nonlinear tolerance, it is important to select the appropriate modulation 

format. Various transmission formats have been investigated recently to find one with 

superior nonlinear tolerance. 

Double-Sideband Carrier-Suppressed Return-to-Zero (DSB-CS-RZ) modulation 

format has been shown to deliver excellent transmission performance. Conventional 

intensity modulation has a large carrier component, which carries most of the power 

in the signal, but contains no useful information. In DSB-CS modulation, the carrier 

component of the signal is removed. Hence the input power into the fiber is reduced.  

This allows the use of optical amplifiers immediately following the modulator. By 

amplifying the sidebands right out of the modulator, the high OSNR at the modulator 

can be preserved throughout the system in spite of the losses. Lower input signal 

powers also mean, that nonlinear effects are reduced.  CS-RZ modulation format has 

been shown experimentally to offer high fibre nonlinearity tolerance. 
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2 Motivation 

Dispersion and nonlinear effects are two of the major obstacles to the implementation 

of ultra-high speed WDM optical communication systems. Dispersion is usually 

managed by using short dispersion compensating fibre (DCF) sections to compensate 

for the large dispersions in the single mode (SMF) transmitting fibre. In such 

dispersion managed systems overall dispersion accumulation is minimised due to the 

opposite dispersion slopes of SMF and DCF. However, various problems arise due to 

the nonlinear effects of the fibre.  

In this report we demonstrate that the proposed Double-Sideband Carrier-Suppressed 

Return-to-Zero (DSB CS-RZ) modulation format achieves a superior performance 

over other conventional modulation formats to combat the nonlinear effects that limit 

the capacity of high-speed WDM optical communication systems.  

This new functionality is a contribution to the development of MOCSS-2 which is a 

comprehensive and reliable software package that can be used as a computer aided 

development (CAD) tool to model essential devices and technologies optimised for 

WDM, long haul, 40Gbps per channel optical communications systems. It enables 

network designers to simulate and optimise the performance of various network 

connection configurations before installation. 

3 Laser Source and External Optical Modulation Techniques 

3.1 Introduction 

The modulation format chosen to transmit signals in high-speed WDM 

communication systems is vital in achieving good system performance. CS-RZ format 

is the currently emerging technology for 40Gbps optical systems because of its high 

dispersion tolerance and more importantly, for its high nonlinearity tolerance 

compared to other, conventional modulation formats, such as RZ or NRZ.  

CS-RZ employs external modulation to modulate the laser signal. External 

modulation is the preferred way as it avoids spectral broadening – which can lead to 

serious dispersion problems, harmonic distortions and frequency chirping in optical 

pulses generated by direct modulated lasers. Frequency chirping refers to the phase 

modulation in the optical carrier wave over time. Frequency chirping is due to the 
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periodical variation in the refractive index of the laser, which in effect is due to the 

changing amplitude of the modulating current. Using a continuous wave carrier with 

external modulation will avoid this frequency chirping and thus reduce the extent of 

phase modulation in the transmission. External modulation keeps the spectrum of the 

source constant and narrow, which results in lower dispersion values in the fibre.  

Typically, a semiconductor laser (such as those used in optical communication 

systems) can be directly modulated up to about 5Gbps. The limiting factor here is the 

time response of the electrical components of the laser driving circuit, which provides 

the electrical modulation signal. Clearly, 5Gbps is too slow for today’s systems and is 

inappropriate to use in further developments and for higher modulation rates. The 

solution is to use a laser source at constant current with continuous wave output and 

then modulate this carrier frequency by a high-speed external modulator. The 

continuous wave semiconductor laser source has been chosen to be the distributed 

feedback laser (DFB) mostly because of its narrow linewidth of 0.2nm and frequency 

stability. The laser source is also tunable to any particular selected wavelength for the 

carrier. In the following, the laser is tuned to 1550 nm if not otherwise stated.  

3.2 The Mach-Zehnder Interferometric Intensity Modulator  

The modulator of interest in high performance, long-haul communication systems is 

the popular LiNbO3 Mach-Zenhder (MZM) optical intensity modulator. It has a large 

mode field diameter and hence a good light confinement factor, small coupling loss 

and far better interaction speed with light than electronic components. It is also 

integrated with other photonic components onto a single opto-electronic substrate.  

3.2.1 Modulator Structure and Optimal Parameters 

The MZ modulator has an interferometric optical waveguide structure in which the 

input lightwave intensity is split equally into two paths by an input coupler. One of 

the arms is modulated by a controllable travelling wave electrode that introduces an 

electric field across the optical guiding region and hence exerting a π phase shift into 

the optical wave guided-wave in that arm. Phase shift occurs due to small variations 

in the applied modulation voltage Vm(t), which in turn causes a small change in the 

refractive index of the electro-optic waveguide material. The change in the refractive 

index profile causes a small change in the propagation constant of the wave and hence 
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a phase shift. At the output port the lightwaves are combined to produce either a 

constructive or destructive interference. The former is referred to as “ON” state or 

logic 1 and occurs, when the lightwaves in the two arms are in phase. Destructive 

interference occurs, when the modulation voltage produces a 180° (or π) phase 

difference between the two arms. The output is then referred to as “OFF” state or a 

logic 0 signal. MZ modulator achieves intensity modulation by phase modulation. A 

schematic diagram of a typical MZ modulator is shown on Figure 3-1. 

The bandwidth of the modulator modelled in MOCSS-2 is 30GHz. The bandwidth of 

the MZ modulator is limited by electrode conductor loss. To combat this limitation, a 

thick electrode is used, which causes the capacitance to go high and thus the 

characteristic impedance of the electrode is reduced. A high ridge was also found to 

lower conductor loss. Another limitation to modulator bandwidth is the velocity 

mismatch between the guided optical wave and the applied electric signal. This 

mismatch is mainly due to the high dielectric constant of the LiNbO3 material. To 

reduce this mismatch, the electrodes of the MZM are coated with low dielectric 

constant material such as SiO3.  Thus the ridge structure of the modulator is fabricated 

with thick, SiO3 coated electrodes and a high ridge to effectively reduce the required 

driving voltage and reduce conductor loss.  

Figure 3-1 A schematic diagram of a Mach-Zehnder modulator in the OFF state 

The modelled MZ modulator in MOCSS-2 is a fabricated waveguide in LiNbO3 with 

a ridge height of H=3.3µm and electrode thickness of T = 10µm, because it gives an 

optimal performance with a bandwidth of 30GHz, a small conductor loss and fast 

interaction with the guided electromagnetic wave. The 180° or π phase shift driving 

voltage, Vm(t) = Vπ, is 5V and insertion loss due to coupling losses at the input and 
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output connector is 6dB. Vπ is the driving voltage that achieves a π phase difference 

between the two guided waves and results (theoretically) in a complete cancellation of 

the carrier wave at the output port. Therefore Vm,ON = 0 and Vm,OFF = Vπ and the 

power transfer or extinction ratio characteristics is modelled by the following 

relationship as a function of the driving voltage: 









=

π

π
V

tV
PP m

inout 2
)(

cos2        ( 3-1) 

The transfer characteristics of a typical MZ modulator is shown on Figure 3-2.  

Figure 3-2 Transimpedance characteristics of the MZ modulator 

For the conventional NRZ and RZ modulation formats the effective DC bias voltage 

Vm(t) = Vbias is chosen to be the middle of the driving voltage range, that is the phase 

quadrature voltage, to preserve linearity, that is  

2
πV

Vbias =           ( 3-2) 

The modulation index, m, is a design parameter used to adjust the modulation 

efficiency described by the relationship: 

modulation efficiency = 
m
m

−
+

1
1       ( 3-3) 

The higher the modulation index m, the greater the modulation efficiency, which 

means, that the OFF state power is strengthened and the ON state power is lowered in 

the following way: 
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In modern optical communications systems, the modulation index is chosen to be only 

a few percent to preserve linearity. However, it means, that most of the power resides 

in the carrier frequency, and this has detrimental effects on the performance of the 

system. It is therefore desirable to remove the carrier signal component, which 

contains no information. Techniques to suppress the carrier during modulation will be 

discussed in the following chapter. 

3.3 Modelling of lightwaves generation by DFB laser  

The laser requirements for current WDM communication systems include: continuous 

operation at room temperature and above; reliable operation lifetime as long as 100 

000 hours; narrow spectral linewidth at the specified wavelength; high modulation 

bandwidth; well directed output for efficient coupling into the fiber; short- and long-

term temporal stability of the optical output power; be tuneable; high radiance and 

low threshold current. 

This section describes the design and examines the electrical and optical 

characteristics of the very important distributive feedback semiconductor laser (DFB), 

which satisfies the above requirements and is used extensively as continuous 

lightwaves sources in DWDM optical fiber communication systems.  

