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Abstract

This thesis investigates the optimal transmission parameters required for 

wavelength division multiplexing (WDM) of high bit-rate channels over non-linear, 

dispersion managed fibre. With the availability of high powered laser sources, the advent 

of optical amplifiers and the long distances of some fibre networks the nonlinearity of the 

fibre medium can no longer be neglected. The non-linear optical Kerr effect is introduced 

in the context of fibre transmission and the three effects resulting from this non-linearity 

are presented, viz. Self-Phase Modulation (SPM), Cross-Phase Modulation (XPM) and 

Four-Wave Mixing (FWM). The non-linear scattering processes of Stimulated Brillouin 

Scattering (SBS) and Stimulated Raman Scattering (SRS) are also outlined. The 

detrimental impact of fibre dispersion is given and various schemes proposed to manage 

fibre dispersion are discussed with emphasis placed upon the use of Dispersion 

Compensating Fibre (DCF) for upgrading existing, embedded standard fibre. To 

accurately model signal propagation over such complex links the numerical Split-step 

Fourier method was employed to solve the Non-Linear Schrodinger Equation. The 

limitations inherent in this method are investigated, specifically the step-size effect which 

determines the accuracy of the calculations. The initial investigations by simulation 

concern the propagation of a single channel over the various dispersion managed systems. 

The maximum distances achievable in terms of channel bit-rate and channel power due to 

the combined action of dispersion and non-linearity (from SPM) are compared. The 

limitations from FWM and XPM on multi-channel propagation are then examined and 

optimisation of the WDM parameters: channel spacing, channel power and channel bit- 

rate, are determined. The conclusion draws together the results obtained and presents 

optimal operating parameters for WDM systems. Possible avenues for further research are 

then explored.
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C h a p t e r  1

In t r o d u c t io n



1.1 Overview

There has been a phenomenal growth in communications over the last decade: 

both in the number of physical networks and the amount of traffic flowing across them. 

This has evolved in tandem with growth in the tecnologies of the age, the computer and 

software industries which provide ever faster computers running ever more complicated 

applications which create and need to access ever larger amounts of data. The data has 

become multi-media: turning from predominantly voice into data of images and video. 

The globalisation of commerce has also driven the need for information to be readily 

accessible from around the world: the scale of networks has increased. To economically 

match such sustained and growing needs the design and manufacture of optical networks 

must be “future p ro o f’, i.e. they should be designed to gracefully cope with this 

relentlessly increasing demand now and into the foreseeable future.

Responding to the need for increased transmission capacity over global distances research 

into optical fibre systems has exploited fibre’s expansive bandwidth through two main 

mechanisms: wavelength division multiplexing (WDM) and fibre amplification. The 

amplifier has provided a means by which transmission of signals can traverse large 

distances, independent of the transmission rates sent (there is no limitation imposed as for 

electronic, regenerational repeaters which were inflexible with respect to transmission 

rates). WDM offers a way through the bottleneck of electronic processing speeds by 

increasing the number of optical channels transmitted rather than increasing the 

transmission rate of a single channel. Additional benefits to network performance arise for 

network management: all-optical networks with wavelength routing capability providing 

increased resilience against failure.

The potential benefits of these solutions are not without cost: such amplified, multiple 

channel systems are prone to the effects from the nonlinear nature of fibre which only 

become apparent when high transmission rates, high powers or long distances are 

encountered. The complexity of designing future-proof transmission is increased when 

the existing linear processes are taken into account. To minimise the impact of these 

limiting factors and maximise the capacity of fibre for optical networks the physical 

mechanisms and their relationships must be properly understood. Theoretical 

understanding of such optical systems allows them to be accurately modelled which, in 

turn, provides the route by which optical transmission links can be simulated, optimised 

and refined then tested as practical systems. This framework can ensure optical networks 

of the next century will continue to provide the solutions to the demands of capacity.



1.2 Structure of the thesis

In Chapter 2 the theory describing the propagation of light in nonlinear fibre media 

and the governing nonlinear Schrodinger equation (NLSE) is introduced with the 

emphasis placed on the effects a fibre can have on pulse propagation. In particular, the 

nonlinear character of the fibre is examined revealing the three manifestations of the 

intensity dependent refractive index: self-phase modulation (SPM), cross-phase 

modulation (XPM) and four-wave mixing (FWM) along with the linear effects of 

dispersion and loss. Also described are the stimulated scattering processes and their 

impact on transmission.

In Chapter 3 the numerical approach taken to model optical channel transmission is 

discussed. Since there are no analytical solutions to the general NLSE introduced earlier, 

a numerical algorithm was employed to solve the differential equation. The numerical 

algorithm, commonly known as the split-step Fourier method, is introduced with the 

limitations inherent in this method examined and guidelines for the correct implementation 

of the numerical method presented. The system model used throughout the thesis is then 

discussed, encompassing the pulse modulation format, the fibre parameters which must 

be specified, the optical amplifier model employed, the optical and electrical filtering 

models and finally the two methods used to characterise transmission performance: the 

eye-opening penalty (EoP) and the Q-factor.

In chapter 4 the various solutions, both proposed and demonstrated, to overcome the 

limitations imposed on pulse propagation by nonlinear fibre are reviewed. Dispersion 

management is shown to be a viable method of extending the dispersion limited 

transmission distances whilst mitigating the constraints imposed by some of the three 

nonlinear Kerr effects. The variety of successful dispersion managed systems 

presented and the advantages and disadvantages of such fibre configurations discussed. 

For future upgrading of capacity of conventional fibre the use of dispersion compensating 

fibre (DCF) is shown to be highly effective. Studies on the performance of this dispersion 

management scheme for both single and multiple channel transmission is growing with 

some conflicting results published. Further investigation of this fibre compensation 

scheme is necessary and explored within this thesis.

In Chapter 5 the performance of a single channel is studied and compared for various 

dispersion management schemes which use either conventional fibre or dispersion-shifted 

fibre as the transmission medium. The optimal configuration for the compensating and 

transmission fibres is investigated for various transmission parameters, in particular 

channel power and bit-rate. The transmission length and the degree of compensation are



also investigated and the optimal transmission parameters for such systems are then 

determined.

In Chapter 6 the performance of dispersion managed conventional fibre for WDM 

transmission is investigated. With the underlying performance of a single channel known 

from the results of the previous chapter, the effects on performance after introducing 

further channels is examined. The relative strengths of FWM and XPM nonlinear 

processes are assessed and in particular, the mechanisms mitigating XPM are explored. 

The issue of granularity (bit-rate versus channel number with fixed capacity) of a system 

is investigated and, in conjunction with a simple model of the Stimulated Raman 

Scattering (SRS) process, conclusions about the optimal system parameters for a WDM 

transmission system are drawn.

Chapter 7 provides a summary of the conclusions of the research and Chapter 8 discusses 

the possible areas for further research, both by simulation and experimentation.

1.3 Original Contributions

The work in the thesis has studied the use of dispersion managed fibre to increase 

transmission capacity of optically amplified WDM communication systems. In particular 

the dispersion compensation of conventional, standard fibre has been modelled.

A standard numerical algorithm known as the Split-Step Fourier Method was employed to 

solve the nonlinear wave equation for the transmission of signals through optical fibre. 

The accuracy of the numerical method when modelling multiple channel transmission was 

investigated and the constraints imposed upon the maximum step-size of the iteration 

within the algorithm was determined. Also, guidelines on the maximum system 

bandwidth which can be accurately modelled by the numerical approach are presented.

The performance of several dispersion management schemes are examined and compared. 

The configuration of the transmission fibre and compensating fibre within optically 

amplified spans shown to have a significant impact on the performance of optical channels 

in terms of eye-penalty. The most significant difference is obtained by the positioning of 

dispersion compensating fibre relative to conventional fibre within an amplified span.



The performance of a single channel over such conventional fibre is studied in detail with 

reference to channel input power, bit-rate, transmission distance and channel location 

relative to the exactly compensated wavelength. An optimal range of input power is 

found, governed by the desire to maximise the signal-to-noise ratio but limit any nonlinear 

distortion imposed on the transmitted channel.

In W DM transmission over dispersion managed conventional fibre it is shown that four- 

wave mixing is negligible in comparison to the effects of cross-phase modulation because 

of high local dispersion and that the penalty arising from cross-phase modulation penalty 

can be minimised if the appropriate parameters are chosen such that pulse walk-off 

conditions are met. The dependence of the impact of cross-phase modulation on channel 

spacing and bit-rate is presented.

Finally, the concept of granularity of WDM transmission is introduced and the 

performance of a system with fixed capacity but differing granularity is examined. The 

granularity giving the best performance is determined by taking into account the 

standardisation of channel spacing, available system bandwidth and minimisation of the 

penalty arising from Stimulated Raman Scattering. The performance of these systems in 

dispersion-shifted fibre is made for comparison.

1.3.1 Publications

Two articles from this work have been accepted for presentation and publication:

• D. Rothnie, W. Zeiler, P. Bayvel and I.E. Midwinter Modelling o f  transmission 

nonlinearities and fibre parameter optimisation in dense WDM systems with Optical 

Amplifiers IBE Colloquium on High Speed and Long Distance Optical transmission 

1996 Aston University, Birmingham Ref. Number 1996/091 p i 7

• D. Rothnie and I.E. Midwinter Improved standard fibre performance by positioning 

the dispersion compensating fibre  Electronics Letters 1996 Vol.32 No.20 p i 907
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2.1 Introduction

This chapter discusses the theory of the mechanisms governing the propagation of 

optical pulses through an optical fibre described by the nonlinear Schrodinger equation. 

The nonlinear processes are introduced along with system parameters which can 

potentially mitigate their effects.

2.2 The Nonlinear Schrodinger Equation

The derivation of the NonLinear Schrodinger Equation (NLSE) from Maxwell’s 

equation relating electric field to the induced (nonlinear) polarisation is outlined in 

Appendix A. The resulting description of electric field amplitude A(z, 7) takes the form:

dA a  d^A 1 _ d^A

where z is the distance propagated along the fibre, with time transformed into a relative 

time, T - t -  zA , which is a frame of reference moving with the optical pulse(s) at group 

velocity Vg. The coefficients on the right-hand side are a, the power loss in the fibre in 

km  ’, p2 and the second- and third-order dispersion parameters in s'^/km and s Vkm,

respectively, and % the nonlinear coefficient in km ’mW ’.

If the reference time is normalised by the initial 1/e-pulse width, T^, such that t=T/T^, and

the field amplitude by the input power through the relation U(z,t) = A(z,T)/^/P^ the 

NLSE is modified to

dU _ a  .sgn(p^)d^U , sgn(P^)d^U , .\U\^
——  —------u — I  ̂ T H---------------— r  "r I-----
dz 2 2Ljj dT 6L ,̂ dx

where sgn() is the signum function and the denominators of the right-hand side are 

different scale lengths given by

p2 ^3 1
=  (2 .2)

i f t i ’ "  i f t i ’ “  K



referred to as the dispersion length, second-order dispersion length and the nonlinear 

length, respectively. These characteristic lengths indicate whether the nonlinear or the 

dispersive effects will be important within a system. The larger these lengths are 

compared to the fibre length or each other the less dominant their effect will be on pulse 

propagation (i.e. their corresponding terms in equation (2.1) will become negligible). For 

example, if and «  L  then dispersion will be the dominant effect within a

length L  of fibre. When the lengths are comparable no one effect dominates and the 

interplay of the effects determines the evolution of pulses along the fibre. Unfortunately 

equation (2.0) cannot be solved analytically for such systems and numerical methods are 

required [1]. Chapter 3 will discuss the numerical method employed to model nonlinear, 

dispersive transmission systems.

2.3 Linear Processes

The first three terms on the right-hand side of equation (2.0) are the linear 

mechanisms imposed upon the propagating signal: loss and second- and thirdorder GVD. 

In the following section the linear dynamics of pulse evolution are examined by setting the

nonlinear co-efficient, % equal to zero.

2.3 .1  Attenuation

With only loss present in the fibre the NLSE, equation (2.0), reduces to

which has the simple solution that the power in the fibre decays exponentially with 

distance

f  (z) = (2.4)

where Pq is the input power and z the distance along the fibre. In this expression the fibre 

loss has the units km ’ but is more commonly expressed in dB/km converted to these units 

through



a , /g =  l O a / l n C l O ) (2.5)

Fibre loss in the 1.0 -  1.8 |im  is a result of the intrinsic losses arising from Rayleigh 

Scattering (proportional to l/X )̂ up to 1.6pm and from far infra-red material absorption 

resonances beyond this wavelength [1]. The loss peak at 1.27pm and the larger peak at 

1.37pm shown in Figure 2.1 results from fundamental vibrational absorption peaks due 

to the OH hydroxyl group impurity (originating from water vapour contamination of the 

fibre) and separates the 2nd and 3rd “telecom windows” at 1.3 and 1.55 pm . Including 

extrinsic losses such as bending loss and splice losses when two fibre segments are co

joined the typical losses are 0.21 dB/km near 1.55pm.

Loss profile

1.3pm
window

0.4

■s
0.2

Intrinsic loss

wavelength (pm)

Figure 2.1 Spectral attenuation of a low-loss silica fibre, [2].

2 .3 .2  L oss-L im ited  D istance

To be able to detect and differentiate between ZERO and ONE pulses, a minimum 

pulse energy is required at the detector. In a lossy system there will be a maximum 

distance beyond which the energy within a pulse will have been reduced, through 

attenuation, to the minimum energy. The minimum power required is expressed as

(2 .6 )

where is the bit-rate and E,, the minimum energy (the factor of one half accounts for the 

equal probability of the presence or absence of a pulse). For a given input power, the



maximum distance possible, or the loss-limited distance, is obtained by substituting 

P{z) = Pjnin ^ 0  -  ^in î"to equution (2.4) which gives

10 .

= - - l o g . „
V J

(2.7)

The advent of the optical amplifier has removed the loss constraint from fibre systems -  at 

the expense of introducing more noise to the system from amplified spontaneous emission 

[3] and increasing the build-up of the other deleterious effects of dispersion and 

nonlinearity.

2 . 3 .3  Effective Length

A common parameter which expresses the distance over which any nonlinear 

process is significant is known as the effective length, i.e. as the power falls 

exponentially with distance so the nonlinear term has increasingly less significance. It is 

defined as

4 ^ = ^   ̂ (2.8)
a

where L  is the fibre length in km and a  is expressed in the units km ’, e.g. with a fibre 

loss of 0.04835 km ’ (0.21 dB/km from equation (2.5)) and fibre length of 50km, =

18.84 km. As L  becomes large, ~ 1/a, and L  if  a  = 0.

2 . 3 .4  Dispersion

In an ideal, linear and lossless fibre with negligible higher order dispersion 

( 4  = 0) the NLSE simplifies to an ordinary partial differential equation

When transformed into the frequency domain by Fourier Transformation it becomes an 

ordinary differential equation

10



(2 . 10)

with the solution

A{co) = A{0,co)exp[^p^coh) (2 . 11)

i.e. due to dispersion the spectral components of the pulse undergo a phase change 

proportional to their frequency and the distance propagated. Applying an inverse Fourier 

Transform, from frequency back to the time domain, the solution for an evolving pulse is

A(z,T)  = ^  |A (0 ,m )ex p [Y ^2 ^"^“ ' ^ ] ( 2 . 12 )

2 .3 .5  G aussian  Pulses in D ispersive M edia

A particular family of pulse shapes is described by the super-Gaussian expression 

for pulse amplitude

A (0,r) = Aqcxp
(1-k/C) T

\  2 m

yTo,
(2.13)

where A,, is the initial amplitude, C is the so-called chirp parameter which imposes a 

phase distribution across the pulse. The m parameter specifies the order of the super- 

Gaussian (with higher orders having increasingly steeper pulse edges and more closely 

approximating a square pulse). Tg is the % intensity point of the pulse, which is related to 

the full-width at half maximum (FWHM) of the pulse by

T = 2 (21n(2))''" 7;, (2.14)

For a simple, unchirped Gaussian pulse, m=l  and C=0 in equation (2.13) then

A (0 ,r)  = A, exp (2.15)

/ /



which after Fourier transformation and application of equation (2.13) gives the amplitude 

of the Gaussian at distance z along the fibre as

A { z J )  = exp
2(T,^ -  ip ,z )

(2.16)

which is Gaussian in shape, but compared with equation (2.14) has changed in width by

T = Z
1 / 2

(2.17)

determined by the distance travelled down the fibre and the dispersion length, Lj^ (defined 

in equation (2.2)) and is independent of the sign of the dispersion, At z = the 

pulse width will have enlarged by a factor V2 compared to the input width. As dispersion 

increases so the dispersion length shortens and the pulse will broaden more quickly for a 

given fibre length.

Comparing equation (2.15) to (2.16) shows the phase has been modulated by the effect of 

dispersion. Writing the complex amplitude in the form |A (z,?)exp(/0(z,r))| reveals a time 

dependent phase term

- 1

J
(2.18)

The instantaneous frequency across the pulse, equal to the rate of change of phase across 

the pulse, can be expressed as

8(0 =  =
3(1) _  2sgn(j9 j(z/T ^) T

(2.19)

The frequency changes linearly with time across the pulse, either increasing or 

decreasing, dependent upon the sign of the dispersion parameter, and the pulse has 

become linearly chirped. Due to the frequency dependence of the propagation constant, 

P(cj), the spectral components of a pulse will experience different propagation times as 

they travel through a fibre. The difference in dispersion experienced by the spectral 

components, termed Group Velocity Dispersion (GVD) is related to the more commonly 

used chromatic dispersion, D^, through

12



D =
iT tC

~ Y
(2.20)

is measured in ps/nm/km at wavelength A (note the sign reversal between and P2). If 

D^< 0 then dispersion is said to be in the normal region, whereas D ^> 0 it is said to be 

anomalous dispersion. The longer (red) frequencies travel faster than shorter (blue) 

frequencies in normal dispersion whilst blue travels faster than red in the anomalous 

region. The resulting pulse is broadened as each of its spectral components (changing 

across the pulse) arrive at different times at the end of the dispersive fibre.

If the chromatic dispersion is zero then higher order dispersion must be included in the 

NLSE to describe pulse evolution. The second order GVD term, is related to the

chromatic dispersion slope, dD/dX, by

dD„ Atcc ^ ( 2 7 tc \
dX Pi + A" J f t (2 .21)

with the dispersion slope measured in ps/nm^/km. The effect of the dispersion slope is to 

produce asymmetrical pulse shapes with oscillatory leading or trailing edges depending on 

the dispersion sign [1]. The second-order dispersion length introduced in equation 

(2.2), gives the distance at which the effect of higher order dispersion becomes 

significant. In the majority of fibre the dispersion slope is around 4-0.07 ps/nm^/km which 

gives = 780,000 km, i.e. and is unlikely to play a significant part in pulse

distortion unless IDJ< 0.005 ps/nm/km.