A limiting factor that determines the performance of a long-haul, high-speed system is 

the linewidth of the light source. Standard SMF operating at 1550nm can have a 

dispersion coefficient as much as 20ps/m.km. With a Fabry-Parot laser, the modulated 

linewidth is typically a couple of nm, producing some 30-40ps/km dispersion and 

limiting the bit-rate × distance product to only a few Gbps.km. For ultra-high bit rates, 

this limits the repeater spacing to a few km, whereas attenuation limited spacing for 

the same configuration is more than 100km. Therefore, a much narrower source 

linewidth is required for improved system performance. For high-speed, long-distance 

communications, therefore a single-mode laser is needed, one which contains only a 

single longitudinal mode and a single traverse mode.  
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3.3.1 Distributed Feedback Semiconductor Laser 

To achieve a stable and narrow spectral linewidth, the DFB laser cavity has an in-built 

wavelength-selective mechanism that enhances the gain of one mode relative to all 

others. The amplification is achieved by a periodic structure, or grating, which is a 

passive waveguide layer adjacent to the active region. The optical wave propagates 

parallel to this grating. The operation of the DFB is based on the distributed Bragg 

phase-grating reflector, which is essentially a region of periodically varying reflective 

index that causes two backward propagation twaves to couple back to the resonant 

cavity [Keiser, 1991]. The coupling is maximum for wavelength close to the Bragg 

wavelength λB, which is related to the structural and index profile of the laser as 

k
ne

B
Λ

=
2

λ         ( 3-5 ) 

where ne is the effective refractive index of the mode, Λ is the period of corrugation 

and k is the order of the grating. First order gratings (k = 1) provide the strongest 

coupling. In an ideal DFB laser, the longitudinal modes are spaced symmetrically 

around λB at wavelengths given by  







 +±=

2
1

2

2

m
Ln ee

B
M

λ
λλ       ( 3-6) 

where Le is the effective grating length and m = 0, 1, 2, .. is the mode order. The 

coupling between the forward and backward waves is strongest for the zero-order 

Bragg diffraction (m = 0). The amplitudes of successive higher-order modes are 

greatly reduced by cavity losses. The performance of single-longitudinal-mode laser 

can be characterised by the mode-suppression ratio (MSR) defined as : 

modesidedominat most  in thePower 
mode lasing in thePower  MSR =     ( 3-7) 

For a good laser, the first-order mode is more than 30dB down from the zero-order 

amplitude and this represents an MSR of 1000. However, larger gain margin is 

needed when DFB lasers are modulated directly.  

Theoretically, the two zero-order modes on either side of the Bragg wavelength 

should experience the same lowest threshold gain and should lase simultaneously in 
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the symmetrical structure of a DFB laser. However, due to randomness of the 

cleaving process, there is an imbalance in the modal gain characteristics of the laser 

and this results in a single-mode operation. This asymmetry can be further enhanced 

by placing different reflection coatings on each end of the cavity.  

Fabrication of DFB lasers require advanced technology with multiple epitaxial 

growths. Holographic technique is often used to form a grating with a 0.23µm 

periodicity for a first-order grating operating at 1550nm wavelength. An appropriate 

value for ne is 3.4. The schematics in Figure 3-3 shows the DFB laser structure with 

the built-in wavelength-selective resonator grating.  

Figure 3-3 Distributed feedback (DFB) laser structure 

3.3.2 Threshold Conditions and Optical and Electrical Characteristics of 

DFB Lasers 

Laser action is the result of three key processes; photon absorption, spontaneous 

emission and stimulated emission. Spontaneous emission is random in nature and 

appears as a narrow bandwidth Gaussian noise output. Radiation quanta emitted under 

simulated emission have the same frequency as the simulating radiation and this 

radiation is said to be coherent. Simulated emission will only become significant, 

when the rate of simulated emission exceeds the rate of absorption. This condition is 

known as population inversion and it is achieved by injecting electrons into the 

material to pump up the energy of the electrons inside the active medium. The power 

of the beam increases as it passes through the lasing medium and this is characterised 

by the gain coefficient a0. Optical amplification is provided by the grating along the 

active cavity as described in the previous section. Lasing occurs, when the gain of the 

guided mode exceeds the optical loss during one round trip through the cavity.  
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The relationship between optical output power and laser drive current is shown on  

Figure 3-4. At low driving currents, simulated emission does not exceed absorption 

and spontaneous emission dominates the output. The spectral range of this emission is 

broad. The minimum amount of gain necessary for the operation of the laser can be 

realised only when the laser is pumped above a threshold level. The current needed to 

reach this threshold is called the threshold current, Ith. There is a sharply defined 

increase in the output power at Ith.  The threshold current is defined as 













Γ
+=

pg
o

c

a
th va

N
qV

I
ττ 0

1  

where q - electron charge,  q  = 1.6×10-19 C; Va – active layer volume, Va  = 

1.5×10-16 m3; τc - carrier lifetime,  τc = 3.0×10-10  sec.; τp - photon lifetime, τp 

 = 3.0×10-12. sec.;  N0 - carrier density at transparency,  N0   = 1012  m-3 

; Γ  - optical waveguide confinement factor, Γ  = 0.4.; a0 - gain coefficient,  a0  

 = 3.2×10-20 ; vg – guided lightwaves group velocity, vg   = 7.5×107.m/s. 

Furthermore, some other terms defined in MOCSS-2 are the overall differential 

quantum efficiency, η, defined as the number of photons emitted per radiative 

electron-hole pair recombination above threshold and η = 4.2%. The operating 

wavelength of the laser is λ = 1550nm, but can be tuned to other various wavelengths.  

The spectral linewidth of an optical source is defined as the range of wavelength over 

which the spectral power exceeds 50% of the peak spectral power. This is the 

Full_Width-at-Half-Maximum (FWHM) spectral width, σλ. To avoid dispersive 

effects in long-haul high-speed WDM communication systems, the linewidth of the 

source must be no more than 1nm. The DFB laser modelled in MOCSS-2 has a 

narrow spectral linewidth; σλ = 0.2nm. 
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Figure 3-4 Optical output power versus laser diode current [Agrawal, 1995] 

3.3.3 Modelling of the DFB laser operation in MOCSS-2 

The high-speed optical carrier and optical power at the laser output is numerically 

solved by the single mode rate equation calculation using 4th and 5th order Runga-

Kutta algorithms. 

Carrier Rate Equation: 
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Phase Rate Equation: 
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α - optical linewidth enhancement factor,   α = 5 ; ε - gain compression factor,  ε = 

2.5×10-23 and  φm – optical phase, and FS(T), FN(t) and Fφ(t) (Langevin noise sources) 

represent noise sources doe to spontaneous emission, carrier generation recombination 

process and generated phase, respectively. Rise and fall time is 10ps and the average 

output power is 2.5mW. 

The laser can be modulated either by direct intensity modulation or by employing 

external modulators, such as a LiNbO3 Mach-Zehnder interferometer. For modern 

WDM systems in particular, DFB lasers are employed with external modulation due 

to the narrow spectral linewidth and small modulation chirping.  

 

Figure 3-5 DFB (1550nm center wavelength) spectral linewidth and phase 

characteristics 

Noise power and pulse broadening or chirping calculations are also included in the 

laser model.  The two fundamental noise mechanisms are spontaneous emission and 

electron-hole recombination (shot noise) and these result in fluctuations in the 
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intensity, phase and frequency of the carrier signal, even, when the laser is biased at a 

constant current. Intensity fluctuations lead to limited signal-to-noise ratio and phase 

fluctuations result in a finite spectral linewidth when the laser is operated at a constant 

current. The rate equations are used to include noise in the laser model by the addition 

of the noise terms called Langevin noise sources.  

Chirping is associated with modulation-induced changes in the carrier density and 

results in a dynamic line broadening. It especially becomes apparent when the laser is 

directly modulated. Chirp can be minimised by ensuring that the driving current never 

drops below the threshold. However, that results in a lower extinction ratio, which in 

effect reduced the signal-to-background ratio and leads to an extinction-ratio penalty 

at the receiver. To further combat chirping effects, the laser emission wavelength 

should be close to the zero-dispersion wavelength of the fiber. 

3.4 Further Development 

Various new designs of DFB lasers have been developed with multisection structures. 

These types can be tuned more evenly to provide a stable output over a wide range of 

frequencies applicable to modern WDM communication systems. The lasing cavity is 

divided into three parts including an amplifier region together with two passive 

regions, which control the wavelength of oscillation. By controlling the driving 

current, the index profile of the grated lasing cavity is changed and this allows small 

step changes in the output wavelength, corresponding to the different Bragg reflection 

peaks. 

 In MOCSS-2 the laser is assumed to oscillate in a single longitudinal mode, however 

in practice, DFB lasers emit one or more side modes besides the operating  

wavelength. Though these side longitudinal modes are suppressed by more than 

20dB, their presence causes significant intensity fluctuations in the longitudinal 

modes. This phenomenon is referred to as mode-partition noise and it is the dominant 

noise in single-mode fibres.  It leads to intersymbol interference during transmission 

and results in a degradation of the SNR of the received signal.  

Other noise sources due to the laser and which lead to performance degradation in 

practical high-speed, long-haul fiber communication systems need to be included in 

the numerical model of the carrier source. Such noise sources include the reflection 
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noise, which is associated with laser diode output linearity distortion caused by a 

reflection of some of the light output back into the laser cavity. This reflected optical 

power couples with the lasing modes and changes their phases, thereby producing a 

periodically modulated noise spectrum. [Keiser, 1991]. 

4 Modulation Schemes Used in Long-Haul High-Speed Dispersion-
Managed WDM Communications Networks 

4.1 Introduction 

The format used to modulate the carrier lightwave in modern optical communication 

systems is vital to achieving good system performance. Some modulation formats are 

more suitable to modern, ultra-high speed, long-haul optical communication systems 

than others. A currently operating typical 10Gbps system uses NRZ coding formats to 

create a 10Gbps signal, most often using a DFB laser and an external modulator to 

encode the signal. This has worked well up to 10Gbps, but could potentially limit the 

potential distance of a 40Gbps signal because of the impact of nonlinearity effects in 

the fiber. Continuing progress in the optical distribution of wide-band signals requires 

the development of new optical modulation techniques. The emerging format now 

under research and development for 40Gbps communications systems is the double 

sideband carrier-suppressed return-to-zero (DSB CS-RZ) modulation format. Its 

advantages over conventional modulation formats have long been known. The 

extension of the technique into the optical communication domain can provide similar 

benefits, as well as new ones including the reduction of dispersion penalties and the 

effects of nonlinearities during signal propagation.  

4.2 Non-Return-to-Zero Modulation Format  

Conventional non-return-to-zero (NRZ) modulation format has been used extensively 

in many data communication systems mainly because of its relative ease of generation 

and because of its signal bandwidth, which is about 50% smaller than the RZ format. 

The conventional NRZ, implemented in MOCSS-2 is a logic-level code for serialised 

data. A “zero” is a low logic level and a “one” is a high logic level that does not return 

to zero between successive ones. Figure 4-1 below illustrates the NRZ code for the 

data sequence 1 0 1 1 0 1 generated in MOCSS-2. 
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Figure 4-1 Conventional NRZ and RZ modulation code for the data sequence 

101101 

NRZ requires a single external modulator at high-speed data rates and works 

effectively up to 10 Gbps. However in 10-40Gbps dispersion managed systems, NRZ 

is more adversely affected than RZ by nonlinearity, which is the main degradation 

source [Hayee, 1998].  

4.2.1 Modelling of NRZ modulation format 

As described in section, the intensity of the carrier light wave is modulated by the 

applied electric field whose voltage varies with some function. In the NRZ format the 

function that describes the voltage pulse is given by: 
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where Von-off = Von - Voff = -2mVbias from section 3.2.1, and trise is the circuit rise 

time that determines the 3dB modulation bandwidth BW. The four basic factors that 

determine and limit system speed are the transmitter rise time, the material and modal 

dispersion rise time of the fiber and the receiver rise time. Generally, the total 

transmission rise time of a digital link should not exceed 70% of an NRZ bit period, 

TB, where TB is the reciprocal of the data rate. Therefore, for NRZ format,  

riset
BW 7.0

=          ( 4-2)  
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The modulating voltage representing a sequence of binary input signals (b= 0, 1) is 

expressed by: 

∑
=

−+=
N

n
onnoffm nTtVbVtV

0
)()(       ( 4-3) 

where T is the bit period, bn is the nth bit in the input sequence and N is the number of 

bits in the sequence. Figure 1-2 shows a 16 bits binary sequence in the NRZ format 

modulated at 40Gbps. Also shown is the corresponding baseband power spectrum. 

Figure 4-2 Applied voltage and the corresponding baseband power specrtal density 

for bit sequence 1101 1010 0010 1111 0 

Baseband representations of signals is convenient for simulation as it models only the 

significant real pert of the signals complex representation. The baseband power 

spectrum is calculated from the discrete Fourier Transform of the modulating voltage 

waveform as  

2
)(1)( ωω j

m
j

n eI
N

eP =        ( 4-4 ) 
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where Im(ejω) is the modulating signal in the frequency domain and N is the number of 

samples in a sequence of discreet time waveforms.  

The optical power spectrum of the modulated carrier is calculated as 

))(exp()()( φω += tjtPtE cout       ( 4-5 ) 

where Pout(t) is the signal power, ωc is the optical carrier frequency and φ is the phase 

shift produced by modulator. E(t) describes the optical field at the modulator output 

port and at the transmission fibre input. The optical power spectral density of a 

1550nm carrier modulated at 40Gbps NRZ format with modulation index of 80% is 

shown on Figure 4-3. 

Figure 4-3 Optical power and corresponding power spectral density of a 1550nm 

carrier modulated by 40Gbps NRZ with m=80% 

The power spectral density of the modulated carrier is of great importance in 

determining the performance of optical communication systems. Techniques to reduce 

the power content of the signal will be discussed in relation to carrier-suppressed 

modulation formats.   

Note, that the frequency scale of the spectral density graph is offset by 192.88 THz. 

This corresponds to a centre frequency of 1550nm, which is the third window of silica 
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based optical transmission system. The 192.88THz offset is part of the sample 

reduction scheme implemented in MOCSS-2 to represent discrete time signals. All 

data and parameters for signal computation in MATLAB are represented in vectors 

and matrices. The implementation of a very high frequency optical carrier brought up 

the problem of representing the time signal in a finite sequence of discrete samples. 

With simulations of up to 1000km, the large number of samples becomes intolerable 

in terms of computational time and resources. An offset of 192THz for the carrier 

frequencies reduces the number of data points greatly but still supports carriers as low 

as 1560nm, which is typically a limit for currently used flat gain amplifiers.  

4.3 Return-to-Zero Modulation Format 

Return-to-zero (RZ) modulation has become a popular solution for ultra-long-haul 

10Gbps and long-haul 40Gbps because it has a higher peak power, a higher signal-to-

noise ratio, and lower bit error rate than non-return-to-zero (NRZ) encoding. It also 

offers better immunity to fiber nonlinear effects, polarisation-mode dispersion and the 

interaction effects between DWDM channels, such as cross-phase modulation. 

[Clavenna, 2001]. RZ is a two-level binary line code used for optical fiber 

transmission such that “ones” are represented by a high logic level that returns to zero 

between successive “ones”. (see Figure 4-1) For this reason, the code requires a 

channel that can signal two symbols (high and low) per bit. Since RZ creates distinct 

transitions between encoded bits, it produces a much "cleaner" optical signal for the 

receiver to read. However, current ultra-high speed systems working with RZ signal 

transmission have problems with symbol interference of neighbouring bits 

[Schnarrenberger, 1997]. 
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4.3.1 Generation of RZ modulation format 

RZ modulation is very similar to the NRZ modulation format with respect to the 

function that describes the voltage pulse introduced in section 4.2.1. However, the 

transmitter rise time is required to be less than 35% of the bit interval, thus:  

riset
BW 35.0

= .  

In MOCSS-2, the rise time is 5% of the modulator bandwidth, which is a reasonable 

value for modern electronic systems whose rise time can go up to 20-30%. This 

causes the rectangular waves to smooth out into a Gaussian-shape pulse. Figure 4-4 

shows modulating voltage pulses for generating a 16 bit sequence modulated at 

40Gbps in the RZ format and the corresponding baseband power spectrum. 

Figure 4-4 Modulating voltage and power spectral density for generating a 16 bits 

sequence in RZ format at 40Gbps 

 

The optical field of the modulated carrier, as calculated from the signal power 

according to equation 7.4 is shown on Figure 4-5. 
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Figure 4-5 Optical power and corresponding power spectral density of a carrier 

modulated by 40Gbps RZ with modulation index of 90% 

A reduction in the power content of the RZ modulated carrier is apparent from Figure 

4-5 compared to the NRZ format shown in Figure 4-3. However, the carrier frequency 

still contains too much power but no information. The performance parameters of 

long-haul high-speed dispersion-managed WDM communication systems using these 

modulation techniques along with an improved third type of modulation scheme will 

be investigated and compared in the next section 
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4.4 Double-Sideband Carrier-Suppressed Return-to-Zero Format for 
High Speed Optical Networks 

4.4.1 Introductory remarks 

In ultra-broadband transmission, there are several factors, which limit the 

performance of the system. Optical signal-to-noise ratio and non-linear effects are the 

two major limiting factors. The performance of wideband fiber optic transmission and 

signal processing systems are improved by starting with high power sources or 

employing optical amplifiers (power booster amplifiers) at the transmission terminal. 

This allows the use of lower sensitivity receivers and results in increased span link 

gain, reduced noise figure, larger dynamic range and higher microwave output. 

However, the average optical power at the photodetector is also increased, which 

introduces harmonic distortion and response reduction, and even failure [Williams, 

1992]. Therefore, a modulation format that efficiently distributes the power over its 

frequency spectrum is required.   

Half-wave voltages of the typically used external electro-optic MZ modulators range 

from 5V to 15V. Hence, large modulation depths are sacrificed for manageable 

microwave input powers with less efficient modulation depth. Furthermore, most 

analog optical communication links operate with modulation depth of only a few 

percent to preserve linearity [Yang, 1996]. As a result, most of the transmitted optical 

power resides in the carrier frequency, which contains no useful information. The 

combination of inefficient modulation and limited photodetector incident power 

results in an inefficient wideband fiber-optic system. In the following sections it will 

be demonstrated and analysed, that suppressing the optical carrier component of the 

modulated signal greatly enhances the performance of fiber optic communications 

systems. 

Double-sideband carrier-suppressed (DSB-CS) modulation is similar to ordinary 

amplitude or intensity modulation, but the carrier-frequency component is eliminated. 

This saves transmitter power and reduces the chance of signals interfering with each 

other. The advantages of carrier-suppression have been known before and now intense 

developments are done to extend these techniques into the optical domain.  
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Double-sideband carrier-suppressed return-to-zero (DSB CS-RZ) modulation format 

has been included  for the first time to enhance system performance and to investigate 

various signal behaviour modulated with different formats in dispersion managed 

long-haul 40Gbps WDM communication systems.  

In this section the generation and main characteristics of CS-RZ modulation format is 

explained and important transmission parameters are calculated by numerical 

simulations. In particular, the optical power spectrum and the spectral bandwidth of 

the CS-RZ signal is investigated at the modulator output port. In the following 

chapter, these results together with dispersion and nonlinearity tolerance of CS-RZ 

will be compared to the system performance of optical networks using conventional 

NRZ and RZ modulation formats. 