2 . 3 .6  Chirped Pulses

The chirp parameter C introduced with the general super-Gaussian pulse equation 

(2.13) can have a significant effect on the evolution of pulse width. Applying equation 

(2.12) with equation (2.13), it can be shown that a chirped Gaussian pulse also remains 

Gaussian after propagation but the ratio of input to output width is given by the relation

14- +

/ 2

(2 .22)
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If Cp2 < 0 then the pulse width initially narrows to less than the width of an unchirped 

pulse (compare equation (2.17)) until the linear chirp from dispersion grows large enough 

to dominate and reverse the effect of the initial chirp. When C/3, > 0 the effect of initial 

chirp is to cause additional broadening of the pulses, more than when unchirped. The 

effect of chirp is summarised in Figure 2.2 where /3; > 0 (the normal dispersion region) 

for Gaussian pulses with initial positive, negative and zero chirp. For directly modulated 

lasers at 1.55p.m the chirp is usually about -5 to -6 and therefore any initial pulse 

narrowing will occur only in normal-dispersion fibre and excessive broadening will result 

in anomalous dispersion fibre. It is possible to reduce the initial chirp imposed on the 

pulses by externally modulating the laser output [4].

  C =  3

— -  C = 0

OX)

■o

0.5
Distance, z/L,

Figure 2.2 Broadening factor of Gaussian pulses initially chirped (C=±3) 
or unchirped (C=0) with propagating distance (normalised by the 
dispersion length G J in normal dispersion {p2 > 0).

2 .3 .7  D ispersion -L im ited  D istance

The two major contributions to dispersion in single mode fibre are from material 

and waveguide dispersion. Material dispersion is caused by the characteristic resonance 

frequencies of the medium which absorb the electromagnetic radiation through the 

oscillation of bound electrons. In fused bulk silica the material dispersion is minimal and 

the dispersion parameter falls to zero at 1.27pm, known as the zero-dispersion 

wavelength, A„, and is negative (D̂ . > 0, anomalous dispersion) beyond that 

wavelength. Waveguide dispersion, as its name suggests, results from the effect the 

confinement the waveguide has upon the optical mode propagating down the fibre. Its
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value, mainly governed by core radius size and the refractive index difference between 

fibre core and cladding, when added to that of the material dispersion can move the zero 

dispersion wavelength to longer wavelengths: to the 1.3)Lim or 1.55)iim low loss 

windows. The latter fibres are known as dispersion shifted fibre (DSF). Fibres originally 

designed to have a at 1.3|im have dispersion in the range 1 5 - 2 0  ps/nm/km at 1.55jam 

(due to the dispersion slope of +0.07ps/nm^/km) and are known as conventional or 

standard single mode fibre (SMF).

In system applications the effect of dispersive broadening is to cause inter-symbol 

interference (1ST) between neighbouring pulses as they spread out during propagation 

along the fibre. For chirped or unchirped pulses the broadening will eventually lead to 

errors as ZEROs are mistakenly detected as ONEs, and vice versa. To quantify the 

maximum amount of broadening that is tolerable in a transmission system a possible 

criteria is that at least 95% of the pulse energy must stay within its bit time slot. The bit- 

rate and fibre length, L, must then satisfy the relation (assuming the source is 

monochromatic or transform-limited) [5]

or if ^̂2 = 0 then the bit-rate and length must satisfy

This indicates the dispersion-limited distances available for fibre systems. The 

performance of three types of fibre, SMF (D^ = 4-17ps/nm/km)j(pS^(D^ = +1 ps/nm/km) 

and DSF at Xg {D^ = 0, dD/dX = 0.07ps/nm^/km) is shown in Figure 2.3. Over a 1000km 

length of fibre the bit-rate is limited to 1.7Gb/s in SMF, whereas approaches 5Gb/s in 

DCF (1 ps/nm/km) and is greatest in DSF {X^ which will accommodate a bit rate up to 

67Gb/s. Although equations (2.23) and (2.24) only apply to monochromatic and 

unchirped Gaussian pulses and give a best estimate of transmission distances in 

dispersive fibre, it is clear that dispersion must be chosen to be as low as possible to 

minimise the effect of linear pulse broadening.

The legacy of the first fibre optic networks, tens of millions of kilometres of which are 

installed world-wide, is that SMF was designed to have an operating wavelength of

15



1000

100

10

1

0
10 100 1000 

Distance (km)
10000

Figure 2.3 Dispersion-limited distances of fibre with dispersion of +17 
and +1 ps/nm/km and zero dispersion with +0.07ps/nmVkm slope.

minimum dispersion at l.Sjim  resulting in large dispersion in the 1.55|im region where 

the benefits of lowest fibre loss and optical amplification using Erbium-doped fibre 

amplifiers lie [3].

2.4 NonLinear Processes

The linear approximation of pulse propagation no longer describes pulse evolution 

accurately when high powers are present within a fibre; it cannot be assumed that the 

nonlinear term in the Schrodinger Equation, equation (2.0), in conjunction with high 

optical intensity is small enough such that it can be neglected. Today, greater power is 

available from laser sources and fibre amplifiers. Fibre amplifiers remove the loss 

limitations of fibre but do not regenerate the pulse shapes (which was previously 

performed in opto-electronic repeaters) thereby allowing nonlinear effects to accumulate 

on optical pulses as they propagate over the whole length of the fibre link. Higher bit- 

rates result in greater power within pulses and the use of multiple channel transmission 

within a single fibre further increases the optical intensity within the glass medium.

In silica fibre two nonlinear mechanisms affect channel propagation: the power 

dependence of the refractive index and stimulated scattering processes. The scattering 

processes have important consequences for the maximum allowable power for a single 

channel via Stimulated Brillouin Scattering (SBS) and affect the total power, total
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bandwidth and total system length through Stimulated Raman Scattering (SRS). The 

manifestation of the nonlinear refractive index, or optical Kerr Effect, appears in three 

forms: self-phase modulation (SPM), cross-phase modulation (XPM) and four-wave 

mixing (FWM). The first concerns the phase of a single optical channel and how it is 

affected by its own intensity. The second and third appear in WDM systems wherein the 

phase of one channel is altered by the intensities of the other channels (XPM) and where 

new frequencies are generated from the interaction of two, or more, channels (FWM). 

Spectral broadening associated with phase modulation can cause more rapid pulse 

broadening than that solely due to the chromatic dispersion present in the fibre. The 

generation of new frequerjcies-implies power is transferred from existing frequencies 

causing not only a decease origipal signal level, but a corresponding increase in 

unwanted power at the sameTofother, frequencies, i.e. noise.

2 .4 .1  Self-Phase Modulation

From equation.(2.2) with the second and third order dispersion parameters set to 

zero, the NLSE with normalised amplitude becomes

^  = — exp(-CK)|«7pf/ (2.25)
*

where a  is the fibre loss and the nonlinear length (inversely proportional to the input 

power), and has the solution

U(z, T) = U(0, r)exp[i^^,(z, n ]  (2.26)

where U(0,T) is the amplitude at input, z = 0, and the nonlinear phase term is given by

(l>,,{z,T) =  \U iO ,T f{ L ^ J L ,,)  (2.27)

with L ^ th e  effective length given in equation (2 .8 ).

The solution to pulse evolution shows that the intensity profile of the pulse, \U(z,T)\^ 

remains unaltered by the nonlinearity but the phase of the pulse is dependent upon the 

initial power through parameter and increases with distance, z, scaled by loss via the 

effective length, The phase is greatest at the centre of the pulse, T  = 0,
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^max -  ^ e jf I  ̂ NL (2 .28)

i.e. when the nonlinear length equals the effective length the maximum phase change is 

unity.

The instantaneous frequency across the pulse is given by the rate of change of phase

(2.29)

The pulse has been chirped: the instantaneous frequency changes across the pulse 

dependent on both the distance travelled and on the rate of change of intensity. Larger 

frequency deviations, or frequency broadening, will occur where the intensity is changing 

most rapidly, e.g. at the leading and trailing edges of pulses. If  we substitute the 

expression for super-Gaussian pulses (2.13) into equation (2.29) the chirp-induced upon 

the pulse is given by

8(û[T) =
2m  4 # ~T~

2m -\

exp
2m -\

4  ^N L J o . T\^o J
(2.30)

For higher order Gaussian pulses (higher values of m) the more square the pulses become 

and the greater they are chirped. Figure 2.4 displays the phase and chirp profile of a 

Gaussian (m=7) and super-Gaussian pulse {m=3) at The nonlinear phase

follows the shape of the input pulse intensity but the chirp has a more complicated 

behaviour. The leading edge of the pulses experience a reduction in frequency (red-shift) 

and the trailing edges experience a frequency increase (blue-shift), therefore broadening 

the spectrum of the pulse. With higher order pulses, chirping is evident only at the pulse 

edges and not across the pulse centre (where the intensity is constant). SPM thus causes 

frequency broadening of the pulse spectrum, a rough estimate of which can be found by 

obtaining the maximum frequency deviation caused by the nonlinear chirp from equation

(2.30) giving

(2.31)

For a Gaussian pulse, m = l, and initial spectral width Aco = 1/T 0̂ ’



(2.32)

i.e. the amount of spectral broadening is proportional to the maximum nonlinear phase 

shift (this does not hold for super-Gaussian pulses as their spectra are not Gaussian and 

Ao) 1/To but it allows an approximate calculation for the amount of spectral broadening 

pulses will experience).

The nonlinear effect acts to distort the phase across optical pulses. These phase variations 

in time manifest themselves as instantaneous frequency deviations across the duration of 

the pulse, i.e. the pulse has become chirped. The extent of the chirping is dependent upon 

the distance propagated and the intensity profile of the pulse; faster rises or falls in 

intensity give more pronounced chirping and correspondingly larger spectral broadening.

In an ideal, intensity modulated direct detection (IM/DD) transmission system, with a 

receiver bandwidth wide enough to pass the complete spectrum of the propagated signal, 

all the information contained within the spectrum would then be available with which to 

reconstruct the pulses. Intensity detection is insensitive to the purely phase modulating 

effect from the nonlinearity. But in practical systems the receiver will have a certain 

bandwidth which is not necessarily large enough to pass all the frequencies of spectrum 

of the nonlinearly chirped channel. The receiver filter bandwidth will be designed large 

enough to pass the majority of the signal but keep the amount of noise to a minimum and 

in a multi-channel system, small enough to reject neighbouring channels. The finite 

bandwidth of the receiver filter will cut off frequencies outwith its passband and, unless it 

has a flat frequency response, distort those which lie within. This loss and corruption of 

information will lead to distortions of the intensity profiles of the pulses and affect system 

performance. The preservation of phase information is vital for coherent transmission 

formats such as phase-shift keying: any variation from the ideal constant intensity level 

will directly affect the bit-pattem, placing more strict tolerance limits upon CW fluctuations 

[6].
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2 . 4 . 1 . 1  SPM In The Presence of Dispersion

If the dispersion parameter is re-introduced and the dispersion length is 

comparable to the nonlinear length, the evolution of pulses in this nonlinear and 

dispersive medium is qualitatively different than a purely dispersive or purely nonlinear 

fibre. The combination of the two effects is now examined.

Dispersion causes different optical frequencies to travel at different velocities through the 

fibre. As shown in the previous section the nonlinearity imposes chirp and broadens the 

spectrum of pulses. The increase or decrease in frequency will be met with an increase or 

decrease in velocity of those spectral components depending whether the dispersion is 

anomalous or normal.

In the case of Gaussian pulses it was demonstrated that due to the action of SPM the 

leading edge is red-shifted in frequency which travel faster in normal dispersion than the 

blue-shifted frequencies at the trailing edge which travel more slowly. A pulse therefore 

experiences greater broadening in nonlinear normal dispersion compared to its 

propagation within a region of linear dispersion.
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In anomalous dispersion the lower frequencies travel at slower velocities than the higher 

frequencies. For a Gaussian pulse, the red-shifted leading edge is slowed as the blue- 

shifted trailing edge travels faster. Instead of the pulse broadening, as in a dispersive 

medium, the pulse is narrowed. The SPM-induced chirp described by equation (2.30), is 

positive in value and has the opposite sign to the linear dispersion-induced chirp of 

equation (2.31) when P2 < 0, i.e. anomalous dispersion. If the magnitudes of the two 

chirping processes can be made equal then they may cancel each other allowing the pulse 

to travel through the fibre undistorted. This balancing act is obtained exactly in ideal 

lossless fibre for a particular pulse shape described by a hyperbolic secant and referred to 

as a soliton pulse. It was first suggested for use in telecommunications over two decades 

ago [7].

2 .4 .1 .2  Solitons

The soliton pulse shape is a solution to the NLSE, equation (2.3), for /j^< 0 and a  

= 0, found using the inverse scattering method [8 ]. The stability of these solutions, 

arising from the balancing of SPM and GVD chirp, over very large distances has made 

them particularly attractive for long-haul telecommunications networks. The stable pulse 

shape is in the form of a hyperbolic secant, with the peak power (mW) of the soliton 

pulse (in lossless fibre) given in relation to the fibre dispersion, (ps/nm/km) and pulse 

width T(ps, f w h m ) [1],

= 1.627 J  (2.33)

For higher dispersion or shorter pulses the peak power of the soliton must increase. If the 

power is high enough pulse shapes other than the sech^() curve can evolve into the stable 

soliton shapes. The loss encountered in real fibre tends to reduce the influence of SPM 

and cause the otherwise stable soliton to broaden dispersively. With the use of periodic 

amplification to boost the power, the pulses, which are no longer strictly solitons, can 

propagate in a stable manner. They are referred to as average-solitons [9]. This requires 

an increase in the peak power by the factor (span length over effective length) to

ensure the average power is high enough over the lossy fibre and to ensure stability. The 

peak power for the soliton pulse given in equation (2.33) actually describes the 

fundamental soliton. Higher M^-order solitons can be found by increasing the power by 

the factor These pulses exhibit periodic variation of shape and spectral distribution 

with distance over a period known as the soliton period (for the fundamental soliton there 

is a phase change of k/4 over this period) proportional to the square of the pulse width
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and inversely proportional to the dispersion. For average-solitons the amplifiers should be 

placed at distances less than this period to avoid the loss of power to dispersive waves. 

This conflicts with the desire for large amplifier spacings to minimise total system cost. 

With the dependence on the square of the bit-rate (inversely proportional to the pulse- 

width) lower bit-rates are favoured.

Another fundamental feature of solitons is that they can interact with one another. In 

particular, two soliton pulses with the same phase can attract one another and those with 

opposing phase repel each other. This imposes a minimum time separation between 

consecutive solitons, found to be at least five times their width [10], e.g. for a lOGb/s 

soliton transmission rate the pulses must be separated by lOOps and have a width no more 

than 20ps, with higher transmission rates demanding narrower pulses. The necessity of 

pulse spacing demands that retum-to-zero (RZ) transmission is used rather than the non- 

return-to-zero (NRZ) format employed in conventional systems.

A fundamental limit to soliton transmission appears as a result of small perturbations in 

power across the pulses due to the addition of ASE from the optical amplifiers. The slight 

variations in power nonlinearly modulates the refractive index which in turn leads to small 

timing variations in the arrival of the frequency components of the pulses as a result of the 

fibre dispersion. With increasing lengths of fibre or smaller pulse widths/higher bit-rates 

the timing errors can become severe, leading to errors at detection: the effect is known as 

Gordon-Haus jitter [11]. To alleviate this problem use has been made of narrowband 

filters to partially remove ASE noise [12] and so reduce the jitter. The effect of jitter is 

reduced but eventually limits transmission as the filters themselves introduce a loss 

component to the system which requires increased gain from the amplifiers and increases 

ASE noise. An elegant improvement on this design was to gradually move the central 

frequency of each successive filter [13]. The nonlinear soliton re-adjusts it central 

frequency to that of each filter leaving the linear ASE noise at the original frequencies, 

which are conveniently filtered out. The sliding-filter approach has also been used in 

WDM soliton systems to reduce the timing jitter incurred when the pulses of different 

channels “collide” (pass through one another due to dispersion [14]. The use of the 

nonlinear effect of SPM to improve system performance is a superior advantage of the 

soliton approach since it removes the need to overcome SPM and GVD interaction. 

Although standard fibre has anomalous dispersion at 1.55|im, its high dispersion 

(~20ps/nm/km) would require large signal powers to achieve stable soliton propagation, 

e.g. at least lOdB more peak power than that required by DSF of 2ps/nm/km. The work 

in this thesis concentrates on conventional NRZ systems for short and medium-haul 

transmission distances particularly over dispersion managed SMF. The potential of
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soliton long-haul systems is outside the remit of this study although the dispersion 

managed soliton work will be discussed later.

The combination of GVD and SPM produces phenomena quite different from solely linear 

or purely nonlinear fibre. For IM transmission formats the optimum transmission 

wavelength should be at the zero dispersion wavelength: phase modulation and the 

associated frequency broadening from the nonlinear chirping will not be converted into 

amplitude distortions because of the absence of GVD (higher order GVD excepted) 

Unfortunately, operating at the zero dispersion wavelength in the presence of amplifier 

noise or in multi-channel systems is the worst possible condition in terms of the nonlinear 

Four-Wave Mixing effect, which will be discussed in Section 2.4.3. As mentioned 

earlier, higher order GVD or the dispersion slope, causes asymmetrical pulse broadening 

and will also occur in the presence of SPM. But SPM induces spectral broadening, and 

the spectral components, although centred about will spread into regions increasingly 

dominated by the lower order, chromatic dispersion.

In standard fibre i.e. the large dispersion will dominate the effects of SPM (for

moderate input powers). To combat the effects of accumulating dispersion, dispersion 

management techniques (see chapter 4) have been developed which extend the 

transmission distances to lengths comparable with, and greater than, the nonlinear length. 

The interaction of SPM and GVD within such fibre systems will be more complex leading 

to more complicated pulse behaviour which can no longer be studied exactly with analytic 

techniques but can be modelled accurately via numerical simulation.

2 .4 .2  Cross-Phase Modulation

When more than one channel is transmitted over the same fibre the intensity 

dependent refractive index will vary according to the intensity of the total field 

representing all the channels. The phase modulation experienced by a particular channel 

will depend upon both its own intensity (SPM) and the intensity variation of all the co- 

propagating channels (XPM). The nonlinear phase term from SPM given by equation 

(2.27) can be extended to include the XPM terms in an N channel system

(2.34)
'V;

The first term arises from SPM and the last term is the contribution from all other 

channels. The factor of 2 reveals that XPM is twice as effective as SPM for the same
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intensity and arises from the number of terms that contribute to the nonlinear polarisation 

(see Appendix A); when the channel frequencies are non-degenerate the number of terms 

doubh^ j

For coherent modulation formats the influence of XPM can become critical as the phase 

distortions increase with the number of channels, limiting the allowable power 

fluctuations in a channel or the maximum allowable power per channel [1]. For IM/DD 

schemes the influence of XPM would seem less serious but by inducing further phase 

modulation which causes frequency chirp the spectrum will be broadened. As for SPM in 

non-dispersive fibre (D  ̂ = 0 ) the phase modulation disappears after the square of the 

magnitude is formed at the (intensity) detector but in dispersive fibre the GVD will act 

upon the broadened spectrum giving rise to pulse distortion.