4.4.2 Techniques 

When operating the Mach-Zehnder electro-optic modulator at the appropriate bias 

point, only the information carrying sidebands exit the output port. The absence of the 

strong carrier component in the DSB-CS output allows the use of an optical amplifier 

immediately following the modulator where the light signals are still relatively strong 

hence preserving the high OSNR in spite of large losses during propagation. This is 

an important advantage in signal distribution systems where various splitting, 

switching and other distribution losses occur.  

The modulator used to generate DSB-CS is the MZ travelling wave interferometer – 

described in section 2.3 - with an electro-optic phase modulator in each arm and with 

a wide useable frequency range. The two electrodes allow the injection of two 

independent RF signals into the modulator. The RF input signals are out of phase and 

the phase shift applied to the carrier wave is such that the induced sidebands from the 

two branches add when the carrier components cancel.  

The strength of the electric field oscillating at an optical carrier frequency υc incident 

on the modulator is described mathematically by  

)2exp()2cos()( tjPtPtE coutcouti πυπυ ==     ( 4-6 )  
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The difference in phase between the two arms of the 2nd MZ modulator is a sinusoid 

added to a dc bias, such that,  

φ(t) = m cos(2 πυmt) +  φbias 

where m is the modulation index, υm is the modulation frequency and φbias =  

πVbias/Vπ is the constant phase difference between the branches. If we bias the 

modulator such that the electric field strength is linearly related to the input voltage, ie 

Vbias = Vπ and thus φbias =  π, the carrier component is eliminated.  

Assuming a lossless MZ modulator, the output optical field of the MZM can be 

written as 

[ ] )2cos()2cos(sin)( ttmPtE cmoutsig πυπυ=      ( 4-7 ) 

which is expanded in term of Bessel functions as 
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Note, that the carrier component is missing from the Jacobi-Anger expansion of the 

sgnal field strength exiting the output port of the modulator.  Therefore there is no 

carrier component in the modulated output signal. The first term in the last equation 

represents the first upper sideband (USB) signal component and the second term 

describes the first lower side band (LSB) component. These sidebands carry the 
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information. The third and forth terms are the upper and lower second harmonic 

sidebands, respectively. Various techniques, such as preselection filtering and strong 

LO signal are available to suppress in-band second and higher order signal terms 

[DeSalvo, 1995]. 

4.4.3 Generation of DSB CS-RZ 

The mechanism for generating CS-RZ is shown in Figure 5-6. The basic technique is 

based on the carrier-suppressed modulation technique, explained in section 4.4.2. In 

the simulations that follow, a 1550nm carrier signal generated by a DFB laser diode is 

modulated by two push-pull type MZ intensity modulators. The first modulator  is 

driven by a 40Gbps baseband signal and generates the 40Gbps RZ signal with no 

significant spectral chirp. To suppress the carrier, a second MZ intensity modulator is 

used as shown in  

 

 

 

 

 

Figure 4-6. This modulator is driven by a 20GHz sinusoidal clock signal biased at the 

transmission null point, Vbias, so that the relative optical phase of the modulated signal 

takes the values 0 and π alternatively. The relative phase difference between adjacent 

pulses is kept at π and the output signal has no carrier component in its spectrum. 

Owing to the phase inversion between adjacent bits, the intersymbol interference (ISI) 

is effectively suppressed. Therefore, a high dispersion tolerance is expected. The 

driving voltage is (10×m)Vpp and this corresponds to (2×m)Vπ, where m is the 

modulation depth. The resulting CS-RZ signal is launched into the first span of optical 

fiber link for transmission.  
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Figure 4-6  Schematics showing CS-RZ generation 

The modulator transfer characteristics (as shown in 

 

 

 

 

 

Figure 4-6 a.) is described in equation 1-1. The desired operation of the modulators is 

verified by looking at the CS-RZ optical spectrum output and comparing it to the 

conventional RZ output. Figure 4-7 shows the direct CS-RZ modulated output of the 

MZM with the 20GHz input clock signal. Clearly, the carrier component is missing 

and instead only the first sidebands on each side of the carrier frequency are excited.  

 30

MECSE-23-2003: "Double-Sideband Carrier Suppressed RZ and NRZ ...", Le Nguyen Binh and Zsofia Csematony



Figure 4-7 Optical power spectral density  of a 16-bit sequence modulated by 

40Gbps CS-RZ 

The peak power of the signal is contained in each of the sidebands in a symmetrical 

fashion and it is around –13dBm. The 30dBm-down bandwidth of the signal is 

∼63MHz and it has a 100MHz bandwidth at –47dBm.  

4.5 CS-RZ Signal Characteristics Compared to Conventional RZ 
Modulated Signals at 40Gbps 

Figure 4-8 shows the power spectrum of the modulated lightwave measured at the 

output of the MZ modulator. Figure 4-9 shows the filtered optical power spectrum 

with additional 30dBm amplification. In the case of the CS-RZ modulated signal, the 

two sidebands carry much more power than the optical carrier, whereas for the 

conventional RZ format, the carrier signal frequency has the peak power amplitude at 

–2dBm. This represents more than 10dB or 10-fold increase of peak power compared 

to CS-RZ. The CS-RZ modulation scheme achieves >60dBm of carrier suppression. 

The sidebands in the conventional RZ format are at –12dBm and they are 80GHz 

apart that is twice as far as in the CS-RZ signal.  

Similarly important is the spectral bandwidth of the signal, especially for WDM and 

DWDM systems, where standard channel spacing is as small as 100GHz (0.8nm at 

1550nm) and 50GHz, respectively. One measure of the signal bandwidth is at the 

30dBm-down from the peak power amplitude. For RZ, this occurs at –30dBm and it 

equals to ∼220GHz compared to 63GHz in CS-RZ. Many of the higher order 

sidebands and other unwanted frequency components are suppressed in the CS-RZ 

format down to ∼-40dB from that of ∼-20dB in the conventional RZ format. This 
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suppression of undesirable sidebands means, that average signal input power is 

reduced and that which is present at the start is more concentrated into the useful 

frequencies of the signal. This also results in less intersymbol interference between 

adjacent symbols and improves system performance.  

Another way to express modulated signal bandwidth is to measure the frequency 

range at the –35dBm power level. It can be seen from the figures below, that the 

bandwidth of the RZ signal is ∼240GHz, which is around 6 times that of the CS-RZ 

modulated signal. This information is summarised in Table 4-1. Clearly, the spectrum 

width of the CS-RZ signal is much narrower than that of the conventional RZ format.  

 

 

 

 

 Conventional RZ Carrier-Suppressed RZ 

BW30dB-down 220GHz 63GHz 

BW-35dBm 240GHz 60GHz 

Power at BW=100GHz -20dBm -47dBm 

Table 4-1 Comparison of RZ vs CS-RZ signal parameters 
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Figure 4-8 a.) Optical spectrum of the carrier  modulated with 40Gbps CS-RZ and 

b.) conventional RZ 

Figure 4-9 Filtered optical spectrum of a.) the proposed CS-RZ format and b.) the 

conventional RZ signal at 40Gbps (with 30dB amplification). 

4.5.1 Effect of Modulation Depth on the Power Carried by the Significant 

Frequencies 

The effect of modulation depth on the power content of a CS-RZ modulated signal  

carrier and its sideband frequencies are examined and the result is shown on Figure 

4-10 for a 16 bits sequence binary code. The figure shows that the ratio of the 

sideband power magnitudes to the suppressed carrier magnitude is constant at about 
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53dB. Therefore, the same relative carrier suppression is achieved for all modulation 

depths. However, the absolute power content of the sidebands directly relate to the 

modulation depth up to about m = 0.7. For m > 0.7, the actual value of the modulation 

depth does not make much difference to the sideband power level. Therefore, to avoid 

the damaging effects of large modulation depths, that degrade the optimal 

performance of optical communication systems, an optimal 70-80% modulation depth 

is recommended. 
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Figure 4-10 Carrier and sideband frequency power content versus modulation 

depth in the CS-RZ format. 

4.5.2 Practical Limitations 

The techniques for generating carrier-suppressed RZ format described in the previous 

sections have several practical limitations that prevent it from being implemented in 

real transmission systems. Therefore it is necessary to tailor the simulation package 

solution such that it can model transmission systems and includes modern system 

components with typical practical values. The described algorithms in previous 

section for generating CS-RZ pulses are modified to suit the requirements without 

compromising or altering the previously discussed advantages of the CS-RZ 

modulation format.  
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Figure 4-11 Ideal pulse (top) and practical pulse shape (bottom 

The transition time of signals going from high-to-low and from low-to-high is limited 

by the rise time and switching rate of the electronic components used. Modern 

electronic systems and MZ modulators have finite switching times and the velocity 

mismatch between the guided electromagnetic (light) waves and the microwave 

generated by the applied electrical signal lead to even slower response times.  

A typical MZ modulator has a rise time, τ, of up to 20-30% of its modulation 

bandwidth. Such well-defined, sharp transition as was assumed in the previous 

sections doesn’t occur in practical systems.  

Figure 5-13 describes the technique used to generate carrier-suppressed signals, such 

that adjacent pulses are out of phase by π. Careful examination of this method shows, 

that for each transition (low-to-high and high-to-low) of the input signal, a complete 

pulse is produced at the output. Therefore, for each input signal there are two output 

signals produced which are out of phase by 180°. Thus the output signal has twice the 

frequency of the input signal and the characteristics of the encoded data also changes. 

For sinusoids and signals with slow varying envelope, this method produces a smooth 

output pulse train. However, for digitally encoded data sequences, the transition edges 

of the input pulses are steep. This leads to very sharp and narrow output pulses, which 

are highly undesirable in practical systems. An example is shown on Figure 4-12. 
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Figure 4-12 Narrow, sharp pulses produced by theoretical CS-RZ modulation 

techniques 

One implementation that takes advantage of such modulation techniques is referred to 

as optical duobinary modulation. The principle of generating optical duo binary 

signals is shown on Figure 4-13. 

Figure 4-13 Optical duo binary signal generation 

Optical duo binary signal has the two levels ON and OFF and the phase of the ON 

state signal takes two values of 0 and π. It can be generated by driving a dual-drive 

MZ modulator with push-pull operation. Such modulation is under investigation and 

experiments have shown [Yonenaga, 1995] that it reduces signal bandwidth and can 

overcome the transmission distance limitation due to fiber chromatic dispersion in 

high-speed transmission systems.  
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Optical modified duo binary signal (OMODS) is another alternative based on the 

same principle as conventional duo binary encoding. It has a compact spectrum and 

suppressed near-DC components. It occupies only half the bandwidth of NRZ signal, 

thus it is more tolerant to the optical fiber’s chromatic dispersion. It is also generated 

using a dual-drive MZ modulator. Experiments have demonstrated [Matsuura, 1999] 

the effectiveness of this coding scheme. The later two modulation formats can be 

easily added to MOCSS-2 by making small changes to the newly developed CS-RZ 

encoding module. 

4.5.3 Modified CS-RZ modulation scheme 

Practical considerations that limit the implementation of CS-RZ signal generation 

described in section 2.4 are addressed in the newly proposed solution, while 

preserving all the desirable advantages of CS-RZ discussed up till this point.  

The major concern in CS-RZ generation so far is the two, sharp output pulses 

generated from both of the transition edges of each input pulse, thus the output pulse 

has twice the bandwidth of the input signal with a different coding characteristics. 

This property is due to the symmetric nature of the transimpedance function of the 

MZ modulator in the first stage of the modulation described by equation 1-1. 

Multiplying this equation by the unit-step function shifted to the bias voltage, Vπ 

results in a transfer function that preserves the RZ format and has the same bandwidth 

as the input signal. The newly proposed transimpedance function converts the applied 

electrical voltage pulses to corresponding optical signals while preserving all the 

characteristics of the RZ format. This is the first stage of the CS-RZ modulation 

process and its principle is shown in Figure 4-14. This method is similar to biasing the 

modulator at half-Vπ voltage, however using Vπ as the bias point leads to greater 

relative phase variations in adjacent output pulses. Consequently, the effects of  

intersymbol interference during pulse propagation along the fiber are reduced greatly. 
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Figure 4-14 Principle of the first stage of CS-RZ modulation 

A dual-drive LiNbO3 MZ modulator is used in the second stage of the modulation 

process, whose electrodes are driven by independent driving voltage pulses. By 

applying the appropriate sinusoidal voltage signals to the arms, the optical carrier of 

the guided waves are suppressed and only  the information carrying sidebands exit the 

output port. For a detailed explanation of the principle and implementation of this 

modulator, refer to section 1.2 of this report. Furthermore details of the structure of a 

40 Gb/s CS_RZ DWDM transmitter are given in Appendix 2. 

4.5.4 Soliton-like RZ pulses 

The resulting CS-RZ output signals are narrow and well separated and resemble a 

soliton-like bit stream in RZ format, each pulse occupying a small fraction of the bit 

slot. Solitons are very narrow (5-20ps) pulses that propagate undisturbed over long 

distances of fiber. They have certain characteristics such that the two major nonlinear 

phenomenon, SPM and GVD act to cancel out each other’s effects. Solitons are very 

attractive for optical communications because they are able to keep their width even 

in the presence of fiber dispersion. However, true solitons are not practical because of 

the difficulty to accurately balance the effects of GVD and SPM, which act 

independently on optical pulses propagating inside the fiber in opposite ways. The 

GVD broadens optical pulses during propagation inside the fiber, while SPM imposes 

a chirp on the signal, which acts to cancel the GVD-induced broadening.  
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The RZ pulses generated in MOCSS-2 have a narrow pulsewidth of around 12.5ps 

and intensity amplitude of 0.01mW at the output of the second MZ modulator 

compared to the RZ signal amplitude of 0.35mW. The optical power is increased by 

an amplifier immediately following the modulator to yield the same PD current as for 

conventional RZ format. For a constant power comparison, the optical signal is 

increased by Gopt = (1 - x)-2, where x is the fraction of carrier removed from the 

signal. Here, x = 0.34/0.35 = 97%, therefore Gopt ≈ 1000 or 30dB (at 1550nm). For 

optimum operation, GoptPin(1 - x)2  is set to maximum PD power. Note here, that the 

gain is frequency dependent. The narrow time period output RZ signal (1101 1011) is 

shown in Figure 2.15. 

Figure 4-15 CS-RZ modulated pulse train before and after signal smoothing 

The power spectrum on Figure 4-16 clearly shows that the carrier has been suppressed 

and the two information carrying sidebands have the peak power amplitude of -30dB. 

This allows 30dB amplification immediately following the modulator to achieve the 

same PD current as in conventional RZ and NRZ modulation.  OSNR is greatly 

improved by such early amplification of the clear data signal in transmission. The 

30dB-down bandwidth of the 40Gbps modulated CS-RZ signal is ∼500GHz, however, 

this is at a very low –60dB. The signal has a 100GHz bandwidth at –40dB. These 

signal characteristics compare favourably with conventional RZ and NRZ modulation 

and show all the advantages of CS-RZ modulation. 
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Figure 4-16 Power spectrum of the proposed CS-RZ signal modulated at 40Gbps 

4.6 Conclusion 

In summary, a new RZ modulation format has been demonstrated with optical carrier 

suppression. The double-sideband carrier-suppression return-to-zero (DSB CS-RZ) 

modulation configuration uses two typical MZ modulators and achieves >60dB 

carrier suppression. The bandwidth of the signal is reduced from >80GHz in 

conventional RZ to 40GHz and this is an important consideration in WDM and 

DWDM communications systems, where channel spacing of 100GHz and 50GHz are 

typical standards. Therefore CS-RZ modulation technique has been shown to be 

spectrally very efficient and well suited for high capacity transmission. Furthermore, 

it offers the attractive features of RZ format, such as optical time interleaving. 

Unwanted higher order sidebands are also suppressed in CS-RZ by about 20dB, thus 

bit interference of neighbouring time slots is reduced.    

4.7 Further work 

Duo-binary (or AMI alternate Mark Inversion tri-level format) signals can be 

generated in a very similar way to the technique used in the first stage of the CS-RZ 

modulation process. A duo-binary signal is a three-state signal that takes three 

combinations of intensity and phase. Biasing the signal around the Vπ voltage of the 

modulator, this optical duo-binary signal has two levels ON and OFF and the phase of 

the ON state takes two values of 0 and π. Thus adjacent bit slots in the signal are out 

phase by π and thus ISI is suppressed. This new optical duo-binary modulation 

requires a small modification to the newly implemented CS-RZ modulation.  For 

details of such duo-binary DWDM transmitter see Appendix 1. 
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Recovery of the original CS-RZ input signal from a square-law detector requires the 

reinsertion of the carrier component for demodulation. Heterodyne detection is used 

to translate the frequency band of interest in the DSB-CS optical spectrum down to a 

convenient IF. This way, the receiver components need only to have wide enough 

bandwidth to receive  one particular signal band rather than the entire bandwidth. The 

band of interest is selected by tuning the local oscillator.  Phase integrity between the 

signal laser and the local oscillator laser is preserved by employing narrow linewidth 

lasers, such as a DFB laser, that allow effective phase tracking loops for error 

correction using out of band pilot tones. [Montgomery, 1995]. Such techniques need 

to be modelled by MOCSS so that CS-RZ modulation can fully utilised and its merits 

demonstrated.  

5 Pulse propagation in fibres 

5.1 Maxwell’s Equations  

In order to understand the non-linear effects in optical fibres, we must first consider 

the theory of electromagnetic wave propagation in dispersive nonlinear media. The 

propagation of optical fields in fibres is governed by Maxwell’s equations. These are 
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where E and H are electric and magnetic field vectors, respectively, and D and B are 

corresponding electric and magnetic flux densities. The current density vector J and 

the charge density ρf are the sources of optical electromagnetic field. In optical fibres, 

where there are no free charges, J = 0 and ρf = 0.  

Furthermore, the following two equations relate the flux densities D and B to the 

electric and magnetic fields E and H;  

D = ε0E + P         ( 5-2) 

B = µ0H + M         ( 5-3) 
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where ε0 is the vacuum permittivity and µ0 is the vacuum permeability, and M and P 

are induced electric and magnetic polarisation. For optical fibres, M = 0. 

5.2 Wave Propagation of Light in Nonlinear Dispersive Fibre 

5.2.1 Nonlinear Optical Effects 

Single-mode fibers are adversely affected by non-linear effects when the average 

power of all the multiplexed channels reaches the onset of the Kerrr effects. In the 

nonlinear process, the power launched into an optical fiber at a particular wavelength 

is transferred to a set of longer wavelengths. The nature of this shift is determined by 

certain characteristic vibrations of the fiber material that in effect, results in refractive 

index variations. At low optical intensities, the perturbation to the atomic structure of 

the fiber is negligible and can be described by a constant refractive index. At higher 

intensities, this perturbation is no longer a linear function of the applied optical field 

and inelastic changes to the fiber structure results. This leads to nonlinear phenomena 

such as Kerr effect, Raman scattering and Brillouin scattering. Kerr effects can be 

described by an intensity-dependent refractive index and lead to intensity-dependent 

phase-shifts in a fiber. It acts to compress the frequency-spectrum of a pulse travelling 

through a fiber. These effects are now examined mathematically, which allows them 

to be included in the MOCSS-2 simulation package. 