Pulse distortion through XPM will be dependent upon the optical intensity variation of all 

the other channels and the pulses on all the other channels must spatially overlap the 

particular pulse in question. In a dispersive fibre the relative spatial positions of the pulses 

will change because the pulses on different channels travel at different group velocities: 

the pulses will walk through one another after certain distances. If the fibre attenuation is 

low enough over this distance such that the reduction in channel power is minimal, XPM 

will be minimised. The chirp induced by the leading edge of a pulse will be reversed by 

the chirp from the trailing edge. This suggests high dispersion or large channel spacing 

would minimise the effects of XPM.

By this reasoning, lower values of dispersion will have a longer walk-off distances, the 

pulses would not pass through one another as quickly, and a larger amount of XPM- 

induced chirp would still be present. The chirped pulses would then continue through low 

dispersion, where there is less difference between velocities of the induced spectral 

components and therefore low phase-to-amplitude distortion. In regions of high GVD, the 

pulses would walk through one another in shorter distances, reducing the resultant XPM- 

induced chirp. Any residual chirp would then interact with the higher values of dispersion 

giving rise to phase to amplitude distortion. This can be quantified by the walk-off 

parameter and the walk-off length. The walk-off parameter, d^, is the difference in the 

reciprocals of group velocities, v , of the two carrier frequencies

 ------------ (2.35)

which can be used to define a walk-off length
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K  -  r f j  (2.36)
K \

As with the other characteristic lengths, a particular effect will dominate whether its 

characteristic length is comparable to the fibre length whilst the other lengths are much 

larger. For two carriers spaced under lOnm apart < \0  ps/nm and the walk-off length, 

> 4m for lOGb/s Gaussian pulses. If the is much larger than L  then the XPM effect 

will induce chirping but the GVD will not necessarily distort the pulse shapes.

2 .4 .3  Four-Wave Mixing

Fibre four-wave mixing (FWM) is a parametric process whereby the fibre plays a 

passive role, mediating the interaction between several copropagating optical waves. 

Described quantum mechanically, photons from one or more frequencies are annihilated 

and photons at different frequencies are created such that the energy and momentum of the 

system are conserved. For four-photon or four-wave mixing, a photon is generated at a

frequency, a>4 , from the combination of three other photons with frequencies coj, and

such that a>4 = G), + cOj - g)*, with i j  and k taking the values 1, 2 or 3.

2 .4 .3 .1  The Undepleted Pump Approximation

FWM is the third nonlinear process resulting from the nonlinear refractive index, 

revealed in the expression for the nonlinear polarisation, equation (A.26) in Appendix A. 

For N  input waves, assuming the input fields are constant, i.e. A(z,T) = A (z), then 

substituting the nonlinear polarisation term into the NLSE and expressing the Xjhj 

nonlinearity in terms of the nonlinear coefficient index, 7, evolution of the wave 

amplitudes are given by a set of N  nonlinear, coupled wave-equations of the form

^ A ( z )  + f  A (z) = (z)exp(iA^z) (2.37)

for evolution of the field , with i, j,  k =  and where

A/L= #  +  C2 38)
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is referred to as the phase-mismatch parameter, di is the degeneracy factor which equals 1, 

3 or 6 depending on whether three, two or none of the interacting frequencies are the 

same. When none are the same the process is referred to as nondegenerate FWM, The

X *
, denotes all the permutations of i, j  and k  such that the combination of 

frequencies follows the prescription

û)i = CÛ- + Cûj - Cû̂ (2.39)

The seminal paper by Hill [15] introduced the undepleted pump approximation for FWM. 

The approximation assumes that the amplitude of the channels inducing FWM is much 

larger than the FWM amplitude generated such that there is negligible loss due to the 

FWM process. The power dependence of the input frequencies with distance is then 

determined only by the fibre attenuation,

= 4 ( 0 )  exp f — n=i, j, k  (2.40)
\  2 J

and equation (2.37) becomes

^ A ( z )  +  y A W  = i^ d ,A i(z )A j,(z )A l{ z )e x p ^ -^ a je x p (iA P z)  (2.41)

Integrating over the fibre length, L, with the condition that the initial FWM amplitude is 

zero, Afz=0) = 0 gives the solution

A(^) = ' ^ A ( z ) A ( z ) Y ^ j (^^2)

With the time-averaged power for the cw channels given by the FWM

power at the frequency after a fibre length of L is’

' This equation is given in the M KS system  o f  units and care m ust be taken w ith the references as the 
majority work with electro-static units, esu. One system  is related to the other by [19]

r\2 =  480  / 100 c ' n / X i i i i  [c' is the speed o f  light in cm s ']
[m^AV] [esu]

26



P, (L) =  P, (0)Pj (0)P, (0) exp(-oL )
exp[(—Of + îA/3)L — l]

iAp -  a
(2.43)

where PJO) are the input powers at the frequencies a>„.

2 .4 .3 .2  Phase-Mismatch Parameter

The phase-mismatch parameter, Ap = p, + - pj -p^, quantifies the difference

between propagation constants of the FWM product and interacting channels in a 

dispersive medium. To obtain an expression for the phase-mismatch in terms of the 

dispersion of the fibre a Taylor Expansion of the propagation constants about the 

frequency/^, using the relations of equation (2 .2 0 ) and equation (2 .2 1 ) gives [16]

D. +
f x dP^

dX
(2,44)

where = \ f m ~ f n \  (^ .^  = and was later verified experimentally by the same

authors [17]. An efficiency of FWM generation can be defined relative to the case of zero 

phase-mismateh (with Ap set to zero in equation (2.43)),

77 =
a

+{ Ap y
1 +

4g-°^sin"(Aj8L/2)
(2.45)

In classical terms the efficiency describes the relationship between the three mixing 

frequencies and the nonlinear polarisation which generates the FWM products. As they 

move in and out of phase with each other, so the efficiency of production cycles through 

maxima and minima following the sin^ function given in equation (2.45). The two main 

physical parameters which determine the value of r\ are dispersion and channel spacing. 

Both reduce the FWM efficiency as they are increased. Far from the zero dispersion 

wavelength the chromatic dispersion dominates the contribution to the phase-mismatch 

and the dispersion slope only becomes significant as the dispersion value approaches 

zero. The effect of varying these two parameters is illustrated in Figure 2.5 for four 

different fibre types with dispersion varying from 1 ps/nm/km to lOOps/nm/km after a 

distance L=L^^ The sin^ term in equation (2.45) was set equal to one in these plots to give 

the worst-case FWM efficiency (otherwise the sinusoidal oscillations would be revealed, 

as displayed along side the 4th curve in the graph). In conventional SMF at 1550nm the 

dispersion has a value of about 4-17ps/nm/km and the FWM efficiency falls to below -
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20dB when the channel spacing reaches 40GHz. In contrast, the efficiency within DSF 

with low dispersion is greater = 1 or 4 ps/nm/km in this example). The channel 

spacing must rise to 140GHz for the 1 ps/nm/km fibre to lower the efficiency to the -20dB 

achieved in SMF. The worst-case efficiency for these fibres is summarised in Table 2.1 

for frequency spacings of either 50 or 100 GHz; the FWM process is over 30dB less 

efficient if the dispersion is raised from 1 to 100 ps/nm/km.

When at or very near the zero dispersion wavelength, X(, the FWM efficiency tends to 

unity and the wavelength range or channel spacing over which FWM can occur becomes 

very wide. Efficiencies of 100% were calculated for wavelength spacings of up to several 

nanometers at although from experiment the non-uniformity of X„ throughout real fibre 

reduced the maximum efficiency attained by some 40% [18].

 DSF ±1 ps/nm /km

 D SF ± 4  ps/nm /km
“  “ SM F +17 ps/nm /km  

D CF -100 ps/nm /km
- 1 0

-20

-30

-40

-50
fu ll analytic^  
expression

-60
300 400100 200

Frequency spacing (GHz)

Figure 2.5 The maximum efficiency of FWM (setting sin()= l in equation (2.45)) in 
four types of fibre (with dispersion ranging from 1 to 100 ps/nm/km) and with 
increasing channel spacing.

Fibre type ^ /  = A f =
(ps/nm/km) lOOGHz 50GHz

DCF (100) -44.5 dB -32.5 dB

SMF (17) -38.3 -26.2

DSF (4) -25.8 -13.7

DSF (1) -14.2 -2.4

Table 2.1 FWM efficiency within various fibres 
from fig. 2.5 for channel spacings of 50 or 100 
GHz.
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2 .4 .3 .3  FWM Induced Cross-talk

The FWM power of equation (2.43) can be re-written using the efficiency, 77, as

d,
F̂WM ~ ^ \  g l^ejf ^ (2.46)

If all input powers are the same, = Pq, then the FWM power is proportional to the cube 

of the input power: an order of magnitude change in input power causes three orders of 

magnitude change in the generated power. This leads to a level of FWM cross-talk at the 

end of a fibre given by

FW M

^FWM -  p -al (2.47)

with ^ PfWM  representing the total FWM power generated at frequency l=i+j-k. Note,
ijk

since «= Pq the cross-talk will be proportional to the square of the input power.

If the input channels are regularly spaced in frequency then the FWM products that fall 

within the system bandwidth will be generated at the original frequencies. This is 

demonstrated in Figure 2.6(a) for a simple three channel system. Compare a system with 

unequal channel spacings: the mixing products fall between channels. Figure 2.6(b).

The total number of mixing products generated by all possible combinations is given as

[19]

M  = -  N ^) (2.48)

e.g. with three input frequencies the number of products is 9 which rises to 90 if the 

channel number is doubled to 6 . The number of products generated and their relative 

frequency locations are shown in Figure 2.7 as the number of channels increase from 2 to 

32.
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F igure  2.6. Schem atic  o f  the ou tpu t sp e c tm m  o f  a 3 channel system  afte r  FWM 
genera tion  with (a) un ifo rm  and (b) n on -un ifo rm  channel spacing.
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Figure  2.7 N u m b e r  o f  FW M  products  at f re quency  pos i t ions  
relative to the central channel for  2 to 32 input equally  sp a ce d  
channe ls .
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The number of combinations which generate FWM power at a particular channel can be 

determined by a simple table [20]. Table 2.2 records the i and j  indices (of equation (2.39) 

of 7 uniformly spaced input channels with the value in the table giving the k index such 

that 1 = i + j - k  where / is the index of the generated FWM product. In this example, 1=4, 

i.e. the middle channel. The cases where i = k and j  = k  correspond to self- and cross

phase modulation and not FWM and therefore do not appear in the table. The degeneracy 

factor di is 3 for the diagonal k values and 6 for the off-diagonals. As the is already 

accounted for in equation (2.46), the i and j  indices are interchangeable, hence only the 

half table need be considered. The channel located at the centre receives the largest 

number of mixing products, and in the case of seven interacting channels 13 distinct 

combinations generate FWM power at the central frequency given by Table 2.2. The total 

FWM power at that frequency will be the square of the sum of these fourteen complex 

amplitudes, given by equation (2.47). If the optical lightwaves are incoherent and 

uncorrelated at the input then the square of the sum of amplitudes can be reduced to the 

sum of the FWM powers from each FWM combination.

Not every combination will have the same efficiency because the frequency separation 

between the interacting channels for each combination will be different; thus the total 

crosstalk will not simply increase, in this instance, by a factor of thirteen. By positioning 

the channels at frequencies with non-uniform channel spacing, see Figure 2.6(b), the 

crosstalk can be reduced to allow an increase in channel input power at the expense of less 

straightforward frequency allocation and an expansion of total bandwidth of the optical 

system [21]. A discussion of such a system can be found in the literature review of 

Chapter 4.

i / j 1 2 3 4 5 6 7

1 / = 2 3 4

2 1 3 4 5

3 2 4 5 6

4

5 6 7

6

7

Table 2.2. Channel frequency indices i, j and k giving FWM 
contributions at I = 4 for I = i + j  - k (from CO, = + cOj - cô ) for
seven uniformly spaced input frequencies.
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2 .4 .3 .4  Analytical Approximations

It has been assumed that the states of polarisation of the interacting waves were 

identical throughout the length of the fibre. In reality although the different channels may 

begin with the same polarisation their polarisatiogf^ will change due to extrinsic sources of 

birefringence, e.g. microbending of or pressure changes around the fibre. In the paper by 

Hill [15] the effect of linear polarisation was examined for the case of three interacting 

channels with either parallel or perpendicular polarisation, assuming the waves retain a 

linear polarisation state throughout the fibre. If all inputs are of the same polarisation the 

maximum FWM power is generated but drops by one third if the polarisation of one 

channel is perpendicular to the other. Generalising the analysis to real fibres, in which the 

states of polarisation can randomly fluctuate along the fibre length, was performed by 

Inoue [22]. Modelling the fibre as small sections of biréfringent fibre with randomly 

fluctuating axes of polarisation, it was found for degenerate and nondegenerate FWM that 

the efficiency dropped to a half or three eighths of its value, respectively, compared to a 

system where all channels have identical states of polarisation. Modelling the FWM 

process without the effects of polarisation leads to an over-estimation of the FWM 

efficiency but allows a worst-case scenario for spurious power generation from this 

nonlinear process.

A number of other approximations and assumptions have been made in order to obtain an 

analytical model of the FWM process. The undepleted pump approximation will not hold 

for larger signal powers above + 8dBm [23] as the input signals start to lose significant 

power from the FWM process and the generation of higher order FWM frequencies must 

also be taken into account. The analysis takes into account only monochromatic or CW 

sources, the effect of modulation is not modelled. Modulated channels have power 

distributed across its spectral components, lowering the power at the carrier frequency. 

To accurately model a number of modulated channels with non-negligible FWM 

(including the effects of XPM and SPM) a numerical solution to the NLSE is necessary. 

Even with these analytical limitations the important parameters for the FWM process have 

been established: the fibre dispersion and the channel spacing.

2 .4 .4  Modulation Instability

The time-stability of a CW light beam in nonlinear fibre is found to be dependent 

upon the sign of the dispersion [1]. Small fluctuations in amplitude arising from, say, 

noise generated in optical amplifiers act as the seed f o /  the ̂ s ta b il i ty . Employing^^sc
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perturbation analysis to a CW-pump beam in the time domain, a general solution to the 

(lossless) NLSE is stable \ Ï D ^ < 0  (normal dispersion) but unstable i f D^ >  0  (anomalous 

dispersion). The small perturbation exponentially grows at the expense of the CW pump 

with a gain spectrum given by [1]

= (2.49)

at an angular frequency Q. = 27if, from the (angular) pump frequency cOq, where 

-  4 )^0/IA |* Figure 2.8 gives the gain spectrum for a DSF and SMF fibre with +0.5

and +17 ps/nm/km and a nonlinear coefficient of 7  = 2 .1 6 x 1 0 ”  ̂ and 7  = 1.35x10"^ 

mW ’km ’, respectively, for three input powers, The gain maxima occur at

^max = ±

/  \ l / 2

(2.50)

which is inversely proportional to the square-root of the dispersion. The effect of 

modulation instability (MI) is to cause spontaneous break-up of CW beams (or quasi- 

CW, i.e. long sequences of ‘ONE’s) into periodic pulse trains with a period inversely 

proportional to the maximum gain frequency. The induced pulse trains in the time domain 

are the result of the parametric amplification at the two side-lobes of maximal gain given 

by equation (2.50) for a particular pump power and dispersion combination.

An alternative description of the MI process, but in the frequency domain, combines the 

effect of FWM, SPM and XPM. A large power CW pump and a weak signal injected into 

a fibre will result in both XPM of the weak signal by the pump, imposing a phase-shift of 

2 '^pL  and SPM of the pump, causing a self-phase shift of yP^L (the weak signal does not 

suffer significant SPM or impose significant XPM). Also, there will be FWM between 

the strong pump and the weak signal producing a third, idler wave positioned at an equal 

but opposite frequency from the pump. The efficiency of the FWM process is 

proportional to the phase-mismatch Ap and under the correct conditions this phase- 

mismatch can be equal and opposite to the net phase change generated by SPM and XPM 

leading to enhanced FWM. For this to occur > 0 and the pump-signal frequency 

difference must lie within a given range (proportional to pump power and dispersion as 

above from the time-domain analysis) [24].

33



.2e-2
5mW

;.0e-3

6.0e-3

4.0e-3 1 mWD£
2.0e-3 0.5mW

-300 -200 -100

frequency shift (GHz)
100 200 300

(a)

1.2e-2
.5mW

l.Oe-2

8.0e-3

6.0e-3
ImW

4.0e-3

2.0e-3

0
-50 -25 0 25 50

frequency shift (GHz)

(b)

Figure 2.8 Modulation Instability gain spectrum in fibres with 
anomalous dispersion of magnitude (a) 0.5ps/nm/km and (b) 
17ps/nm/km for three input powers.

But MI is not just phase-matched FWM because although power is transferred from pump 

to idler, the signal also grows, stimulating further power transfer and causing exponential 

growth (dampened only by pump depletion). The introduction of loss to the ideal system 

reduces both the power available as a pump and reduces the maximum gain obtainable. At 

lower power the FWM effect will dominate the MI process (lower XPM and SPM leaving 

only phase-mismatched FWM [25]).

This subtle combination of phase-shifting from both SPM and XPM and the FW M  phase- 

mismatch is negligible in multi-channel systems as all the channels have approximately the 

same power and therefore the amount of XPM and SPM will be approximately equivalent 

in each channel allowing FWM to dominate over MI.
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The MI process was originally thought to be confined to fibre of anomalous dispersion 

but in the presence of ppriodjc optical amplification it has been demonstrated that there can 

be MI induced in r e g ie s  normal dispersion [26]. The periodicity of the optical amplifiers 

gives rise to a periodic nonlinear phase-shift, related to yP where P  varies with distance 

due to loss. This can be viewed as a phase grating providing the phase-matching 

requirement for the FWM process (in place of that given by SPM and XPM in anomalous 

dispersion discussed above) when the perturbation frequency Ü  satisfies the Bragg- 

diffraction condition for gratings. Gain peaks then occur at

^2np

A  A
(2.51)

where m is the order of Bragg diffraction, is amplifier spacing and are the Fourier 

coefficients of the periodic loss function. This alternative mechanism for MI has similar 

gain to the anomalous process but a narrower gain bandwidth which is sensitive to 

imperfect periodicity of the amplifiers, i.e. variation in amplified span lengths removes the 

perfect phase grating and the phase matching condition suppressing the normal dispersion 

modulation instability [26].

2 .4 .5

2 .4 .6  Stimulated Scattering Processes

2 .4 .6 .1  Stimulated Brillouin Scattering

Local changes in density of a fibre core will cause scattering of incident light. 

These changes in density, i.e. refractive index, can be inherent in the fibre (causing 

Rayleigh Scattering) or can be localised variations due to acoustic lattice vibrations. A 

source of these vibrations appears from the high intensities of light within the core 

nonlinearly modulating the refractive index. The acoustic phonons then form diffraction 

gratings in the longitudinal direction of the fibre core. Light is efficiently (Brillouin) 

scattered from these gratings if the Bragg condition is satisfied:

2 A „sin e / 2  =  A„^/« (2.52)
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and are the acoustical and optical wavelength and n the refractive index. The 

maximum acoustic frequency (smallest wavelength) will occur when the angle between 

the direction of the input and scattered lights is n, i.e. back-scattering. By conservation of 

energy, as the acoustic vibrations have a wave velocity and the scattered light is 

Doppler down-shifted in frequency by the acoustic frequency, , or/^^ =

2nvjX„p. Stimulated Brillouin Scattering (SBS) can result when the beating between the 

input lightwave and the Doppler-shifted lightwave reinforces the sound-wave and the 

beating of the input lightwave and the sound-wave reinforces the Doppler-shifted 

lightwave. These two interactions give rise to a gain mechanism for the back-scattered 

light.

Associated with this process is a threshold power for the channel above which SBS gain 

occurs. In CW operation (and random polarisation state) the threshold is given as [27]

8ok'ejf

-H

AVg
(2.53)

where are the effective mode area, effective length and gain coefficient,

respectively, with Av„ and AVg the laser and spontaneous Brillouin linewidths, 

respectively. When the laser is non-retum-to-zero (NRZ) intensity modulated (IM) the 

expression for threshold is given by

CIV

C  = ------- ^ --------------- (2.54)
1------

O  A  W  \  /

If the bit-rate, is high then Av^/B^ ~ 0 and . For an IM source half the

power is in the carrier and the other half distributed throughout the sidebands. The low 

power in the sidebands contribute little to SBS hence the doubling of the threshold. A 

typical Brillouin linewidth is 50MHz for a doped silica fibre, with A^^ = 80|im ,

go = 4 x  lO'^cm/W  and a -  0.22dB/km (L̂ f̂ = 20km) and assuming AVg «  Av„ then 

limits input power to around 7dBm [28], [29], which increases to 12.56dBm for high bit- 

rate IM signals [27].

For a WDM system, the threshold power level is applicable to each individual channel, 

independent of the total number of channels. To increase the threshold some method of
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broadening of the linewidth is necessary. Simple linewidth broadening would result in 

signal degradation due to dispersion. SBS suppression can be achieved by adding dither 

to the source: by directly modulating the laser with a sinusoid at a frequency much lower 

than the low-frequency cut-off of the receiver, the effective linewidth is increased but the 

frequency modulation lies outside the receiver bandwidth. The threshold for the onset of 

SBS has been increased to 4-24.5dBm [30] using this technique. The limitation imposed 

by the nonlinearity can be removed by appropriate transmitter design.

2 .4 .6 .2  Stimulated Raman Scattering

Along with acoustic vibrational scattering, incident light can be scattered after 

interaction with molecular vibrations of the fibre medium. This interaction, which favours 

energy transfer from the short to the long wavelengths (high to low frequencies), is 

termed Raman Scattering. As with Brillouin scattering. Stimulated Raman Scattering 

(SRS) will occur if the proper conditions are met: the interaction of the Raman-shifted 

lightwave with the molecular vibrations, and conversely the interaction of the Raman- 

shifted light with the input lightwave, reinforcing the Raman-shifted light and molecular 

vibrations, respectively. The Raman gain coefficient, is dependent upon the

wavelength separation between interacting channels, shown in Figure 2.9 [31]. The larger 

the separation, the higher the gain, up to 15THz. The triangular approximation [32] 

allows the Raman gain to be simply stated as

y,"" =  for /A / < 15THZ

= 0 otherwise (2.55)

for coupling between the first (shortest wavelength) and the channel, with channel 

spacing A /and peak Raman gain
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7.0

0.0

Channel separation (THz)

Figure 2.9 Raman gain coefficient (solid line) as a function of wavelength 
separation with the triangular approximation (dotted line),

The most severe degradation will occur on the shortest wavelength channels. If each 

channel is operating at the peak power level, P, i.e. all channels have a bit value of ‘ONE’ 

in the same time-slot, then power is coupled to all other N-1 lower wavelengths. The 

fractional power lost by the first channel is given by

h  2A,„
(2.56)

If a maximum fractional power allowed to be lost on the worst channel is set at IdB, with 

the fibre parameters used in the previous section and = 7 x 10”‘" cmAV, substituting 

equation (2.55) into equation (2.56) gives [33]equation (2.55) into equation (2.56) gives [33]

W/’ - ( A '- l )  A / ' < 8.7 mW GHz-km (2.57)

where total interaction length, the total of the effective lengths in an amplified

system. The total power, total optical bandwidth and length for a WDM system must be 

within this limit to minimise SRS penalty, e.g. for an optical amplifier with a bandwidth 

of 4 THz the total power must be less than 108mW after one effective length of 20km 

(loss of 0.22dB/km). SRS poses a fundamental limit to system design, limiting the total 

power and bandwidth available from a fibre.
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A n a l y tic a l  M e t h o d o l o g y
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3.1 Introduction

The Nonlinear Schrôdinger Equation (NLSE) of equation (2.0) is a nonlinear 

partial differential equation which, unfortunately, can only be solved analytically for 

specific cases (e.g. when loss is zero or if the nonlinearity is neglected). By employing 

numerical methods, the NLSE can be solved for the most general of cases, incorporating 

loss, dispersion and nonlinearity. The most common approach is that of the pseudo- 

spectral technique known as the Split-Step Fourier Method [1] which has been found to 

be faster than the alternative finite difference techniques by an order of magnitude [2 ].

The use of the numerical method allows analysis of the Kerr effect and its three 

manifestations, SPM, XPM and FWM in conjunction with the linear effects of dispersion 

and absorption encountered in transmission fibre. To simulate the consequences of these 

processes upon intensity modulated optical channels the model is extended to encompass 

the generation of the total optical field of all input channels (with their associated optical 

pulse trains), to model the amplification of optical signals (and the addition of optical 

noise) and to perform optical and electrical filtering of the transmitted signal at the 

receiver. Finally, two techniques to assess the performance of the transmitted channels are 

employed: the eye-penalty method [3] and by calculation of Personick’s Q-factor [4].

The principles behind the modelling of such a transmission system, the inherent 

limitations of the chosen method and validation of the model are now presented.

3.2 The Split-Step Fourier Method

For the numerical Split-Step Fourier Method (SSFM) the NLSE of equation (2.0) 

is re-written in the form

^  =  (d  + ^ U  (3.0)
dz  ̂ ’

where D and N  are the linear and nonlinear differential operators given by
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and

N  = ir\Af- (3.2)

The two operators can be assumed to act independently over a propagation distance dz, if 

dz is made sufficiently small [5]. The integration of equation (3.1) is undertaken in two 

(split) steps: first the nonlinear operator is applied, then followed by the linear operation. 

At the distance z+dz the complex field is given by

A(z  + dz) ~ exp(jzD j exp(jzÂ j A (z,T) (3.3)

where the exponential of the operators are defined by its power series expansion. The 

error in the approximation can be estimated using the Baker-Hausdorff relation for two

non-commuting operators dzD  and dzN  [6 ], expanding equation (3.3)

exp(<izÂjexp(<iz.Dj = exp dzN + dzD + ^ ^ ^ ^ N ,D ^  + ^ ^ ^  7V-D,[^7V,6 ]!-!-...
I  2  12 j

(3.4)

The error stems from the commutator { d z Ÿ ^ N , D y 2 ,  thus the error is of the second order

in step-size dz- The accuracy can be improved if the nonlinear operation for a whole step 

is performed at the mid-step of the linear operation, i.e. in a step of size dz,  loss and 

dispersion are applied after a distance of dz/2 the nonlinear operation for a whole step, dz, 

is applied at this point and then a further linear half-step applied. The schematic in Figure

3.1 illustrates this procedure. Then equation (3.4) is re-written as

A(z + dz) ~ exp(-y£>) exp^üfzTvj exp(-f-Dj A (z,T) (3.5)

and the error becomes proportional to the third power of the step-size.
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Dispersion applied (at half step) Nonlinearity applied (at full step)

z=0

Figure 3.1 Schematic of the split-step method with step-size dz. for 
the linear and nonlinear operations over the length of the fibre.

The exponential operation of e x p (y D ) is facilitated by transforming A(z,T) into the 

Fourier domain. The differential time operator d"/dT'' is then simply replaced by the 

differential frequency operator (icûf, i.e. the linear operator becomes just a number in the 

Fourier domain. This can be written formally as

exp(^T>) = 3  ' jexp  ^D (/ru )] 3 {A(z,T )} | (3.6)

where 3  is the Fourier Transformation. The numerical procedure is as follows:

• Until end-of-fibre:

• 1 For one half-step the field is Fourier Transformed,

multiplied by the linear operator then 

inversely transformed back to the time domain;

• 2 The nonlinear operation is applied for a whole step;

• 3 step 1 repeated for the second half-step.

Unless the step-size is made small enough, the approximation dzN  is less accurate and 

the nonlinear operation requires evaluation of the integral
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z+dzJ N { z ) d z  = ~ dz [iV(z) + N(z  + dz)^ (3.7)
z

using the trapezoidal rule, but it requires an iterative procedure to obtain the as yet

unknown value of N{z + dz) since A(z+dz, T) is unknown at the mid-segment z+dz/2. If 

the step size is made small enough the nonlinear operator can be approximated by a 

multiplicative factor equal to cxp(ij\A \^dz) avoiding the lengthier iterative approach. The 

algorithm of the SSFM was implemented in F O R T R A N , a listing of the code is given in 

Appendix B.

3.3 Split-Step Fourier Method Limitations

3 .3 .1  Fast-Fourier Transform Frequency Range

Implementing the SSFM requires the use of Finite Fourier Transforms (FFT) to 

convert the optical signal from the time to frequency domains and back again. It is 

important that the frequency range of the FFT encompasses the complete optical spectrum 

of the transmission system being studied, otherwise those components of the optical 

system which fall outside the FFT frequency range will re-appear, or be “backfolded” 

within, the FFT range at unphysical locations [7]. This is more than simply the Nyquist 

criterion of a frequency passband of at least twice the maximum frequency within the 

intensity modulated signal: for a multi-channel system in the presence of the nonlinearity, 

the possibility exists for frequencies to be generated far outside the initial system 

bandwidth due to FWM. For example, an N  channel system centred about with 

uniform channel spacing of A f  has a system bandwidth of ( N- l ) A f  from 

1 )/2A f to f^^= fo+ (N -l )/2Af, but in the presence of FWM many new frequencies will be 

generated. Using equation (2.39), the FWM frequencies will extend from/^,y^=2/^,.„-/^^^ 

to ffwM=^fmax~ fmin whlch rosults In a bandwidth three times larger than the input 
bandwidth of the system. Although the efficiency of FWM (equation (2.45)) may be 

lower at these extreme frequencies (due to dispersion or large channel spacing) their 

contributions may not be negligible. Hence the total bandwidth for the simulation must be 

set to at least 3 times the bandwidth of the transmitted optical system to ensure accurate, 

physical simulation [8]. This has important implications for the length of bit-streams and 

bit-rates possible in a simulation, given some constraints on computer memory and 

computational time.
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The time-frame, 7}^^, of the optical field will be determined by the bit-rate, and the 

number of bits, studied, i.e. = 1/Bĵ n,̂ -̂ .̂ In the FFT the (relative) frequency 

range extends from to (centred about / = 0 ) and is related to the number

of array elements holding the field data, and to the frequency resolution, determined 

by 7}^^ through the following relations

A /.„ = = ± ^ A / „ ,  (3.8)
fram e

Efficient computation of the FFT is achieved if (where n is an integer). With a

set number of bits, a lower bit-rate results in higher frequency resolution but a smaller 

frequency range (given a particular computational array size). If large optical bandwidths 

are required, e.g. large numbers of channels with wide channel spacings, the array size 

increases exponentially and computational time will increase accordingly. Noting the 

above requirement for the FFT bandwidth to be at least three times the frequency range of 

the transmitted optical system bandwidth, lower bit-rates are even more computationally 

demanding. As an example, given four lOGb/s intensity modulated NRZ channels 

separated by 100 GHz, with just 8 bits in the bit-stream of each channel and 

equalling 512 then /^^^=±320GHz. But the system bandwidth is 300GHz (±150) 

therefore the FFT would not encompass the extreme FWM products that may be 

generated: » must be increased four fold to ensure the generated products lie within 

the FFT range. If the bit-rate is halved then the frequency range of the FFT will be 

halved. Hence either » must be doubled or the number of bits modelled halved 

(halving the time frame).

When an optical system is modelled particular attention must be paid to the influence these 

parameters, especially bit-rate, total system bandwidth and the computational array size, 

to minimise error from the numerical method and ensure only physical effects are 

modelled.

3 .3 .2  Step-size Effect

As highlighted earlier, in Section 3.2, the magnitude of the step-size parameter 

must be set small enough so that the errors associated with the numerical approximation 

are not too great. Too small a step-size however, although producing very accurate results 

would needlessly lengthen the computational effort and time.
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In [9] simulation was performed for single channel transmission and an upper bound to 

the step-size was set by the condition that the nonlinear phase-shift (proportional to 

power) due to self-phase modulation (equation (2.27)) must not exceed n  mrad, ensuring 

the amplitude distortion as a result of phase modulation in the nonlinear and dispersive 

system was dominated by the physical processes not numerical error. When more than 

one channel is present the magnitude of the step-size becomes even more important^. In 

multi-channel systems a stepsize too large can very easily over-estimate the effect of the 

nonlinearity within the system, specifically in the generation of FWM power.

The approximate analytical solution for power generated by four-wave mixing (see 

Section 2.4.3) reveals its oscillatory nature whereby power is continuously extracted from 

the input frequencies to generate the FWM power and then transferred back to the original 

frequencies over a certain distance, or beat length, proportional to 1/Af5 where Afi is the 

phase-mismatch parameter. With regard to the step-size, if it is much smaller than this 

beat-length then the transfer of power to and from the FWM products will be accurately 

calculated. Whereas, if the step-size is comparable to, or larger than, the beat length then 

the FWM power will be incorrect. Indeed, some resonance conditions may occur as the 

step-size matches the beat length, enhancing the FWM power at each step, i.e. when the 

sin^ argument of the FWM efficiency process (equation (2.45)) equals a multiple of 7i 

with L  replaced by the step-size, [10]

Ês.pL = \p^A,(û^dz = n 2 n  (3.9)

These unphysical resonances are analogous to the real situation where amplifier position 

can enhance FWM by appropriate location at multiples of the FWM beat length [11] (see 

chapter 4).

To examine the effect of the step-size on the generation of FWM power a simple 

transmission system is simulated with the step-size varied: two CW  channels spaced 

lOOGHz apart were propagated over fibre with dispersions of 5, 20 and 100 ps/nm/km. 

The first-order generated frequencies appeared at 100 GHz either side of the input 

frequencies, as expected. The FWM power at the end of the fibre for increasing step-size 

is plotted in Figure 3.2 (length given in the caption). It shows both the maximum step- 

size which gives accurate results and the over-estimation of FWM power (by 2 to 5 orders 

of magnitude). As the dispersion increases so the FWM power diminishes (the phase- 

mismatch parameter increases, reducing FWM efficiency) but the maximum permitted

 ̂B rought to the author’s attention in discussion with C.Glingener, Univeristat Dortm und, D-44227 
Dortmund.
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stepsize decreases. For 5ps/nm/km dispersion there is negligible effect in reducing the 

step-size below 0.1km whereas for lOOps/nm/km it must be reduced to 0.01km. As the 

FWM beat length is inversely proportional to the phase-mismatch parameter, larger 

dispersion creates a smaller beat length and hence, as given in equation (3.9), the step- 

size must be reduced to avoid resonance and maintain numerical accuracy.

The effect of step-size has also been shown to cause Modulation Instability (MI) [12]. As 

discussed in Section 2.4.4 a periodic nonlinear phase grating allows phase matching for 

the MI process in normal dispersion fibres. In this instance the phase-grating is induced 

through the computational step-size, producing instability sidebands whose frequencies 

are inversely proportional to the step-size. The step size must be chosen such that the MI 

sideband frequencies occur outwith the spectral window of the computation.

48



le-I

le-2

l e - 3

«  le-4

le-5 X— 
0.001

ower) 
F W M  (upper)

0.1
S t e p - s iz e  ( k m )

(a)

(lower 
FWM (upper)

l e - 6 - k

0.1
S t e p - s iz e  ( k m )

(b )

ie-l

(lower)
FW M

0.001 0.1

S t e p - s iz e  ( k m )

(c)

F igu re  3.2 U pper antd low er first o rd e r  FW M  p o w er (a rb itra ry  
un its) as a fu nction  o f  the num erical step -size , fo r tw o 5m W  CW 
ch an n els  spaced  lOOGHz apart, afte r f ib re  w ith d isp e rs io n  a n d  
length  o f  (a) 5ps/nm /km  and 50km  (b) 20ps/n m /k m  and 5 0 k m  
(c) lO O ps/nm /km , 10km.

49



3.4 The System Model

3 .4 .1  Transmitter and Receiver Models

The transmission of data on an optical carrier is modelled as a train of intensity 

modulated (IM), non-retum-to-zero (NRZ) superGaussian pulses (see Section 2.3.5) 

following the method presented in [13] (alternative pulse shapes serve equally well, such 

as raised-cosine [14] or Bessel-filtered square-pulses [15]).

Each optical source is assumed to be an ideal externally modulated laser, and therefore, its 

spectrum is transform-limited (its spectral width solely determined by the modulating 

signal). The signals at the input in the time domain are given by

A{z = 0,t) = 4 % Y , a f i ( t - k T , )  (3.10)

where Pq is the peak optical power, is a random sequence of k bits, with a bit duration 

T,̂  (bit-rate Bj^=l/T^ and G(T) is the general superGaussian pulse shape given by 

equation (2.13) (without chirp) as

G{t) = exp
2

V

(3.11)

for a chirp-free pulse of order m. With m= 1.436 the pulses have a rise and fall time (10- 

90%) equal to one half the bit-period, r / 2 .

When more than one channel is transmitted the total field is the sum over all N  input field 

amplitudes given by equation (3.10) with a phase term proportional to their carrier 

frequency,/„, relative to some reference frequency,/(, [16]

Ar{0,t) = exp(2;r/(/„ - / o ) 0  (3.12)
n—\

Constructing the field amplitude requires the specification of the bit-rate and the number 

of bits, which together define the time-frame of the numerical algorithm. The bit-pattem is 

effectively repeated continuously in time, with the end of the last bit-slot leading into the 

beginning of the first.
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The various fibre parameters specified are fibre loss, length, chromatic dispersion and 

dispersion slope, the nonlinear coefficient and the effective area along with the reference 

wavelength, usually specified as 1.55pm.

After traversing the fibre and undergoing evolution determined by the NLSE, the optical 

channels are first filtered by a third-order “optical” Butterworth filter, with a 3dB 

bandwidth of 20GHz, giving a rejection-ratio of -25dB at 50GHz. The optical signal is 

then passed through an intensity, or square-law detector, and finally through a second- 

order “electrical” Butterworth filter with a 3dB bandwidth of 0.65/7^ [3].