5.2.2 Mathematical Description of wave Propagation in Nonlinear Fiber 

Medium 

Maxwell’s equations can be used to describe the propagation of light in optical fibres. 

We obtain  
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where c is the speed of light in vacuum and µ0ε0 = 1/c2. Finally, a relation between the 

induced polarisation P and the electric field E is needed to completely describe wave 

propagation. Including only third order nonlinear effects and considering that the 

optical frequency of interest is far from the resonance frequency of the optical fibre 

medium, the induced polarisation is described as  
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),(),(),( trPtrPtrP NLL +=        ( 5-5) 

where PL is the linear part and PNL is the nonlinear part.  

It is possible to make some simplifications to reduce the complexity of these 

equations and still have a reasonably accurate approximation to the light wave 

propagation along optical fibres. One major simplification is to assume that the 

nonlinear polarisation PNL is a small perturbation to the total induced polarisation. In 

practice, nonlinear changes in the refractive index of silica fibres are < 10-6. Therefore 

PNL = 0. 

Due to the low optical losses in silica fibres in the wavelength region of interest, the 

imaginary part of ε(ω) is small comparison to the real part. Therefore, ε(ω) is replaced 

by n2(ω) in the following calculations and fibre loss is included in a perturbation 

manner later. Therefore, the wave equation that governs the propagation of light (in 

the useful wavelength region) along silica based fibers is 
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Or in other terms, wave propagation along nonlinear, dispersive fibers is 
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where the linear and nonlinear parts of the induced polarisation are related to the 

electric field E(r, t). The equation 
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is simplified by PNL being treated as a small perturbation to PL and the optical field is 

assumed to keep its polarisation along the fibre length. Also, it is assumed, that the 

spectral width of the light pulse propagating along the fibre is very narrow. Using 

these simplifications, the fundamental equation of non-linear light wave propagation 

was derived [Agrawal, 1995] as 
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where α is the absorption coefficient, β is the wave number and A is a slowly varying 

function of z. Eqn (3-9) is the simplest nonlinear equation for studying third order 

nonlinear effects in optical fibres. However, this is a nonlinear partial equation, which 

is very difficult to solve using analytic methods. A numerical approach is therefore 

necessary to gain better understanding. In the MOCSS simulation package, a 

numerical approach known as the split-step  Fourier method is used. This adopts the 

finite-Fourier-transform algorithm to solve the wave propagation 

5.3 Nonlinear Refraction Effecting Wave Propagation in Optical Fibres 

The mathematical description of wave propagation, particularly applicable to short 

pulses, such as RZ coding, requires the solution of the wave equation in a dispersive 

nonlinear medium. The accepted approach is based on the propagation equation 

eq(3.9) which is satisfied by a slow varying pulse A(z, t) in the presence of GVD. It is 

then modified to include the fiber non-linearity effects responsible for SPM. The 

nonlinear contribution at high powers can be described by [Agrawal, 1995] 

2,1),/(2 =+=′ jAPnnn effjj       ( 5-10) 

where with j = 1, 2 are core and cladding indices, respectively and jn′ 2n is the 

nonlinear-index coefficient and is typically equal to 3×10-20 m2/W for silica based 

fibres. Thus the propagation constant becomes power dependent and can be written as  

effAnkwhereP /, 20=+=′ γγββ       ( 5-11) 

Note, that the optical phase associated with the fiber mode increases linearly with z. 

Therefore, the non-linear effects that produce a non-linear phase shift can be 

expressed as [Agrawal, 1995] 

α
αα

γγββφ

1/)]exp(1[

).()(
00

≈−−=

==−′= ∫∫

effeff

effin

LL

NL

LfibreslongforandLLwhere

LPdzzPdz

  ( 5-12) 

P(z) = Pin exp(-αz) represent the fiber loss and in eq 3-12 Pin is assumed to be 

constant. However, in practical systems, the input power varies with time resulting in 
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frequency chirping, which in turn affects the pulse shape. The impact of non-linear 

effects cab be reduced by restricting the value of φNL << 1.  

Therefore γα /<<inP  and with typical values for γ =2W-1km-1 and α=0.2dB/km, the 

input power is restricted to below 22mW. It can be seen, that power dependence of 

the refractive index is a limiting factor for optical communication systems. This 

phenomenon is often referred to as self-phase modulation (SPM) and it leads to 

spectral broadening of pulses propagating inside fibres.  

Another nonlinearity phenomenon, known as cross-phase modulation (XPM) occurs, 

when more than one channels are transmitted simultaneously inside a fibre, such as in 

WDM communication systems. Then the nonlinear phase-shift of a channel doesn’t 

only depend on the power of that channel, but also on the power of other channels. 

XPM is twice as effective as SPM [Agrawal, 1995]. The worst-case scenario is when 

all channels simultaneously carry 1 bit. Then to keep φNL << 1, the channel power is 

limited to below 1mW for typical values for γ  and α at 1550nm.  

5.4 Split-Step Fourier Method and Nonlinear Schrödinger Equation 

In general, dispersion and nonlinearity act together along the length of the fibre. The 

split-step Fourier method assumes however, that over a short length h, the dispersive 

effects and the nonlinearities act independently on the propagating optical field. In 

particular, propagation from z to z+h is calculated in two steps, first, nonlinearity acts 

alone and in the second step, dispersion acts alone. Therefore, the equation (3-8) is 

rewritten in the form  
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So the propagation from z to z+h is calculated relatively fast by the split-step Fourier 

method using the approximation 

),()ˆexp()ˆexp(),( TzANhDhThzA ≈+      ( 5-14) 
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This method is accurate to second order in the step size h [Agrawal, 1995]. The 

accuracy can be improved by including the effect of the nonlinearity in the middle of 

the segment rather than at the segment boundary. Mathematically, 
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This method is accurate to third order in the step size h. Here, the fibre is divided into 

a large number of segments of width h. The optical pulse is propagated down segment 

from segment in two stages at each step. First, the pulse is propagated a distance h/2 

with dispersion only. Then at z+h/2, it is multiplied by the nonlinearity term that 

represents the effect of nonlinearity over the whole segment. Finally, the pulse is 

propagated the remaining h/2 distance with dispersion only. In effect the nonlinearity 

is assumed to be lumped at the midplane of each segment. This is shown in Figure 

5-1.  

Figure 5-1 Schematic illustration of the split-step Fourier method 

This method requires the careful selection of step sizes h to reserve the required 

accuracy. In particular, it is necessary to monitor the accuracy by calculating the 

conserved quantities such as pulse energy. There are methods to find the optimum 

step size, however, it might be necessary to recalculate using smaller step sizes to 

ensure accuracy. The time window size should be wide enough to ensure the pulse 

energy is confined within this window. In MOCSS-2, h = 300m was chosen to reduce 

the computation time, but to maintain acceptable accuracy of the pulse shape. To 

eliminate inaccurate end effects due to wrap around of the FFT convolution 

calculation, the mean of the two signal levels (represents idle signal) is appended at 

either end.  
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5.5 Limitations of the Model 

Several non-linear effects are not included in the split-step model, two of these are 

dominant types of simulated scattering effects. Brillouin scattering (SBS) is due to 

backward light propagation caused by scattering with acoustic waves. This process 

has a narrow bandwidth (∼50MHz) and when channels spacing equals to this 

Brillouin shift (about 10GHz in the 1550nm region), SBS can transfer energy from a 

high frequency channel to a low-frequency one. Such an energy transfer is avoided by 

proper design of multi-channel communication systems. For WDM, standard channel 

spacing is 100GHz. SBS does not cause interchannel crosstalk, however, it does put a 

limit on the channel powers, independent of the number of channels, but dependent on 

the modulation format used to encode the data. The channel power limit can be as 

small as 2-3mW. All modulation formats modelled in this simulation satisfy this 

requirement and only three channels are used with 100GHz spacing; therefore SBS 

can be ignored from the simulation.  

Simulated Raman scattering (SRS) is due to the interaction of the optical field with 

the phonons generated by molecular vibrations in the fiber and it is the second 

dominant type of simulated scattering effects. The Raman gain spectrum, of silica 

fibers is so broad, that all channels in a transmission are pumped by it. Such energy 

transfer among channels is detrimental for system performance. Amplification is 

worst, when both channels transmit a ‘1’ bit and it leads to enhanced power 

fluctuations that degrade receiver performance by adding receiver noise to the system.  

Raman crosstalk between channels is avoided in the simulation because there are only 

three channels and for each channel, the channel power is so small (<500mW) that 

Raman amplification is negligible for the whole fiber length. Note here, that periodic 

amplification of the WDM signal in a long-haul fiber link increases the impact of 

SRS, because amplifiers add noise that experiences less Raman scattering than the 

signal itself which leads to the degradation of OSNR.  

At high power levels the nonlinear phenomena of SRS and SBS lead to considerable 

power loss. The intensity of the scattered light, once the incident power exceeds the 

threshold level, grows exponentially. The threshold can be estimated using typical 

values and is around 13dBm for SM fibers. Since the launched power rarely exceeds 

10mW (∼10dBm), SRS and SBS generally do not contribute to the fiber loss. 
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Nevertheless, modulation formats that provide the most efficient use of power are 

necessary to ensure, that such non linear effects do not degrade systems performance 

significantly. Furthermore, cross-phase modulation combined with group velocity 

dispersion (XPM/GVD) can surpass SRS as the dominant crosstalk mechanism 

[Yang, 1995] at high modulation frequencies such as 40Gbps.  