3 .4 .2  Amplifier Model

The simplest of models is employed to describe the optical amplifier. The gain, G, 

of the amplifier equals the loss of the previous fibre span, i.e. G=aL^^^„. This

assumes a perfect device without operational dependencies on wavelength or power (gain 

saturation) and does not introduce noise to the system. This simplicity of the model 

allows insight into and understanding of the accumulative effects of nonlinearity and 

dispersion in periodically amplified fibre systems unburdened by, for example, the 

accumulation of amplifier noise which will necessarily complicate analysis of such 

systems. It has proven a useful modelling tool to explore the transmission limitations in 

fibre [8 ], [17], [18].

Besides amplifying the signal, an optical amplifier adds noise to the signal in the form of 

spontaneous amplified emission (ASE) [19]. To simulate the noise, ASE can be added after 

each amplifier by generating spectral components whose real and imaginary parts are 

independent Gaussian random variables. Their variance is chosen to produce an average 

noise power per amplifier given by [17]

7^=2»^/^(G -l)A r (3.13)

where » is the spontaneous emission factor (accounting for incomplete population 

inversion in the amplifier medium equalling unity for complete inversion). Here «^^=2. h 

is Planck’s constant, G is the amplifier gain (equalling the loss of the previous fibre span) 

and Af=Af^^^, the spectral resolution or bandwidth of one component of the discrete 

Fourier Transform. The model now incorporates ASE but does not incorporate effects of 

gain dependencies on wavelength or power found in real amplifiers [19]. The main
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concern of the investigations is the effect of the Kerr nonlinearities on single and multiple 

transmission and any interaction with the generated ASE. If the channels are transmitted 

with total power below that causing gain saturation then the simple gain-equals-loss with 

additive ASE model will be sufficient for the scope of the analysis. Inclusion of random 

ASE noise requires simulation of the system to be repeated several times to allow 

averaging of any interactions between noise and signal given the small number of bits 

usually considered.

3.5 System Performance: Assessment methods

The linear and nonlinear processes acting upon the transmitted optical signals may 

lead to significant degradation such that the original information is unrecoverable 

rendering the transmission system useless. To assess these effects quantitatively some 

methods are needed to characterise their impact. The two approaches taken in this work 

are derived from the eye-diagram of the optical channel under study, namely, the eye- 

opening penalty [3] and the Q-factor [4]. The former is a straightforward measure of 

system degradation. The latter can be related to the bit-error rate (BER) which has become 

a standard measure of system performance.

3 .5 .1  Eye-Opening Penalty

The eye-diagram is a commonly used metric when examining the amount of pulse 

distortion and hence system degradation imposed by the transmission system. It is 

generated by super-imposing the bit-stream repeatedly upon itself, each time shifting the 

stream by one bit-period. The schematic of an eye-diagram before and after transmission 

through a fibre is given in Figure 3.3: the initially open eye has closed as the pulses are 

distorted.
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(i) (ii)

F ig u re  3.3 S chem atic  o f  an ey e -d iag ram  (i) befo re  and  (ii) a f te r  
tran sm iss io n  w ith input (/,^) and ou tpu t (i„ )̂ eye  o p en ing  ind ica ted .

To quantify the eye-distortion the electrical eye-opening penalty (EoP) for IM 

transmission is introduced as [3]

EoP = 10 log
/  . \

\  'I’ /
(3.14)

where is opening of the eye (in power) at the receiver filter output with no fibre in place 

and is the opening of the eye for the particular system under study. The value of eye- 

opening can be taken either always at the centre of the bit or at the position within a bit 

period which gives the maximum opening [18]. In all subsequent analysis the latter 

m ethod is used.

Originally equation (3.14) was developed in the context of a purely dispersive system, 

with the assumption that if the receiver noise is unaffected by an increase in the signal 

level, the eye-degradation from chromatic dispersion could be compensated by an 

equivalent increase in signal. This will no longer hold in the nonlinear and optically 

amplified regime where an increase in signal to overcome the dispersion penalty would 

lead to greater distortion from nonlinear effects and optical amplification would increase 

the noise level (when signal-spontaneous beat noise dominates).

The eye-opening penalty (EoP) enables quantitative assessment of the amount of 

deformation from the perfectly open eye, hence characterisation of the effects of both 

dispersion and nonlinearity on the transmission of an optical channel. The EoP is used 

mainly without the addition of amplifier noise [3], [18], [20], [21] to identify and study 

the major underlying processes contributing to the degradation of system performance.

53



The complexity of analysis of transmission systems is reduced, unburdened by the build

up of ASE noise. The addition of amplifier noise will serve to add random fluctuations to 

the ZERO and o n e  rails of the eye-diagram. With eye-penalty measured as the maximum 

eye-opening between the maximum z e r o  level and the minimum o n e  level the EoP, the 

presence of noise will correspond to the worst-case of eye-closure, as noise raises the 

ZERO rail whilst lowering the o n e  rail in the eye-diagram.

3 .5 .2  Q-Factor

At the receiving end of the digital transmission system a decision level must be set 

to determine whether the incoming bit is a z e r o  or a o n e . With the element of randomness 

imposed on the signal through the addition of noise the detection of the z e r o  or o n e  levels 

will become characterised by a probability of error as the received signal fluctuates about 

the decision level. The associated probability of error, or bit-error rate (BER), arises from 

the sum of the probabilities of falsely detecting a o n e  when a z e r o  was transmitted, and 

vice versa, i.e.

BER = P(11 0 )p(0) + P (0  I l)p (l) (3.15)

where P(IIO) and P(Oll) are the conditional probabilities of falsely detecting a z e r o  or a 

o n e  and /?(0) and p{\)  are the probabilities of detecting a z e r o  or a o n e . This is illustrated 

in Figure 3.4 showing the two probability distributions for the z e r o  and o n e  levels, the 

decision level D  and the shaded region corresponding to the error. In short- and long-haul 

systems the standard maximum error tolerated is one error in 10^ bits, or a BER of 10 ^

[19].

Following Personick’s analysis [4] where the conditional probabilities are assumed to 

take on Gaussian distributions the conditional probabilities become

_ 1 f f 2 X
dx (3.16)
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Figure 3.4 Probability distributions of the ZERO and ONE levels 
(assumed Gaussian distributions with mean and standard deviation /J 
and CJ) with decision level D and shaded area corresponding to the 
bit-error rate.

where for the o n e  level, P=P{0\ 1 ) and

(3.17)

and for the z e r o  level, P=P(1I0) and

(3.18)

f.1  and G are the mean and standard deviations of the Gaussian probability distributions. 

Assuming the occurrence of a z e r o  or a o n e  is equi-probable, p{\)=p{0), and for minimal 

error the conditional probabilities are set equal, P{\\0)=P(0,\),  implies Q^= Qj=Q which 

gives

(7, +  Gr,
(3.19)

The Q factor relates to BER through the approximate expression

BER = exp (3.20)
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for values of g  > 3 [4]. For a BER = 10'^, Q = 6.

From the numerical model of optical transmission, the Q-factor of equation (3.19) can be 

found by calculating the mean and standard deviations for the z e r o s  and o n e s  from the 

bottom and top rails of the eye-diagrams, respectively.

In order to avoid excessive computation time the number of bits modelled by numerical 

simulation can be very low, e.g. 16 [18]. For a low number of bits intersymbol 

interference (ISI), caused by dispersion and nonlinearity, can dominate the shape of the 

pulse-train and therefore the noise distribution of the pulses leading to underestimation of 

the Q factor [22]. The neighbouring bits have influence over the shape of the pulse 

considered, e.g. whether the o n e  is solitary or embedded in a series of o n e s  will have an 

effect on that bit’s shape. With IM NRZ pulses and taking into account only the nearest 

neighbours, there are a possible 8 three-bit patterns: three o n e s , a z e r o  followed by two 

ONES, two ONES followed by a z e r o  or an isolated o n e , and a similar set of four when the 

middle bit is z e r o . If the ISI dominates the noise distributions then the original 

assumption of only two Gaussians for the z e r o  and o n e  levels will over-estimate the 

standard deviations and lead to a lower Q value (through equation (3.19). Assuming a 

Gaussian distribution for these eight patterns a BER for each can be calculated. A final 

BER which is the sum of the individual BER weighted by that pattern’s occurrence in the 

complete bit stream can be calculated [22 ], e.g. the pattern 0101011  contains two “010” 

patterns, three “ 101” patterns and also a “O il” and “ 110” (if the last bit is considered to 

lead into the first). If the bit pattern occurs only once in the bit-stream (unlikely when 

more than 32 bits are used) then its contribution is discarded as it will have no standard 

deviation. This improved technique for calculating the Q factor was incorporated into the 

numerical simulation.

3.6 Validating the Numerical Model

The split-step Fourier method is a tried and tested numerical algorithm for solving 

the nonlinear Schrôdinger equation [6 ]. The numerical algorithm of the simulator 

constructed for analysis of WDM transmission (Appendix B) has been tested against the 

analytical expressions for loss, dispersion and nonlinearity (specifically soliton stability) 

given in [6 ].

Results from simulation have also been compared to the work of others employing the 

analytical undepleted pump approximation (UDPA) for FWM [23] and another Split-step
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Fourier Method simulator [24]. Figure 3.5 shows the spectral components generated by 

each model for an unequally spaced three CW channel system after ten 50km spans of 

DSF (loss of 0.2dB/km, = +1 ps/nm/km, dispersion slope of O.OVps/nmVkm, n, =

2.67x 10'^° m^/W). The amplifiers, modelled as gain-equals-loss elements, are located at 

the end of the fibre spans in all but the last span. The input power is OdBm at input. The 

FWM components generated by each numerical model are in close agreement with each 

other (less than ±0.3dB) and in agreement with the analytical approximation, but less 

precisely (worst case within ± ldB ). Also apparent from the graph is one limitation of the 

UDPA approach: higher order FWM components are not generated. The higher orders 

appear within the numerical algorithm but, it must be noted, at much smaller power levels 

of around -VOdBm.
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Figure 3.5 3 CW inputs and FWM components generated after 500km of 
DSF from three separate models (a) undepleted pump approximation 
[23] (b) split-step method implemented by the author (c) split-step 
method implemented by [24]

To further highlight the limitation of the UDPA, two cw channels (6dBm per channel) are 

transmitted through lossless and dispersionless fibre and the total power of the input 

channels and the first, second and third order FWM products are calculated. The result, 

displayed in Figure 3.6, shows the level of FWM power increasing with distance. With 

zero dispersion, the waves are exactly phase-matched and FWM efficiency is unity 

(equation (2.45)). With no loss the input power does not diminish and the FWM steadily 

builds. The simulation and the UDPA are in agreement about the 1st order FWM levels 

until about 30km whereafter their values diverge. The UDPA begins to overestimate the 

FWM power level, higher order FWM products are not generated and the input signals 

are not depleted. The numerical model takes into account all these effects, most notably 

the nonlinear depletion of channel power as it is transferred to the higher order mixing 

products. Although in this case the fibre characteristics are idealised, the depletion of
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signal power can no longer be assumed negligible, particularly where FW M  is efficient, 

i.e. in regions of zero dispersion.

+ 1 0
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Figure 3.6 Evolution of total channel and FWM powers for an ideal, 
dispersionless and lossless fibre calculated from the numerical algorithm 
and the undepleted pump approximation.

To verify the eye-opening penalty calculation the simulation of a transmission system 

given in [18] nonlinear and lossless spans of was performed. A superGaussian pulse 

train was transmitted over 3000km of dispersion shifted fibre ps/nm /km). The

combination of dispersion and nonlinearity causes the pulses to broaden thus closing the 

eye. The rate of closure being power dependent as a result of the nonlinearity. The 

original graph from [18] is shown in Figure 3.7 alongside the matching results of the 

simulation used in this work.
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Figure 3.7. Comparison of eye-opening penalty with distance for a lossless fibre at three 
different peak input powers (a) from [18] (b) from author’s numerical simulation.
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Finally the Q-factor algorithm is tested against the analytical expression for Q. Within the 

simulation the Q value is calculated from the means and standard deviations of the ze r o  

and ONE levels obtained at the receiver, according to equation (3.19). Marcuse [25] 

derived an analytical expression for Q, assuming the Gaussian approximation of the noise 

distributions, in terms of the signal-to-noise ratio (SNR)

Q =  (3.21)
-j2SNR + l + l i  B,

where and are the optical and electrical filter bandwidths at the receiver. The SNR 

is given by

p
SNR  = ------------ ^ -----------  (3.22)

where is the peak signal power at the amplifier output and the denominator is the 

total noise power from the amplifiers, which have gain G at frequency v. is the 

spontaneous emission factor related to the population inversion (n^^= 1 for full inversion). 

The amplifiers considered in this study have 2.

A number of simulations were performed in which a signal was transmitted over linear 

and dispersionless but lossy fibre. After each span of fibre an optical amplifier boosted 

the signal with a gain equal to the spans loss (15.6dB), adding the appropriate amount of 

noise per frequency component, as given by equation (3.13). After each amplifier the Q 

factor was calculated from the distributions of the noise around the z e r o  and o n e  levels. A 

superGaussian bit sequence of “0101...” at three bit-rates, 2.5, 5 and 10 Gb/s were 

“transmitted” over the fibre. In each case the time frame, and therefore frequency 

resolution, of the simulation was kept constant at 12.8ns, i.e. 128 bit periods at lOGb/s 

which halves as the bit-rate halves. The evolution of Q for the numerical and analytical 

method is compared in Figure 3.8. The simulation at each bit-rate was performed ten 

times and the average Q value determined after each run was plotted.

The curves display interesting properties. After 20 spans the difference between simulated 

and analytic Q values becomes minimal. The analytic value is always greater converging 

on the averaged simulated value to within one standard deviation. At lower span numbers 

there is a larger difference in the Q values, which is also greater for lower bit-rates. As the 

number of bits increases with bit-rate (given a constant time frame) so the number of 

sample points for calculating the means and standard deviations increases and the
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distributions will tend towards the expected normal distribution. With lower bit-rates, 

thus less bits, the standard deviations and means will be more intolerant to the 

randomness of the added noise, giving wider variation in Q. Since the noise level 

increases with the number of spans so the fluctuation of the field across each z e r o  and 

ONE, due to the additive spectral noise, converges promoting a Q value corresponding to 

the analytic expression.

The implication for the simulations is that a large number of bits must be modelled to 

ensure accurate Q values are obtained, e.g. 800 bits (25 x 32bit simulations) [26]. 

Fortunately this is possible at higher bit-rates easing the computational effort required to 

simulate the performance of a transmission system. At lower bit-rates a larger number of 

simulations must be performed to maintain accuracy. With greater numbers of amplified 

spans there is better convergence of analytical and simulated Q values for a set number of 

simulations; medium to long-haul links need a lower number of simulations than short- 

haul links.
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3.7 Modelling Capabilities

The existing optical fibre transmission model does not incorporate the stimulated 

Brillouin or Raman scattering processes introduced in the previous chapter and assumes 

the signal propagates in only one state of polarisation.

The nonlinear Schrôdinger equation considers only the forward direction of light 

propagation and does not take into account the back-scattering of light in fibre caused by 

SES. But, as shown in Section 2.4.5.1, the power threshold of SBS increases if a carrier 

is modulated at higher rates and the scattering process can be effectively suppressed such 

that it is negligible. To incorporate SRS the NLSE must be extended to take into account 

the nonlinear Raman terms [6 ] but if the total bandwidth and power of optical systems 

considered is kept within the total bandwidth-power product given by equation (2.51) the 

SRS can be assumed negligible. The acceptable total power, before a IdB penalty from 

SRS must be taken into account, can be considerable: up to 4-23dBm if the channels are 

located across the whole optical amplifier bandwidth of 4.5THz.

With the exclusion of fibre birefringence the nonlinear interactions are be assumed to be 

the worst-case scenario -  in real fibre birefringence can affect the efficiency of nonlinear 

processes due to inefficient or non-existent coupling between the two polarisation 

components [6 ]. An important limit for very high bit-rate systems is set by the linear 

Polarisation Mode Dispersion (PMD). This dispersion arises through the unequal 

propagation constants of the fast and slow polarisation axes of the fibre. As birefringence 

is both intrinsic and extrinsically induced the effect can vary over time and a deterministic 

description of the effect of PMD is not possible. Analysis of the effect by simulation 

requires repeated simulation with randomly generated birefringence variations and then 

^isdcal analysis of the results. The effect of PMD is discussed in the next chapter where 

;ts are shown to be minimal on low to medium bit-rates.
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4.1 Introduction

By considering only the dispersion of the transmission fibre future optical 

transmission systems can be broadly divided into two categories: transmission over 

standard fibre (SMF) or through dispersion-shifted fibre (DSF). The distinction between 

the two fibre types at the 1.55|im wavelength (where the benefits of erbium-optical fibre 

amplifiers (EDFAs) are obtained) is an important one: SMF dispersion is high, between 

+15 to +20 ps/nm/km (240nm from its zero-dispersion wavelength of l.Sjim ), whereas 

DSF was designed to have low to zero dispersion at around 1.55)im.

Although SMF has high dispersion over the EDFA bandwidth, potentially limiting the bit- 

rate that can be satisfactorily transmitted, the fact that it is already deployed has made a 

strong economic case for seeking methods to fully utilise the bandwidth of these fibres. 

This review will primarily focus on the research undertaken to gain the optimum increase 

in SMF capacity, examining the dispersion compensation methods available and the 

conflicting demands that the various nonlinearities place upon the system parameters. The 

optimal design of such links encompasses a range of system parameters which may or 

may not be dependent on one another, especially within the nonlinear transmission regime 

encountered in high bit-rate, optically amplified links. The optimal fibre parameters which 

must be chosen are numerous: channel power, channel bit-rate, number of channels and 

channel spacing which in turn are dependent on the required system length, the type of 

dispersion compensation and the location of optical amplifiers. Much research has 

examined all or a subset of these parameters from theoretical to experimental systems. 

This review will examine what has been achieved with standard fibre and, in comparison, 

the advantages and disadvantages of using DSF as the transmission medium.

4.2 Single Channel: Dispersion and SPM Limits

The optical amplifier has provided the means to create a transparent optical 

network: transmission of optical signals independent of bit-rate or transmission format 

through effectively lossless media. The removal of the loss limit of fibre has re-introduced 

dispersion as a limiting factor and allowed nonlinear distortions to the build-up through

out fibre links. With the push to higher bit-rates over commercial networks of 5, 10 and 

20 Gb/s the severe dispersion limit of the existing network of embedded standard fibre 

becomes immediately apparent. As discussed in an earlier section (2.3.7) the dispersion 

limited distance is inversely proportional to the square of the bit-rate, see equation (2.23).
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Quantifying the dispersion in terms of the eye-opening penalty (EoP) Elrefaie, et al. [1] 

showed that the IdB EoP distance can be expressed as

A.. -  (4.0)

at A=1550nm, with is ps/nm/km and the bit-rate, in Gb/s. For example in standard 

fibre a lOGb/s channel will suffer IdB penalty due to dispersion after just less than 60km. 

Naka and Saito [2] used the EoP to quantify the degradation imposed on a channel 

propagating over a dispersive fibre, periodically amplified in the presence of the single 

channel nonlinearity, SPM. The results defined regimes of operation where the IdB EoP 

incurred corresponded to the dominance of either the dispersion, the dispersion slope, the 

Kerr nonlinearity or a combination of these. The transmission distances for each regime 

could be expressed as a combination of the characteristic lengths, L^, and of the 

NLSE introduced earlier, see equation (2.2). The IdB EoP transmission distances for a 

lOGb/s channel are shown in Figure 4.1 as a function of fibre dispersion and various 

peak channel powers. Two regimes are illustrated: the transmission distance limited by the 

interaction of GVD and SPM (in this case the nonlinear length being shorter than the 

dispersion length), and the IdB EoP distance is given by

L„j=0.482(L^^,)’'̂  (4.1)

or, if limited by GVD alone (dispersion length being much smaller than the nonlinear 

length), Ljjg=0.6l6L^, (compare with equation (4.0)). The third regime, occurring where 

the transmission distance is limited by the interaction of second order GVD and SPM only 

(GVD is zero), gives distances off the scale of the graph as the IdB penalty length is 

given by

L,,, = 1.514” . 4 ” (4.2)

With a peak input power of ImW and dispersion slope of 0.07ps/nm^/km the IdB 

transmission distance for the 2"‘*-order GVD and SPM regime is of the order of 8000km. 

Such large distances can be explained by the nature of SPM: as a purely phase distorting 

effect, the spectrum is broadened due to nonlinear chirping of the signal and data encoded 

as intensity variations can be recovered at the detector since the phase information is 

discarded upon detection. The most obvious wavelength location for an
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Figure 4.1 IdB Eye-opening penalty transmission distances for increasing 
fibre dispersion and various peak input powers. After [2].

intensity modulated channel is thus the zero dispersion wavelength where only higher 

order dispersion can act upon the signal.

Unfortunately, the presence of noise with a strong signal at the zero dispersion 

wavelength gives rise to the possibility of the signal power being transferred to the noise 

frequencies through the process of FWM. Marcuse [3] demonstrated through simulation 

the effect of a single channel pumping the noise power through FWM when the carrier is 

placed at the zero dispersion wavelength. The spectrum before and after propagation at 

zero dispersion in the presence of amplifier noise is shown in Figure 4.2, alongside a 

similar system where the dispersion is non-zero but small (see figure caption for details). 

The initial spectrum becomes very distorted and broadened because of the enhancement of 

noise power via the FWM process at the expense of signal power. The addition of optical 

filters after each amplifier removes some of the noise but also some of the signal power 

transferred there by FWM. A more open eye was obtained in [3] if the filter bandwidths 

were increased -  but to the detriment of system, as the noise power passed to the detector 

was increased and the SNR correspondingly reduced. With only a small amount of fibre 

dispersion equalling -0.2ps/nm/km, corresponding to a wavelength shift of 3.85nm from

Xq, the FWM noise-pumping process is sufficiently suppressed that the channel can

propagate with much less distortion and the output spectrum is much less degraded. The 

important result is that for single channel transmission over nonlinear optically amplified 

fibre the zero dispersion wavelength should be avoided.
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spans, 10.5dB loss per span, 3rd order Butterworth filter after each gain- 
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4.3 Multiple channels: Avoiding Xq

Positioning a single channel at À,, in the presence of noise causes severe channel 

degradation because of FWM interaction between signal and noise which distorts the 

signal as power is transferred out to the noise components. When more than one channel 

is present within the nonlinear fibre the FWM interactions are dominated by channel- 

channel interactions because of their higher powers.

If one channel of a WDM system is positioned at it was found that one of the FWM 

products grows monotonically in power with distance, rather than the oscillatory 

behaviour experienced in dispersive fibre away from À,, [4] resulting in a steady depletion



of the signal and build-up of spurious noise. Also, the FWM efficiency remained high 

(greater than 90%) even as the channel spacing was increased to several nanometers if one 

on the channels was located at the zero dispersion wavelength [5] .

In real fibre systems the zero dispersion wavelength will not remain constant throughout 

the fibre. This non-uniformity of fibre dispersion was modelled in [6 ] with the result that 

the FWM efficiency was less than that predicted by the analytical model (which assumes 

uniformity); the local zero dispersion variation reduce the phase-matching of FWM. The 

order of the dispersion magnitudes along the link also affected the FWM efficiency, i.e. 

the dispersion map within the link influences FWM suppression. As the power, and 

therefore the potential nonlinearity, is highest immediately after the amplifier it is the fibre 

dispersion following each amplifier which determines the extent of the FWM interaction 

and subsequent degradation.

The simple analytic expression for FWM power generation, equation (2.46), breaks 

down when the fibre dispersion is non-uniform, over-estimating the generation of FWM 

power. Thus the analytic expression must be viewed as a limited model giving a worst- 

case scenario for channel interaction through FWM given a nominal fibre dispersion 

value. Analytic treatment of non-uniform dispersion fibre offers improved modelling 

compared to the worst-case scenario, e.g. a two-valued dispersion map [7] or extended to 

arbitrary dispersion maps [8 ]. Although ultimately limited by their treatment of the 

channels as monochromatic (i.e. C W ), generating only first order FWM and not taking 

into account channel depletion, they can be used as an indication of the strength of FWM 

to be found within a particular fibre system and whether it plays a dominant role in 

channel degradation.

The suppression of FWM signal and noise interaction by non-zero and non-uniform 

dispersion and the possibility of extended transmission distances by appropriate 

dispersion mapping pointed to the use of dispersion management as a convenient method 

by which the level of FWM present within a WDM system can be controlled and 

simultaneously remove the dispersion limit. Suppressing FWM in DSF by dispersion 

management has been proposed in a number of studies [3], [7], [9], [10] and for SMF 

[11], [12]. Before examining them in more detail the inclusion of the amplifier is 

considered.
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4.4 Amplifier Spacing - FWM Resonance

Periodic amplification can enhance the production of FWM dependent on amplifier 

spacing . This results from the nature of the FWM process which periodically transfers 

power to and from the signals and the FWM products. If the correct conditions are met 

the power transfer from signal to products can be enhanced. If the amplification occurs at 

the point of the cycle where power is about to be transferred into the FWM products then 

FWM will be enhanced, whereas, if the amplifiers are placed at locations along the fibre 

where power is transferred out to the products and at locations where power is transferred 

back to the signals the result of the FWM process will be minimised. The distance over 

which the FWM power transfer process occurs is governed by the phase-mismatch 

parameter, Af3. Refer to equation (2.45) for the dependence on ApL/2. The FWM 

efficiency is maximised, i.e. maximum power in the FWM products, when ApL/2 equals 

an odd number of n/2 and minimised when n is even. If the amplifiers are spaced at both 

odd and even multiples then the power is high whether products are being created or 

power is returning to the signals. If placed at only odd intervals the FWM power is 

amplified when it is maximal. The length for a complete cycle can be thought of in terms 

of a beat length of FWM, Lj^j^=2n/Ap.

Including this periodic amplification in the FWM process gives an extended expression 

for FWM power [14],

ŷL A^L/2)
3 sin^iApL/2)

with the additional term a result of the effect of the 7%,̂  amplifiers. The FWM power can

increase by as much as if the FWM products from each span add in phase at the

receiver. This increase in FWM power was experimentally confirmed in [15] with the 

conclusion that longer transmission lengths, and a corresponding greater number of 

spans, requires greater channel spacing to counter any increase in FWM power.

With the phase-mismatch dependence on channel spacing and dispersion a number of 

resonant and dissonant amplifier spacings will exist for a particular WDM system in a 

particular fibre. If the amplifier span length is fixed, and not necessarily constant, due to 

existing link constraints then the resonant FWM conditions will depend upon the fibre 

dispersion map and channel spacing. Kurtzke [11] examined a simple three channel 

system in terms of frequency spacing taking into account this resonant build-up of FWM 

over a set number of amplified spans of fibre. With a constraint on the maximum

70



allowable FWM crosstalk the maximum input power per channel could be calculated for a 

given channel spacing. The result for fibre with an average dispersion of 1 ps/nm/km 

showed slowly increasing maximum channel power with increasing channel spacing, and 

particular frequency spacings limiting the power to low values with some spacings 

allowing a much higher input level. These correspond to the constructive or destructive 

conditions of FWM with periodic amplification. Between the two extremes of possible 

input power lay “technically accessible optima” where incomplete FWM resonance takes 

place which can be accessed by practical systems. The fluctuation of fibre dispersion was 

shown to reduce the difference between the accessible optima and the worst cases. The 

nonuniformity increases the amount of incomplete resonance, increasing the FWM power 

and lowering the maximum input power allowed at the optimal spacings. With larger 

dispersion the phase-mismatch increases proportional to the dispersion, the FWM beat 

length becomes shorter and the cycle between maxima and minima of FWM production is 

more rapid as frequency spacing is increased. The accessible optima are obscured 

although the higher dispersion values raises the tolerable input power.

A worst-case scenario in WDM systems occurs if the FWM efficiency is maximised for 

all channel combinations: the best overall performance that can be achieved is then limited 

by the worst performing channel, i.e. the channel with the greatest FWM crosstalk. The 

crosstalk is the sum of all possible contributions from FWM landing on that particular

channel, each multiplied by factor for the amplifiers in the link. In [9] the fibre

management scheme modelled used DSF with low dispersion (±1 ps/nm/km). To reduce 

the crosstalk larger local dispersion and/or higher channel spacing was necessary. A 

dispersion compensation scheme for SMF with high local dispersion was analysed in 

[11]. Consisting of 25km amplified spans with the dispersion alternating between 

4-17ps/nm/km and -15ps/nm/km it was compared to a fibre with dispersion equal to the 

average accumulating value (i.e. +2ps/nm/km over two 25km spans) and found that the 

high local dispersion of the SMF and compensator was very effective in suppressing the 

FWM nonlinearity. Increasing the number of channels was possible as the additional 

(outer) channels had increasingly less interaction with the central channel (which 

experienced the largest crosstalk): the high dispersion combined with large channel 

spacings between centre and extreme reduced the FWM considerably. The FWM cross

talk thus tends to a maximum value on the worst affected channel to which additional 

channels contribute a negligible amount. This is an important conclusion for WDM 

systems with large channel number: FWM crosstalk in high dispersion fibre reaches a 

“saturation level” above which further channels make no significant contribution.
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4.5 FWM Suppression Techniques

The FWM process has been found to be a severe limitation to both single and 

multiple channel systems operating at or about the zero dispersion wavelength. Despite 

being the best location for a single channel to eliminate dispersion, the use of optical 

amplifiers instead of regenerational repeaters and the addition of channels for increased 

capacity has meant that the FWM effect is dominant. To allow an increase in the number 

of channels within such systems, yet keep the degradation due to FWM to a minimum, 

some method of FWM suppression is required.

4 .5 .1 .1  U nequal C hannel Spacing

The most effective suppression of the effects of FWM is the use of unequal 

channel spacing in WDM systems. First suggested by Waarts and Braun [16], and fully 

developed by Forghieri et al. [17] the method borrows from a technique used in radio 

systems to reduce the effect intermodulation interference [18]. The principle behind the / 

technique is quite simple. Firstly consider a uniform frequency spaced WDM system, the

FWM products within the system bandwidth will necessarily fall on the existing channels 

causing not only channel power depletion but an element of channel crosstalk. If the 

frequency separation of any two channels is assigned differently from any other pair of 

channels then no FWM products will be generated at any of the original channel 

frequencies. The unequally spaced channels experience power depletion due to FWM but 

not channel crosstalk. Referring back to the schematic of Figure 2.6(b) of Chapter 2, 

which shows the simple case of 3 unequally spaced channels -  none of the 9 mixing 

products fall upon the original signal locations.

To assign channels to the appropriate unequally spaced frequencies the available optical 

bandwidth is first split into n- slots of width Af. With the condition that no two slot pairs 

can have the same difference value and that the minimum channel spacing Af^= nAf, the 

channel locations (slot numbers) are then found such that the total number of slots is 

minimised to keep the required system bandwidth at a minimum. The problem of finding 

the optimal channel locations has required an exhaustive computer search [17] or, with the 

constraint that the total number of channels equals (p+1) where p is a prime number less 

than 37, by an algebraic method [19]. In either case, a lower bound on the optimum 

bandwidth of the unequally spaced system can be simply obtained from the requirement 

that each channel is separated by at least n slots and have distinct slot numbers.

a
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n

Beq (4.4)

where B^^=(N-J) Af  ̂ is the optical bandwidth of an equally spaced W DM  system [17].

After propagation through the fibre the optical filter/demultiplexer must be able to pass the 

signal located at slot but reject any FWM power in the neighbouring slots. The 

frequency stability of the transmitted channels becomes important: with some frequency 

jitter present on the input signals the FWM power will experience frequency deviations up 

to three times as great, inferred from equation (2.39) and reasoned in [20], hence the slot 

size, Af, must be large enough such that the influence of any jitter is negligible. To attain 

this requirement the frequency stability should be on the order of Af/10 with Af> IB  p. {Bp 

the bit-rate) and the minimum channel spacing of the order 105^. The resulting minimum 

number of slots between channels is 5 [17]. For a ten channel system the bandwidth 

needed is 1.8 times greater than an equally spaced system using these values and equation 

(4.4). Increasing the number of slots n within the system bandwidth would reduce the 

bandwidth factor but places tighter constraints on the frequency stability and filter 

characteristics (larger n for the same bandwidth gives smaller slot widths). For the 

conventional configuration the number of mixing products landing upon the existing 

frequencies reaches 30 (by the method given in Section 2.4.3.3) for the central channels 

whereas none appear at channel locations with unequal spacings [21]. This is graphically 

illustrated in Figure 4.3 where the arrows locate the channel positions.
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Figure 4.3 Number of mixing products generated by the FWM effect within the system 
bandwidth for (a) equally and (b) unequally spaced channels. The arrows point to the 
channel locations. From [21].
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The same authors and co-workers subsequently experimentally demonstrated the ability of 

the technique to suppress the deleterious effects of FWM with the transmission of 8 

unequally spaced lOGb/s channels [22]. The slot size was set at 25GHz and the minimum 

channel spacing was 125GHz (Inm). The maximum power budget was found to increase 

by a factor of 5 (7dB) compared to the conventionally spaced system. This allows a 

higher SNR or greater distances to be achieved. The channel performance was degraded 

at higher powers due to channel power depletion as the power extracted to create the 

FWM products became significant. More recent experimental results successfully 

transmitted 10 unequally spaced lOGb/s channels over 1200km of DSF using a slightly 

narrower slot size of 20Ghz [23], but with the same minimum number of slots between 

any two channels, 5, i.e. Af^= lOOGHz. In the former experiment, as a comparison, the 

total system bandwidth was kept constant for both equal and unequal channels spacing -  

and still the unequal channel spacing out-performed the conventional system (with larger 

channel spacing). The latter experiment had a system bandwidth of 13nm taking 

advantage of the wider and flatter bandwidth available from the particular EDFA’s used.

This highly effective method of reducing the impact of FWM is very useful in fibre 

systems where FWM is the dominant nonlinearity, i.e. in DSF with the WDM channels 

located near the zero dispersion wavelength. For a given system bandwidth (due to, say, 

amplifier constraints) the bandwidth expansion factor can be reduced if the minimum 

number of slots between channels is increased (slot size reduced). The trade-off being that 

the frequency stability of the channels must be higher and the filters/demultiplexers 

narrower. If devices with such improved performance are feasible then for a large number 

of channels, a large number of slots is desirable, see equation (4.1). For a small number 

of channels a larger bandwidth expansion may be acceptable in return for less stringent 

criteria on the stability and filter performance (lower minimum slot number). These 

considerations make the prospect of utilising unequal spacing more profitable. It must be 

borne in mind that the expansion of bandwidth will also affect the degree to which the 

system is influenced by SRS. From the expression for total power-bandw idth, equation 

(2.57), it is straightforward to find that doubling the system bandwidth will result in 

halving the limit of maximum allowable power per channel.

4 .5 .1 .2  Optical Phase Conjugation

Optical phase conjugation, or mid-span spectral inversion (MSSI), as a 

suppression mechanism for FWM was proposed and demonstrated for WDM 

transmission [24], [25]. Phase conjugation is performed by strong FWM in a DSF fibre 

between a pump wavelength at and the optical signal. The entire spectrum associated
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with all the channels is translated in frequency by FWM process and conjugated in phase: 

the phase is effectively reversed. This occurs at the mid-point of the transmission link. 

After filtering out and amplifying the conjugate spectrum it is transmitted through the 

second half of the fibre link. With the reversal of phase across the whole system spectrum 

the FWM process is reversed in the second half of the link, i.e. the direction of power 

transfer is from the mixing products back into the signal frequencies. By this method a 

lOdB reduction in FWM power was obtained at the end of the link for 3 cw  inputs. The 

technique was extended to an intensity modulated 3 channel WDM system [26]. Although 

the middle channel was located at the zero dispersion wavelength the FWM was 

suppressed over 30km of DSF giving only a 1.5dB penalty in receiver sensitivity 

compared with the back-to-back case. In principle the system could be extended for much 

larger distances only requiring that the phase conjugation occurs at the exact mid-point of 

the transmission system. Apart from the obvious drawback due to the complexity of the 

phase conjugation process, the system length cannot easily be extended unless by equal 

distances on either side of the phase conjugator.

4 .5 .1 .3  Polarisation

Inoue first suggested the use of the polarisation state of input signals to reduce 

FWM interaction by having each consecutive channel in orthogonal states of linear 

polarisation [27] reducing the possible FWM interaction between nearest-neighbour 

channels. Any natural intrinsic or extrinsic birefringence of the fibre along with random 

polarisation mode coupling would tend to reduce the effectiveness of this technique for 

limiting FWM. By imposing two incoherent and orthogonal states of polarisation on each 

signal Inoue [28] reduced the generated FWM power between two channels by a factor of 

3/8 compared to inputs with the same, constant polarisation state. The -4.26dB 

suppression of FWM has to be traded against a slightly more complex transmitter and 

receiver stage which requires polarisation de/multiplexing. With a specific polarisation 

allocation scheme sixteen channels were transmitted over a short length of DSF in [29]. In 

this scheme the orthogonal polarisations were determined such that the strength of the 

most dominant FWM interactions were reduced. The deployment of polarisation as a 

means of suppressing FWM in long haul fibre systems becomes more attractive when 

polarisation scrambling techniques are necessary to reduce the effects of polarisation 

dependent loss and gain within repeated amplified systems [30]. With the additional 

polarisation modulators already present for scrambling purposes using them to allocate 

polarisation states to reduce FWM would not dramatically increase the cost or complexity 

of the system.
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4 . 5 . 1 . 4  Delay Lines

An alternative FWM suppression scheme is one which introduces randomisation 

of the phases of each channel (by delay lines of varying length) at each optical amplifier

[14]. This disrupts the phase relations between the FWM components and the resultant 

FWM is reduced since the FWM power at the end of a fibre link is the sum of the powers 

generated by each optically amplified span and not the sum of FWM amplitudes. The 

disadvantage of the technique is that it requires additional demultiplexing, delay lines and 

multiplexing at each optical amplifier stage: adding complexity to the system reducing the 

flexibility for future upgrading of channel number or channel location. The idea of 

disrupting the phase relations of FWM was put forward in [31] by using a small section 

of SMF. When placed midway between two sections of DSF the correct length of SMF 

will cause a reversal by K of the phase of certain FWM products. FWM interaction 

between these products with their phase reversed causes their power to be transferred 

back into the signals. It would be impractical to insert the SMF at the midpoint of every 

amplified span and a given length of SMF will only suppress certain FWM products with 

the rest either partially suppressed or unaffected: each transmission link and particular 

FW M products would have to be optimised and suppressed appropriately.