Four Wave Mixing (FWM) is of concern in multichannel lightwave systems and it is a 

major source of nonlinear crosstalk whenever the channel spacing and fiber 

dispersions are small enough to satisfy the phase matching condition [Agrawal, 1995]. 

In this process, channel power is transferred to adjacent channels, especially, when 

the channels wavelengths are close to the zero-dispersion wavelength of the fiber, 

such as in 1550nm dispersion-shifted systems. FWM generates new frequencies by 

combining existing channels. In the case of equally spaced channels, the new 

frequencies coincide with existing ones, and this greatly degrades system 

performance. Such nonlinear effects in optical fibers limit WDM system performance 

and it is by smart design and appropriate, extensive design tools, that such 

nonlinearities  are minimised. The effects of four wave mixing can be reduced by 

employing unequal channel spacing. Furthermore, FWM will be small if the fibers 

used for transmission have large but opposite dispersion values. IN the case of 

modern WDM systems, the positive dispersion of SMF is compensated by the large 

negative dispersion of DCF and so FWM is suppressed.  

Because the above mentioned nonlinear effects are not included in the split-step FFT 

analysis, the simulated system in this report is such, that the effects of SRS, SBS and 

FWM are negligible. There are only 3 channels used with standard narrow channel 

spacing to reduce the effects of FWM and SBS, transmitted over a non-zero 

dispersion compensated fiber using and externally modulated DFB laser source, to 

reduce the effects of SRS. Channel power is kept to below 10dBm. The system 

parameters and characteristics used in the computer modelling ensure, that the 

simulated transmission is realistic and the results obtained are applicable to real, long-

haul, high-speed dispersion compensated WDM communication systems.  
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Figure 5-2 Limitations on the channel power imposed by the four non linear effects 

around 1550nm [Keiser, 1997] 

5.6 Eye Pattern as an Analysis Tool for System Performance 

The eye-pattern is a powerful, yet simple time-domain tool for assessing the data-

handling capability of an optical digital transmission system. The eye-pattern 

measurements are made in the time domain and in real time showing the effects of 

waveform distortions immediately on an oscilloscope. The basic equipment for 

obtaining eye-patterns is shown on Figure 5-3. The output of a pseudorandom data 

pattern generator is applied to the vertical sweep of the oscilloscope and data rate is 

used to trigger the horizontal input. Pseudorandom means, that the generated bit 

pattern, a sequence of 1s and 0s will eventually repeat, bit it is sufficiently random for 

test purposes. For an n-bits long datasequence, there are 2n different combinations, so 

for an 8 bits long datasequence used in MOCSS-2, this represents a maximum of 28 = 

256 different bit patterns. This results in a type of pattern, which resembles the human 
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eye. 8 different datasequences are used to generate the ‘pseudoranmdom’ bit sequence 

in MOCSS-2. These bit patterns have been chosen to ensure, that their superposition 

results in an eye-pattern that can be analysed readily each time a simulation is done.  

Many system performance information can be deducted from the eye-pattern display. 

Information regarding the signal amplitude distortion, timing jitter and system rise 

time can be derived simply by observing certain features of the pattern. The eye-

pattern obtained during simulations will be analysed to obtain and to compare various 

system performance characteristics.  

  

 

Figure 5-3 Basic equipment used for eye-pattern generation 

6 Comparison of the Performance of CS-RZ versus Conventional RZ 
and NRZ Formats in Simulated WDM Signal Transmission 

6.1 Introduction 

The aim of this section is to verify systems simulation with the integrated MOCSS 

package and to numerically evaluate and compare the performance of RZ-, NRZ- and 

CS-RZ-modulation formats in long-haul 40Gbps WDM systems with typical system 

parameters. In particular, CS-RZ transmission for optimum systems performance is 

investigated taking into account dispersion and nonlinear effects, attenuation and 

noise. Parameters such as distance and power levels are estimated at the lowest 

system degradation. All simulations are run with 3 channels with 1.6nm (200GHz @ 

1550nm) channel spacing typical of modern WDM communication systems.  
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Stimulated Brillouin and Raman scattering  (SBS and SRS) are nonlinear effects that 

introduce crosstalk between channels of electromagnetic lightwaves propagating in 

optical fibers. However, with proper design, as described chapter 3, the effects of such 

nonlinearities can be removed from the system. Other nonlinear effects limiting the 

performance of optical transmission systems, such as XPM and SPM, are included in 

the mathematical equation 3-15 used to model the propagation of the optical field 

inside a fiber and their effects can be investigated.  

It has been shown [Marhic, 1995], that inefficiencies due to XPM/GVD increase 

approximately as Pc
2, where Pc is optical carrier power. Thus, if Pc can be reduced by 

a factor of r, (without sacrificing the RF power) then the crosstalk due to XPM will be 

reduced by r2. Carrier-suppression does exactly that and in this section the validity of 

this claim will be investigated and verified.  

6.2 Mathematical Model 

The dispersion and nonlinear tolerance of CS-RZ is estimated by numerical 

simulations. The propagation of the pulses is described by the nonlinear Schrödinger 

equation and is solved by the split-step Fourier method.  

The input signal is a pseudo-random sequence of 8 bits. The optical carrier from the 

continuous wave DFB laser source, with a linewidth of 10MHz, is externally 

modulated using MZ modulators.  The duty ratio is defined as  

B

FWHM

T
T

=τ          ( 6-1 ) 

where TFWHM represents the full width of the initial pulses at half maximum and TB is 

the bit period. For RZ, the typical value for the duty ratio, τ is about 0.5, whereas for 

NRZ, τ = 1. As can be seen from Figure 6-1, the smaller the τ, the lower the power 

content of the signal is for both modulation formats. Thus, higher input powers are 

possible. The duty ratio dependence of power levels is more evident in conventional 

RZ modulation, where variations up to 10dBm are observed. 
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Figure 6-1 Power content [dBm] of the carrier frequency in RZ and the sideband 

frequency of CS-RZ versus duty ratio. 

It has been shown experimentally [Ennser, 1996], that the RZ pulse has better 

performance than NRZ transmission and RZ-pulse of τ=0.5 gives the best 

performance. For smaller duty ratios, the necessity of short amplifier spacing makes 

the systems impracticable. Therefore, the duty ratio chosen for MOCSS-2 simulations 

in this report is τ = 0.5. 

6.2.1 Experimental Setup 

The simulated experimental setup is shown on Figure 6-2. In this simulation, three 

DFB laser diodes are used with wavelength from 1548.4nm to 1551.6nm with 

200GHz (1.6nm at 1550nm) channel spacing. The channels are multiplexed onto one 

line. The transmission line consists of one span of single-mode-fiber (SMF) with a 

span loss, α = 0.50463 dB/km. The optical power launched initially into the fiber per 

channel does not exceed 1mW. 
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Figure 6-2 Simulated experimental setup for comparison of nonlinear and 

dispersion tolerance between CS-RZ and conventional RZ and NRZ.  For more 

details see Appendix 2 

The loss of the SMF fiber used in the simulation, α, is 0.50463 dB/km. The nonlinear 

coefficient γ is 2km-1W-1 and the first order chromatic dispersion is D = 17ps/nm/km 

with dispersion slope of dD\dλ = 0.08 ps/nm2/km. 
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6.3 320Gbps (8 × 40Gbps/channel) WDM transmission with 0.8 nm 

(100GHz at 1550nm) spacing in the C-band using conventional 
NRZ, RZ and the proposed CS-RZ modulation formats 

a.) 

b.) 

c.) 
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Figure 6-3.  8-channel WDM spectra in the C-band with 0.8nm spacing from 

1550.0nm-1556.4nm using a.) conventional NRZ and b.) RZ modulation and c.) the 

proposed CS-RZ format. 

 

Figure 6-4 System back-to-back power spectrum for 8 channels with 1.6nm spacing 

 

The system back-to-back performance is first evaluated to investigate whether 

reduced channel spacing causes any crosstalk. The 8-channel spectrum before the 

transmission is measured and it is shown on Figure 6-3c (theoretical) and Figure 6-4. 

Due to carrier-suppression, each channel has two sidebands at 40GHz apart. The 

carrier-suppression ratio is about 10dB. Channels are 200GHz apart, but a channel 

extinction of about 10dB is still maintained as opposed to conventional RZ and NRZ, 

where the channel extinction ratio is less than 10dB. The extinction ratio for CS-RZ 

format can be further reduced by employing tuneable filters and selecting only the 

appropriate sidebands. 

6.3.1 Transmitted Signals’ Power Spectrum 

The signal power spectrum at the output of the transmitter is examined. The figures 

below show the power spectrum for CS-RZ, RZ and NRZ with 3 channels at 

1548.4nm, 1550nm and at 1551.6nm.  
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Figure 6-5 Multiplexed power spectral density of the modulated carriers using the 

CS-RZ format 

Figure 6-6 Multiplexed power spectral density of the three RZ modulated 

carriers used in the simulation with 1.6nm spacing 

Figure 6-5 Multiplexed power spectral density of the three NRZ modulated carriers 

used in the simulation with 1.6nm spacing 
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Figure 6-7 Back-to-back system eye-diagram for a.) CS-RZ  b.) conventional RZ 

modulation format and c.) NRZ modulation at 40Gbps 

6.4 Dispersion Tolerance Measurement 

The fundamental limitation to high-speed communication systems over the embedded 

standard SMF is linear chromatic dispersion. The dispersion limited distance for 

conventional NRZ external modulated systems at 10Gbps and 40Gbps is about 60km 

and 4km, respectively. For the RZ format these distances are even shorter.  