4.6 Dispersion Management

Frustrating FWM generation in DSF by the use of small non-zero values of 

dispersion will incur the penalties associated with dispersion, especially after large 

transmission distances. A method of removing the accumulated dispersion over long DSF 

links is required. Similarly, operating conventional single mode fibre (SMF) in the erbium 

amplifier window near 1.55)iim (the majority of embedded fibre in existing telecoms 

networks around the world is standard fibre) removes the possible use of wavelengths 

close to the zero dispersion wavelength at 1.3|Lim. In principle reversing the build-up of 

dispersion is the same whether the fibre is DSF or SMF but in practice the magnitudes of 

accumulated dispersions are an order of magnitude apart, DSF dispersion ranges from 

approximately -6 to +6 ps/nm/km whereas SMF is only positive lying between +15 and 

+20 ps/nm/km across the erbium amplifier window. To utilise existing standard fibre at 

high bit-rates requires a compensation mechanism with high negative dispersion. Whilst 

networks using DSF are currently in the minority the fact that it can have both positive 

and negative dispersion around 1.55)im means that dispersion compensation can be 

supplied by the DSF transmission medium itself without the need for additional 

compensators [32]. Actual use of DSF to manage the dispersion in this way has been 

deployed mainly in new submarine transmission systems [33]. The management of
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dispersion either in DSF or SMF systems can conveniently suppress the production of 

FWM and compensate for the accumulation of dispersion. The presence of SPM in fibre 

which has significant local dispersion and is also dispersion managed and will have an 

impact on pulse evolution which may not be adequately described by the models given 

above in section 4.3. Before examining the effect of SPM and the other Kerr nonlinearity, 

XPM, possible dispersion compensation techniques are discussed.

4 .6 .1  All-Fibre Dispersion Compensation

As dispersion is a linear process a dispersive element which can impose equal but 

opposite dispersion to that encountered in a transmission fibre would reverse the linear 

effect. The simplest way to achieve this would be to employ the exact same length of fibre 

with equal but opposite dispersion (for both first and second order GVD). In the linear 

medium the dispersion induced chirp imposed upon the signal would be reversed and 

transmitted pulses returned to their original shapes. This method of dispersion control or 

management was first suggested nearly two decades ago [34]. A number of schemes 

employing all-fibre compensation have since been suggested and demonstrated: DSF links 

with alternating sections of negative and positive GVD [35], negative dispersion DSF 

compensated by SMF [36] and SMF compensated by highly negative dispersion 

Dispersion Correcting Fibre (DCF) [12].

In each case, if the transmission fibre is of length with dispersion and slope 

dDj. jd X  at X, then the delay per unit bandwidth or accumulated dispersion, measured in 

ps/nm, for the fibre will be

The compensating fibre is required to have equal and opposite dispersion hence the length 

of fibre required (neglecting for the moment the higher order dispersion) is

ĉomp
^comp

Z,; (4.6)

e.g. 50km of DSF at -2ps/nm/km requires 5km of SMF with +20ps/nm/km. Only one 

wavelength will have exact compensation of first order GVD unless the higher order 

dispersion is also taken into account. With an appropriate dispersion slope of opposite
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sign to that of the transmission fibre, compensation over the entire wavelength range of 

operation would be possible.

For a system consisting of sections of DSF with positive and negative dispersion the 

dispersion slope is usually positive for both fibres, hence it remains uncompensated, 

which is also the case for DSF compensated by SMF. Even with the slope 

uncompensated large transmission distances were achieved with 2""* order dispersion in 

the presence of SPM, as demonstrated in the earlier section with reference to [2]. Much 

research has gone into the fabrication of DSF with dispersion properties suitable for long 

distance WDM transmission: non-zero at the operating wavelength to ensure FWM 

suppression and minimal dispersion slope (dispersion flattened fibre) to avoid dispersion 

accumulation on extreme WDM channel transmission [37]. DSF with an absolute 

dispersion less than 4ps/nm/km and never zero in the 1.55pm range has been developed 

(“TrueWave” fibre) which is also referred to as non-zero DSF (NZ-DSF) [38]. Its use 

was demonstrated in a recent experiment achieving the transmission of 3 2 x  lOGb/s 

channels over 640km [39]. DSF with dispersion increasing from -6 to +4 ps/nm/km 

along its length has been fabricated and demonstrated to suppress FWM and allow 7dB 

more input power over a 25km span [40]. Other fibre has been developed specifically for 

lower nonlinearity by enlarging the effective areas to between 65 and 92 pm^ (recall the 

nonlinear coefficient is proportional to the ratio [411, whereas DSF usually has an

effective area nearer 50pm^, or by controlling dopant concentrations and effective area to 

ensure low ratio [42].

year (Gb/s) L (km) Bn L (G b/s.km ) Reference

1993 1 10 9000 90,000 [43]

1994 16 2.5 1420 56,880 [44]

1995 20 5 6300 630,000 [45]

1996 20 5 9100 910,000 [46]

1997 32 5 9300 1,488,000 [47]

Table 4.1 Largest bit-rate-distance product over the years 1993 to 1997 
from transmission experiment results using dispersion managed DSF.

Table 4.1 shows the bit-rate-distance products for transmission experiments over 

dispersion-managed DSF. Although the latest and longest length has not greatly increased 

from the 1993 distance and the bit-rate has reduced, the number of multiplex channels has

78



increased dramatically such that the total distance and bit-rates that are transmitted have 

grown fifteen-fold over 4 years.

Dispersion Compensating Fibre (DCF) was designed to counter the accumulation of 

dispersion in SMF [48], although it has since been used to compensate the dispersion in a 

link consisting of DSF [49]. As SMF already has high dispersion (+15 to +20 ps/nm/km) 

the compensating fibre must have a negative dispersion at least as large as SMF. To 

achieve the large and negative dispersion values requires careful selection of the fibre 

dopants at the fabrication stage [37]. The refractive index profile can be changed via 

core/cladding dopant concentrations. This results in increased fibre loss to around 

0.6dB/km, three times greater than the loss average loss found in SMF or DSF. To 

maintain single mode performance of such fibre the core diameter must be reduced. This 

results in effective areas as small as 25|im^ which has the knock-on effect of increasing 

the fibre nonlinearity.

The realisation of DCF with negative dispersion slope would ensure the future 

upgradability of this compensation method as the channel number and system bandwidth 

increases. In this case the magnitude of the slope must be larger than that of the SMF 

since the DCF length is proportionally smaller. DCF with negative slopes have been 

fabricated but with either lower dispersion or higher loss [50]. More recently commercial 

compensating modules have become available with slopes in the range -0.28 to -0.81 

ps/nm^/km [51].

To compare performance across different DCFs a Figure Of Merit was defined as the ratio 

of absolute dispersion to fibre loss, FOM  = expressed in ps/nm/dB [52].

Therefore high FOM  are sought after: either low fibre loss or high dispersion (and 

therefore a shorter length is needed which gives low insertion loss). FOMs are usually in 

the range 100 to 200 ps/nm/dB [53] with one fibre reported as having an FOM of 

418ps/nm/dB [54]. The limitation of the above FOM  to compensated systems within a 

nonlinear regime was highlighted by Forghieri et al. [55]. The FOM  only accounts for the 

increase in loss experienced by the introduction of the compensator but does not account 

for the increased nonlinearity which can occur as a result of the smaller core size of the 

DCF. Addressing this issue they proposed a new, nonlinear FOM, F^ ,̂ which 

incorporates the nonlinear coefficient (dependent on the nonlinearity in question) and the 

effective area, dispersion and loss of the DCF. Maximising this by fibre design would 

ensure improved system performance in terms of the system SNR whereas with the linear 

FOM  simply reducing DCF loss (increasing linear FOM) would give a corresponding 

increase in the effective length of the fibre, and lead to increased nonlinear interaction 

length.
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Since the first experimental trial of SMF compensation by DCF in 1992, where the 

aggregate-distance product was 275Gb/s.km (2 .5G b/sx  110km) the use of this type of 

fibre has become wide spread and a dramatic increase in standard fibre capacity has 

resulted as the technology for high bit-rate transmission has improved and WDM 

transmission has come to the fore. Table 4.2 lists the largest transmission capacities 

reported over the 5 year period since 1992. Although the total bit-rate-distance product 

has levelled off near 160,000 Gb/s.km, the 1995 result was obtained by adjusting the 

dispersion compensation for each channel after demultiplexing whereas the last two years 

did not perform such specific management of the dispersion per channel. The difference 

between the last two years has been the increase in channel number and/or channel bit-rate 

at the expense of shorter transmission distances. Compared with Table 4.1 for DSF, the 

largest bit-rate-product for SMF compensated by DCF is an order of magnitude less than 

the DSF dispersion-managed systems. It will be shown that this is the result of the large 

local dispersion of the DCF/SMF system in the presence of the Kerr nonlinearity.

year (Gb/s) L (km) Bn L (G b/s.km ) References

1992 1 2.5 110 275 [12]

1993 1 10 67 670 [56]

1994 1 10 360 3,600 [57]

1995 16 10 1000 160,000 [58]

1996 55 20 150 165,000 [59]

1997 32 10 500 160,000 [60]

Table 4.2 Largest bit-rate-distance product over the years 1992 to 1997 
from transmission experiment results using SMF with DCF compensation.

4 .6 .2  Chirped Fibre Gratings

Creating a linearly chirped Bragg grating within the core of a fibre is an alternative 

all-fibre method for dispersion compensation and one which is the main rival to the use of 

dispersion compensating fibre. Instead of one resonant frequency associated with a 

simple Bragg grating, the chirped grating is a series of gratings distributed along the fibre 

length which selectively couples frequencies into backward propagating modes at 

different points along the fibre. The difference in propagation time between two particular 

frequencies is designed such that the delay will be equal but opposite to the delay the same
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two frequencies experience from the dispersion accumulated over the transmission fibre

[61]. The gratings are compact, have low insertion loss and are polarisation insensitive

[62] but current fabrication techniques have been limiting the device length to -10cm  [63]. 

The length determines the maximum delay time of the grating and imposes a limit on the 

maximum bandwidth-dispersion product. Compensation of 600km of SMF by two such 

10cm gratings was predicted [63] and 10cm long gratings were used to compensate for 

200ps/nm over a 5nm wavelength range or 6000ps/nm across a bandwidth of 0. Inm  (i.e. 

single channel compensation) [64]. Recently the grating length has reached Im  with 3"̂* 

order GVD compensation designed to dispersion manage nearly 630km of non-zero DSF 

(~3.2ps/nm/km) over a 4.8nm bandwidth [65]. The chirped fibre grating technology 

competes directly with DCF as the future compensating method although DCF presently 

offers wider compensation bandwidth, higher order dispersion compensation and much 

greater vibrational and temperature stability.

4 .6 .3  Other Dispersion compensation Techniques

Using the high dispersion of higher order spatial modes in an optical fibre near its 

cut-off wavelength Poole et al. [66] obtained dispersion compensation of -770ps/nm/km 

at 1.55pm with partial compensation of the dispersion slope over an optical bandwidth of 

the order of an EDFA bandwidth. The method requires a highly efficient mode coupling 

device to convert the single spatial mode of SMF to the higher order modes of the 

compensating fibre with the possible need of a polarisation rotator to ensure this 

efficiency. The compensating fibre has high loss, 5dB/km, which could be reduced by 

better fabrication techniques.

A nonlinear method, sometimes referred to as mid-span spectral inversion, MS SI, takes 

advantage of optical phase conjugation (OPC) resulting from the FWM process [67]. 

Under conjugation the spectrum of the channel is inverted at the mid-point of the optical 

path such that the linear chirp accumulated by the pulses during the first half o f the link is 

reversed in the second. This novel technique requires efficient nonlinear processing 

(FWM) for OPC, the appropriate filtering to select the conjugated channel and the OPC 

must be performed at the half-way point of the fibre link. The influence of SPM and 

higher order dispersion reduces the performance of such systems with impracticalities in 

deployment similar to those discussed earlier for reversing FWM - incomplete 

compensation at distances other than a pre-determined length and location of OPC only at 

the midpoint of fibre link.

?
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A Dispersion Supported Transmission (DST) scheme was suggested by Wedding et al.

[68], [69] wherein the fibre dispersion is used to convert an FM signal to AM. As the FM 

signal propagates the two frequencies components will travel at slightly different 

velocities due to dispersion. At the detector the separation or overlap of the pulses because 

of their different velocities will result in peaks or dips of intensity with respect to a mean 

power level. These fluctuations can be filtered and detected by appropriate decision 

circuitry giving back the original signal. It was demonstrated that DST could extend 

transmission distances up to 253km over standard fibre [69]. Despite the simplicity and 

the four fold increase in transmission length over SMF the transmission distance is still 

limited.

The effect of linear dispersion upon an optical pulse is frequency chirping. In Section

2.3.6 the sign of the initial chirp upon the signal influence the behaviour of the evolving 

pulses. Positive chirp in anomalous dispersion fibre causes initial pulse compression (as 

would negative chirp in normal dispersion fibre). Remembering that low frequency 

components travel more slowly in normal dispersion compared to high frequencies and 

positive chirp imposes low frequencies at the leading edge and high frequencies at the 

training edge of pulses, the pulse will be compressed up to a particular distance 

(whereafter the dispersive chirp causes broadening). Taking advantage of this interaction 

pre-chirping of the gives longer transmission distances than those available from ideal 

unchirped pulses [70] but the maximum transmission lengths are again limited.

Alternative compensation techniques have been demonstrated using optical equalisation in 

the form of reflective Fabry-Perot resonators [71] or biréfringent crystals [72]. The 

transfer functions of the biréfringent crystals which slow down and speed up the higher 

and lower frequency components, respectively, can also be used as an alternative means 

of dispersion compensation. The frequency and phase response of F-P resonators can be 

tuned such that the group delay dispersion has the appropriate sign and magnitude at the 

optical signal wavelength to compensate the fibre dispersion. This simple device structure 

offers only a narrow optical bandwidth for compensation and its reflective nature requires 

a 3dB coupler to separate the input from output.

4.7 Fibre Compensators

The addition of periodic amplification within compensated fibre systems raises 

further questions: what is the optimum interval over which compensation takes place 

(possibly coinciding with the amplifier interval), where the compensation element(s)
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should be positioned (e.g. before or after the entire link or before or after each amplifier) 

and how much compensation of dispersion is required (exactly 100% of the accumulated 

dispersion or over- or under-compensation).

4 .7 .1  Dispersion Compensation Interval

In a linear system the dispersion compensation can be placed anywhere within the 

fibre link, e.g. before the transmission fibre, at the receiver or anywhere in between 

because the linear effect is additive and completely reversible (with the appropriate 

compensator supplying the reverse amount of GVD and GVD slope). The intensity 

dependence of the nonlinearity in lossy fibre means that any distortion of the optical 

pulses due to nonlinearity and the following interaction with dispersion along the fibre 

will not simply be reversed with a dispersion compensating element because the intensity 

level and therefore nonlinearity will have changed. The position of the dispersion 

compensation may therefore influence a channel’s performance and with repeated 

amplified spans the location and length of the compensation interval becomes important. 

If chosen incorrectly dispersion or nonlinearity may accumulate on the signal such that the 

original transmission is unrecoverable. The types of compensation schemes proposed and 

demonstrated with regard to position and amount of compensation with in a link are now 

discussed.

The amplified span length and the compensation interval are not necessarily equal. In [10] 

and [73] the compensation interval was of the order of 1000km of DSF so that the 

amplifier spacing was necessarily smaller than the compensation interval. In other DSF 

experiments the compensation length was equal to the amplifier span [36], [74]. Since 

DSF can have very small values of dispersion, ID̂ I < 1 ps/nm/km, the accumulation of 

dispersion is very low, becoming appreciable only after significant transmission 

distances. The compensation interval could therefore encompass many amplifier spans 

given the longer dispersion length. The utilisation of non-zero DSF (NZ-DSF) with 

higher dispersion, LD̂I ~ 2-4ps/nm/km, requires greater consideration of the 

compensation interval since the accumulating dispersion rises faster. When compensating 

SMF with DCF the compensation interval may need to be reduced to less than a few 

spans since the build-up of dispersion within SMF is rapid.
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Figure 4.4 Schematic displaying possible dispersion intervals for (a) pre- and (b) 
post- compensation: (i) per link (ii) per span (iii) before/after several spans.

The length of compensation interval was examined in [75] comparing compensation (a) at 

the receiver (b) before every amplifier (i.e. per span) or (c) after several spans, see 

schematic of Figure 4.4, with transmission fibre dispersion in the normal region ranging 

from -0 .1  to -1 0  ps/nm/km (i.e. DSF). The performance of a channel was assessed in 

terms of the eye-opening penalty introduced by the same authors in a previous work [2]. 

With the compensation lumped at the receiver there was found to be an optimum range of 

compensation, not necessarily 100% linear compensation, which reduced as the 

transmission distance increased. At 100% compensation the IdB eye-penalty transmission 

distances could be summarised as

^dB ~
H

(4.7)
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for IDJ < lOps/nm/km, which is a factor 4.5 times larger than the same system without 

compensation given by equation (4.2), i.e. it is governed by the interaction of SPM  and 

GVD. Larger dispersion values were found not achieve distances beyond those given by 

equation (4.2).

If compensated every span, 100% compensation was found to achieve the greatest 

transmission distances and were governed by the interaction of second order GVD and

SPM, proportional to given by equation (4.3). If over-compensated, i.e.

positive dispersion accumulates, the eye-pattem (i.e. pulse behaviour) appeared as if the 

pulses were travelling through anomalous dispersion with the behaviour poorer as a 

result: the pulse shapes distorting in an irregular fashion rather than additional broadening 

associated with pulses in nonlinear fibre with negative dispersion.

The final scheme placed the compensator after several amplified spans of dispersive fibre. 

Two regimes become apparent: short compensation intervals, less than the dispersion 

length, L^, of the transmission fibre, the transmission distances were governed by the 

interaction of 2""* order GVD and SPM and for longer compensation intervals, greater than 

the dispersion length, L^, the transmission distance was greatly reduced being inversely 

proportional to the compensation interval,

^crit ~  / ̂ comp (4-8)

Dividing these two regimes is a critical interval determined by the dispersion, dispersion 

slope and the power of the transmitted channel given as

(4.9)

Below the critical interval the best transmission lengths given by equation (4.9) were 

achieved. Larger compensation intervals resulted in transmission lengths given by 

equation (4.3).