The interplay between the group-velocity dispersion (GVD) and self-phase 

modulation (SPM) effects can lead to optical pulse compression [Ennser, 1996]. This, 

in effect, permits the extension of dispersion limited distances of linear systems. The 

dispersion length provides the dispersion limited propagation distance. This distance 

is quadratically proportional to the pulse width and therefore, the narrower the pulse, 

the stronger is the dispersion effect. In other words, dispersion induces a rapid 

broadening of the pulse in the time domain. In this chapter, the performance of CS-

RZ, and conventional RZ and NRZ is evaluated numerically.  

This is achieved by transmitting the modulated signals over 5kms of standard single 

mode fiber (SMF) and observing the resulting eye-diagram. Note, that here, the 

nonlinearity coefficient is set to zero, so that all degradation on the signal is due to 

dispersion alone.  

SMF parameters Zero material dispersion: 1270nm ; Zero total dispersion:1300nm; 

Dispersion at 1550nm: 17ps/nm/km; Core radius: 4.3µm ; Core index: 

1.4487 ; Fiber loss: 0.50463dB/km 
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Fiber span:   5km 

 

 

Figure 6-8 Eye-diagrams after transmission over 5km of SMF 

Note that the NRZ signal is the most susceptible to transmission noise. Its noise 

margin is the worst of the three at 67% compared to that of CS-RZ and RZ at 87%. 

The height of the eye opening at the specified sampling time shows the noise margin 

or immunity to noise. It is the percentage of the peak signal voltage to the maximum 

signal voltage as measured from the threshold level.  
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Comparing RZ and CS-RZ, it can be seen that the later has a slightly more open eye. 

This leads to easier and more accurate signal detection than conventional RZ in this 

system. However, there isn’t a great difference between RZ and CS-RZ with respect 

to dispersion tolerance at this modulation rate and for such fiber span.  

6.5 Nonlinear Tolerance Measurement 

To investigate the nonlinear tolerance of CS-RZ and conventional RZ and NRZ, first 

the signals are transmitted down a span of DCF with zero dispersion at 1550nm so 

that any pulse broadening is due to non-linearity only. The transmission eye-diagram 

is investigated. The resulting eye-patterns of both signals after the transmission with 

are shown on Figure 6-9. In this simulation, the dispersion-compensated fiber has the 

following 

Parameters:Minimum total dispersion:  1550nm; Core radius: 1.93µm; Fiber 

Loss: 0.5625dB/km 

It can be seen from Figure 7-9, that the CS-RZ signal shape is the least affected by 

nonlinearity effects. There is no pulse broadening for any of the signal formats at this 

rate. It would be an interesting application of MOCSS-2, and grounds for further 

work, to investigate the dispersion tolerance of the various modulation formats with 

respect to the modulation rate while maintaining the same launch power per channel. 

 

 

 

 

 

 

 

 

 59

MECSE-23-2003: "Double-Sideband Carrier Suppressed RZ and NRZ ...", Le Nguyen Binh and Zsofia Csematony



 

 

Figure 6-9 Eye-diagram after 50km of transmission in DCF fiber 
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Another simulation, which more effectively demonstrates the CS-RZ modulation 

format’s higher nonlinear tolerance at 40Gbps uses 5km long of single mode fibre. 

The signals are transmitted with increasing fiber input powers and the consequence of 

this channel power amplification on system performance is investigated. The results 

are shown on Figure 4-10 – 4-12. 

Figure 6-10 5km of SMF with amplification CS-RZ Signal transmission over 
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The first frame shows the eye diagram of the transmission over 5km of SMF without 

amplification. This is the same as in  

 

Figure 6-8(a). Initially, the peak power amplitude for a 1 bit is 4µW. Then the signal 

is amplified by 18dB and this is shown on the second frame of the figure. As the 

power of the signal increases, the effects of nonlinearity become more apparent. 

Therefore, signal distortion observed in the Figure 4-8 – 4-9 is due to these nonlinear 

effects, namely XPM and SPM, which are included in the propagation model. Initial 

signal powers without amplification are about 100 times (that is 20dB) smaller for 

CS-RZ than for conventional RZ and NRZ. 

Figure 6-11 RZ Signal transmission over 5km of SMF with amplification 
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Figure 6-12 NRZ Signal transmission over 5km of SMF with amplification 

 

At all order of magnitude intensities investigated here, from a few µW up to 5-6mW, 

CS-RZ shows the greatest tolerance for nonlinear effects. This can be seen from the 

opening of the eyes. CS-RZ has the most open and well defined eye-diagram with the 

best noise margin value.  

6.6 Concluding remarks 

It has been shown by numerical simulation, that CS-RZ modulation has been 

successfully implemented in the design. Its high nonlinear tolerance has been 

demonstrated and expected results confirmed. It is recommended not to use input 

channel powers greater than the threshold value of around 10mW as other unwanted 

nonlinear effects will come into action, that would otherwise be suppressed.  
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5 Conclusions 

This report successfully presents the modelling implementation of double-sideband 

carrier-suppressed return-to-zero modulation format, simultaneous propagation of 

multi-channel signal and a number of case studies have been studied to compare 

carrier suppressed RZ and conventional RZ formats in terms of multi-channel 

transmission performance and to verify the CS-RZ format’s superior nonlinear 

tolerance over conventional RZ and NRZ schemes.  

A detailed description of the advanced models and devices used to generate the 

carrier-suppressed modulation format, such as the generation of optical carriers under 

CW operation by DFB laser diodes and external MZ modulation techniques have been 

included. The mathematical modelling tools underlying the CS-RZ generation 

concepts have been considered. 

Numerical simulations have shown that the carrier suppressed RZ format supports 

much better system performance since it better alleviates the effect of fiber 

nonlinearities than conventional RZ and NRZ.  

Extensive works on modulation formats for 40 Gb/s DWDM leading to Tera-bits/sec. 

optical transmission systems are currently under development 
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APPENDIX:  Detailed strctures of 40 Gb/s RZ Tx duo-binary format modulators single sideband carrier suppressed DWDM transmitter
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Appendix 2: Detailed structures of 40 Gb/s RZ-Carrier Suppressed DWDM Tx  
•  Pulse source modulator driven at 40 GHz 

•  RZ pulse FWHM ~ 9 ps 
•  GaAs HEMT multiplexer  

Mux after MZI 

40 

3
N

Mo

AWG 

DFB1 

DFB2 
DFB3 

DFBN 

10 GHz  
synthesizer

20-
do

Pulse

CW optical sources 

λ1 ..λ

Power 
divider

10-
do

?
OF 

Single drive MZI modulator 

M
E

C
S

E
-23-2
69

10 Gb/s  
pattern  

generator 

4:1 

0 GHz 
iobate 
dulator 

A A

40 GHz 
ubler

 source 

A

20 GHz 
ubler

1:4 
divide

30 GHz 
Niobate 

Modulator 

Data 
Modulator 

Booster optical amp  
with DCM  

DCM 

NRZ if no pulse source 

003: "D
ouble-S

ideband C
arrier S

uppressed R
Z

 and N
R

Z
 ...", Le N

guyen B
inh and Z

sofia C
sem

atony


	TABLE OF CONTENTS
	TABLE OF FIGURES
	Background
	Motivation
	Laser Source and External Optical Modulation Techniques
	Introduction
	The Mach-Zehnder Interferometric Intensity Modulator
	Modulator Structure and Optimal Parameters

	Modelling of lightwaves generation by DFB laser
	Distributed Feedback Semiconductor Laser
	Threshold Conditions and Optical and Electrical Characteristics of DFB Lasers
	Modelling of the DFB laser operation in MOCSS-2

	Further Development

	Modulation Schemes Used in Long-Haul High-Speed Dispersion-Managed WDM Communications Networks
	Introduction
	Non-Return-to-Zero Modulation Format
	Modelling of NRZ modulation format

	Return-to-Zero Modulation Format
	Generation of RZ modulation format

	Double-Sideband Carrier-Suppressed Return-to-Zero Format for High Speed Optical Networks
	Introductory remarks
	Techniques
	Generation of DSB CS-RZ

	CS-RZ Signal Characteristics Compared to Conventional RZ Modulated Signals at 40Gbps
	Effect of Modulation Depth on the Power Carried by the Significant Frequencies
	Practical Limitations
	Modified CS-RZ modulation scheme
	Soliton-like RZ pulses

	Conclusion
	Further work

	Pulse propagation in fibres
	Maxwell’s Equations
	Wave Propagation of Light in Nonlinear Dispersive Fibre
	Nonlinear Optical Effects
	Mathematical Description of wave Propagation in Nonlinear Fiber Medium

	Nonlinear Refraction Effecting Wave Propagation in Optical Fibres
	Split-Step Fourier Method and Nonlinear Schrödin�
	Limitations of the Model
	Eye Pattern as an Analysis Tool for System Performance

	Comparison of the Performance of CS-RZ versus Conventional RZ and NRZ Formats in Simulated WDM Signal Transmission
	Introduction
	Mathematical Model
	Experimental Setup

	320Gbps (8 ( 40Gbps/channel) WDM transmission with 0.8 nm (100GHz at 1550nm) spacing in the C-band using conventional NRZ, RZ and the proposed CS-RZ modulation formats
	Transmitted Signals’ Power Spectrum

	Dispersion Tolerance Measurement
	Nonlinear Tolerance Measurement
	Concluding remarks

	Conclusions
	References