Introducing noise in the form of ASE at each amplifier was found to have little effect upon 

the achievable IdB eye-closure distances for fibre dispersion greater than 3ps/nm/km 

because any interaction between signal and noise from FWM was strongly suppressed, 

and the eye was closed due to nonlinearity between the signals and imperfect dispersion 

compensation.

The results give an indication of the processes governing dispersion compensated 

transmission, specifically for normal dispersion DSF but are limited in application to
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systems such as SM F which has high and anomalous dispersion. The second limitation 

was their assumption that the compensator is both a linear element, correcting all linear 

dispersion (including dispersion slope) and adds no loss to the fibre link or span. For 

DCF fibre the loss is significant at 0.6dB/km, has a larger nonlinear coefficient than the 

transmission fibre due to it’s smaller effective area and may or may not compensate for 

the transmission fibre’s dispersion slope.

4 .7 . 2  Degree of Dispersion Compensation

Even with the idealised model of the compensators the analysis of [75] showed 

that 100% linear dispersion compensation was not necessarily required in a nonlinear 

fibre link. The amount of compensation was found to depend upon the compensation 

interval and the magnitude of fibre dispersion. If the dispersion was high, requiring per 

span compensation, then 100% compensation gave the best performance whereas for 

compensation placed at the end of the link a range of compensation was possible with a 

greater range of over-compensation for the normal dispersion transmission fibre. The 

degree of compensation narrowed with increasing transmission length with the optimum 

amount of compensation tending to 100%.

Under- or over-compensation was found to be dependent on the sign of the DSF 

transmission fibre [76]. In studying a compensation-per-span dispersion-managed system 

it was found that the equivalent average dispersion (accumulated dispersion over fibre link 

length) should be positive, i.e. positive fibre, should be under-compensated whilst 

negative fibre over-compensated for optimal performance. From a number of results 

compensation of SMF by DCF also found that the average dispersion should be positive 

rather than negative, i.e. DCF under-compensating the SMF. In [76] under-compensation 

for lOGb/s channels was required for a 720km link of SMF+DCF spans (the DCF 

modelled as a linear element), with the range of under-compensation reducing with longer 

transmission distances and the optimal amount of compensation approaching 100% as the 

power was reduced. As power is reduced the nonlinear effects were reduced and 100% 

compensation of the linear dispersion became the optimum. In [77], the DCF was treated 

as a nonlinear dispersive element and inexact compensation lead to an average dispersion 

of +0.51ps/nm/km. This gave 3500km transmission of a lOGb/s NRZ channel before the 

eye-penalty reached 3dB. Negative transmitter chirp imposed on the signal caused 

irregular penalty evolution with distance, interacting with the SMF and DCF fibre 

dispersion, first closing the eye by 2dB then opening the eye before final eye closure of 

more than half at 3500km. If the nonlinearity of the DCF was removed (i.e. set to zero in 

the simulations) the eye-penalty was seen to increase faster; the nonlinearity of the



compensator could be used to enhance performance. The SPM nonlinearity within the 

DCF was used to improve performance with a simulated SMF+DCF configuration [78]. 

A lOGb/s channel gave better performance if the compensation was less than complete, 

with the amount of under-compensation depending on power launched into the DCF. 

Larger powers into the DCF resulted in greater pulse broadening due to SPM which 

counteracted the SPM pulse compression experienced in the SMF. As the power in the 

DCF was increased so the nonlinear broadening was greater and the amount of DCF 

needed reduced. The powers transmitted into the DCF ranged from 1 to lOmW.

Small values of positive residual dispersion have been shown to improve system 

performance in a number of studies for either dispersion managed DSF or SMF systems. 

For system design, under-compensation of anomalous fibre or over-compensation of 

normal fibre will not degrade system performance and possibly enhance it.

4 . 7 .3  Location of Compensator; Pre- versus Post-Compensation

As shown in Figure 4.4 the alternative to post-compensation, not considered in 

the previous analysis [75] is pre-compensation where the compensating fibre is positioned 

before the transmission fibre, whether per link, per span or before several spans. The first 

treatment of compensator position considered only one span of linear fibre with perfect 

dispersion compensation [79] which is no longer applicable to the nonlinear, dispersion 

managed links encountered in WDM systems. A number of analyses and experimental 

work have concentrated on post-compensation of SMF by DCF because the compensating 

fibre has a high nonlinearity due to its smaller effective area [57], [80], [81], [82], [83]. 

Although as summarised in the previous section the nonlinearity of the DCF can be used 

to an advantage [78]. Experimental results have used DCF as an in-span pre-compensator

[12], [84], [85] with the arrangement justified by the high attenuation of the DCF 

reducing the effective length of the fibre and mitigating any increase in nonlinearity arising 

as a result of the smaller effective area. In the simulation work of WDM systems 

examining the impact of FWM [86], [87] the high dispersion of the DCF placed in the 

region of highest power (immediately after the amplifiers) has shown improved 

performance by reducing the FWM crosstalk levels.

Although post-compensation of SMF by DCF within each span has been deployed in 

experimental trials [49], [83], [88] they have all used a section of DCF as a pre

compensator for the entire link placed before the first amplified span. This is primarily to 

ensure all channels are propagating in normal dispersion fibre for the majority of the link 

and so frustrate the development of modulation instabilities.
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Simulations for single spans which have compared SMF with DCF pre- and post

compensation schemes have either included transmitter chirp [801 or chirp with low DCF 

loss (aDCF=0.32dB/km) [82]. The chirp acts with or against the SPM accentuating or 

mitigating its effects depending on the dispersion sign of the fibre ([89] and Section 

2.4.1.1). In the latter analysis a small improvement was possible with pre-compensation 

if the chirp was kept small and positive.

In an alternative configuration the DCF has been placed between two optical amplifiers

[57], [83] to reduce SPM within the DCF and correct for the higher insertion loss of the 

DCF. The output power of the EDFA positioned before the DCF is set low such that the 

subsequent nonlinearity in the compensator is minimised. This method requires twice as 

many amplifiers for each DCF unit deployed. The economic disadvantage of doubling 

quantity of the BDFAs has to be traded off against the greater control over the nonlinear 

effects and the greater SMF span loss (SMF length) that can be achieved, e.g. 80km [83] 

and 120km [57] spans.

4 . 7 . 4  Dispersion Compensated Solitons

To achieve soliton pulses in SMF requires large peak pulse powers and/or short 

pulse widths necessary to obtain sufficient SPM to balance the high local dispersion of the 

fibre, see Section 2.4.1.2. It was numerically calculated with regard to the restrictions on 

soliton performance due to dispersion, pulse width, soliton-soliton interaction and 

soliton-period that the amplifier spacing would have to be as short as 12km and amplifier 

output power not less than lOmW for successful lOGb/s soliton transmission over 144km 

of SM F [90]. To utilise more realistic amplifier spacings (at 36km) it was found that 

soliton transmission would be possible over short-haul distances up to 216km but high 

optical powers of around 12mW would be necessary. To improve upon this distance and 

the large power requirement for SMF solitons it was demonstrated by simulation that 

dispersion compensation could be used to lower the local dispersion and peak soliton 

power. If the average dispersion was reduced to +lps/nm /km  the transmission distance 

could be increased up to 2000km. Locating the DCF after the SMF was found to be the 

best configuration for soliton transmission: the high p p w ero f the amplifier launched into 

the anomalous, soliton-supporting, SMF dispersion. Experimental work has confirmed 

th ë ^ b ïiity '^ f^ î^ e fs io n ^ co m p S isa te^ S M F ^ ^  lOGb/s solitons over distances of

2000 and 5000 km [91], [92].
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4.8 XPM Effects

The impact of cross-phase modulation has been considered within angle- 

modulated multiple channel systems, which favour operation close to zero dispersion

[93], [94]. Intensity modulated channels operating in dispersive systems have only 

recently been examined in [95] by computer simulation and modelled theoretically in [96] 

and [97]. With the widespread use of dispersion management further analysis of XPM in 

such systems has been performed via simulation [98], [99] and experimental work [100], 

[101] seeking to define the operational parameters which can minimise its disruption.

For intensity modulated channels a rough estimate of the required channel spacing was 

given in [95]. By assuming that pulses will have completely walked through one another 

in a time At (twice the bit-period, Tj over a distance where the power and therefore 

nonlinearity remains significant, the resultant XPM will be minimised. Relating these 

through the dispersion parameter D^, the channel spacing which gives pulse-walk through 

within an interaction length, , is given as

This does not take into account any pulse narrowing or broadening experienced by the 

pulses as they propagate through the fibre. It was found that only the nearest-neighbour 

channels need be taken into account for XPM: there was no difference in performance 

between a four or eight channel system with a channel spacing, AA, = 0.6nm (75GHz at 

1.55|LLm), in SMF with dispersion of 16ps/nm/km.

A generalised model for XPM-induced phase shift was outlined in [96] and further 

developed in [97]. The XPM effect was modelled as a phase modulator driven by the 

intensity of the copropagating waves whose frequency response is dependent upon three 

factors: the fibre length, dispersion and wavelength separation. The total XPM phase shift 

being the sum of all phase shift contributions from all frequency components of the 

copropagating waves. In the simplest case of a pump modulated at a single frequency, co, 

and a cw probe, the analysis produced a XPM efficiency term similar to the FWM 

efficiency equation (2.45) but with the phase-mismatch parameter replaced by the walk- 

off parameter, dj2 , and frequency, co,
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and the amplitude of the phase-shift given as

A0 = (4.12)

where is the power of the modulated probe. In low dispersion fibre the walk-off is 

small, codj2 «  oc therefore ri^pj^l and the phase-shift amplitude, equation (4.3) is 

constant with frequency; all frequency components experience a constant time delay 

induced by XPM. If the dispersion is high, walk-off is large, with a>d, 2  »  a , rj^pi^ 

/2 and the walk-off parameter can be approximated as dj2=D^AX, hence

A(p =  (4,13)
wDAX

The amplitude of the phase shift is inversely proportional to the modulation frequency and 

walk-off parameter. Extending this to each frequency component of an intensity 

modulated signal gives the XPM phase shift imposed upon one channel by another. 

Higher modulation frequencies (related to the bit-rate) and/or larger channel spacing will 

reduce the amplitude of phase modulation.

Applying this analysis to dispersion compensated links found the amplitude of the XPM 

phase shift increases with the number of spans if the compensation occurs per span. Since 

the walk-off is compensated per span the phase distortions from each span can add 

constructively given the correct conditions (e.g. fibre dispersion and channel spacing), 

similar to the resonance experienced by FWM process with periodically amplified spans. 

If the dispersion is lumped at one location in the link then the possibility on constructive 

addition of all phase terms from each amplified span is less and reduced XPM phase shift 

occurs. The increase in XPM effect was experimentally demonstrated in links with 2 or 3 

amplified spans [97].

Further experimental evidence of dependence of the XPM induced penalty (relative to 

single channel operation) on pulse walk-through was demonstrated when two lOGb/s 

channels were transmitted over DSF with low dispersion (-0.4ps/nm /km ), followed by a 

dispersive element which converted the XPM phase distortion into amplitude distortion 

[100]. The worst penalty occurred when the bit slots of the two channels coincided within

90



an effective length of the fibre. The amount of excess dispersion tolerated by the system 

was generally shown to depend upon the amount of bit-walk through experienced by the 

two channels: greater walk-through (obtained by greater channel spacing) allowing greater 

excess dispersion. An alternative experimental result using two 2.5Gb/s channels over 

300 and 360km of standard fibre showed the XPM dependence on channel spacing [101]. 

If the second channel modulation was switched off a Bit Error Rate floor was removed 

and the remaining modulated channel performed as a single channel. If the channel 

spacing was increased from 1 to 5nm the power penalty on the first channel was 

minimised with an appropriate choice of channel power. At 5nm spacing in the 

+19ps/nm/km dispersive fibre 2.85 bits (T^=400ps) completely walked through one 

another in the effective length of 24km (0.18dB/km loss), minimising the resultant 

nonlinear phase modulation imposed by XPM.

Numerical simulations using the split-step Fourier method and eye-opening penalty 

measurements have shown the impact of XPM dependent on bit-rate. Comparing 8 WDM 

channel transmission at bit-rates of 5, 10 and 20Gb/s through dispersion-managed DSF 

(alternate 50km spans of +2.2 and -2.2 ps/nm/km), [98] found that at a fixed channel 

spacing of 0.8nm (lOOGHz) the system with the lowest bit-rate of 5Gb/s had 

performance impaired mainly by XPM, at lOGb/s by XPM and dispersion and mainly by 

dispersion impairment at 20Gb/s, the higher bit-rates having faster pulse walk-through 

than the 5Gb/s channel. The XPM induced eye-penalty on a 5Gb/s system with channel 

powers of 0.2mW were increased by 1.5dB if the channel spacing was halved from 100 

to 50 GHz which results in less pulse walk-through. Three types of dispersion managed 

systems were simulated in [99] to assess which dispersion maps were dominated by 

which nonlinearity for 4 x  10 Gb/s WDM transmission. The channels were separated by 

Inm  (125GHz) with input powers (after the first amplifier) of ImW/channel. The fibre 

systems considered were as follows (i) alternating 50km DSF spans of ±2.5ps/nm/km,

(ii) five spans of DSF (-2.5ps/nm/km) compensated by one 50km span of SMF 

(+17.5ps/nm/km) and (iii) five spans of SMF (50km, +17ps/nm/km) compensated by one 

span of DCF (50km of -85ps/nm/km). Performance was assessed in terms of eye- 

opening penalty. None of the dispersion managed schemes were compensated per 

amplified span. This is an especially important consideration for the SMF+DCF system 

given the results of [75] on the effect compensation interval for dispersion management 

discussed earlier; where the best compensation interval was considered to be per span for 

such large accumulation of dispersion in SMF. This was not the case in system (iii) which 

was found to be the poorest performer of the three, suffering most from the action of 

SPM and GVD. This is unsurprising as the dispersion compensation occurs after 250km 

of SMF, just greater than four times the IdB-dispersion penalty length for a lOGb/s data 

rate. The strong influence of SPM and GVD on performance of (iii) obscured any effects
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from XPM. The first and second systems, containing DSF, were compensated after the 

dispersion had accumulated to a fraction of the value in the third with both showing 

greater susceptibility to XPM than SPM. The alternating DSF configuration of (i) suffered 

greater XPM degradation than (ii) since the low dispersion of the DSF fibre sections 

allowed the least pulse walk-through. Whereas in (ii) the span of SMF-as-compensator, 

having higher dispersion, gives significantly more walk-through, albeit only every sixth 

span, which over the 3000-4000 km transmission distances has a noticeable, positive 

effect on performance. The addition of four more channels was found to reduce system 

performance (in terms of the worst channel) because the dispersion slope of the DSF and 

SMF remained uncompensated in configurations (i) and (ii). To combat eye-closure 

penalty suffered by additional channels (experiencing more accumulation of dispersion at 

the extreme wavelengths), higher gains were required from the amplifiers. This had the 

additional effect of increasing the amount of XPM because of the higher power in each 

channel. An increase in channel spacing between the four channels also reduced 

performance because of the accumulation of dispersion in (i) and (ii) even though wider 

channel spacing was introduced to reduced the penalty from XPM.

These simulation and experimental results combined with the theoretical models all 

conclude that XPM can be minimised by the appropriate choice of channel spacing, fibre 

dispersion and bit-rate. The types of fibre links considered have mainly been dispersion- 

managed DSF systems. The analysis of DCF+SMF in terms of XPM was considered in 

[99] but did not choose the optimal compensation scheme prescribed by [75] for spans 

containing highly dispersive fibre. Hence further study on optimally compensated SMF 

by DCF in terms of bit-rate, channel spacing must be undertaken.

4.9 Modulation Instability

In [73] three dispersion maps for DSF transmission compensated by SMF were 

studied. In the first, 10km of SMF was placed at the end of the 1000km of DSF fibre. 

For the second, the compensator appeared mid-way along the DSF and in the third 

configuration SMF was placed before the DSF fibre. In each case the SMF provided the 

positive dispersion required to exactly compensate for the negative dispersion 

accumulated in DSF transmission. The three dispersion maps are schematically 

represented in Figure 4.5.
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Figure 4.5 Three dispersion maps used in [73] where the accumulated dispersion is 
either (a) all negative (b) both positive and negative or (c) all positive.

In the first case the accumulating dispersion is always negative, in the second both 

positive and negative and in the third only positive accumulation of dispersion. It was 

found experimentally that the first configuration performed better than the second which 

in turn was better than the third, with BER < 10  ̂ transmission distances of 12000, 10000 

and 9000 km, respectively. The greatest distance was achieved when the accumulating 

dispersion was negative. This result can be explained in terms of Modulation Instability 

(MI) [89].

The use of normal dispersion fibre (i.e. < 0) instead of anomalous GVD allows the

channel to propagate without experiencing Modulation Instability where quasi-cw signals 

(long trains of o n e  pulses) tend to break-up and developing sharp peaks in their time 

domain structure (see Section 2.4.4). Saunders, et al. [102] presented evidence of this MI 

degradation in anomalous dispersion for powers of 4 to 8 mW in an 8-span (560km) 

optically amplified system, (significantly lower than the lOOmW channel power required 

in a single span [103]), compared to transmission over normal dispersion fibre. Figure

4.6 shows the optical intensity for an 8-bit sequence of o n e s  and channel spectrum in both 

normal and anomalous dispersion. The sharp peaks on the pulse sequence transmitted 

over anomalous dispersion fibre correspond to the high frequency components of the 

channel spectrum, hence the wider spectrum is attributable to MI enhanced noise. For a 

given filter bandwidth greater noise power and therefore reduced SNR results if the signal 

is transmitted over anomalous fibre compared to the noise power present within normal 

fibre, as demonstrated in [73]. The reduction in MI within SMF spans compensated by 

DCF was also demonstrated by simulation in [77] where the gain spectrum of MI was 

considerably reduced compared to DSF fibre transmission with the same average 

dispersion, due to the positive but high dispersion of the SMF frustrating the MI phase 

matching conditions.
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Figure 4.6 The optical intensity of an 8-bit sequence o f  ONES and spectra for 20Gb/s NRZ 
channel after 560km of DSF with (a) normal and (b) anomalous dispersion, from [102] .

4.10 Polarisation Mode Dispersion

Polarisation Mode Dispersion (PMD) arises as the results of the differential group 

delay between the orthogonal polarisation states within a fibre. As pulse energy is 

randomly transferred between the two polarisation modes through-out the length of a fibre 

link the differential group delay between the two modes results in broadening of pulses 

causing intersymbol interference between the transmitted bits. The fibre birefringence 

arises from intrinsic ellipticity of the fibre core and from extrinsic perturbations such as 

splices or microbending and twisting of the fibre and ambient temperature fluctuations. 

The magnitude of PMD of long lengths of optical fibre follows a Maxwellian distribution 

and can be characterised by an RMS PMD value <z\i> with typical fibre values found in 

the range O.lps/Vkm to 0.5ps/Vkm [104],[105]. Dispersion compensating fibre (DCF) 

modules (which typically compensate for the dispersion of -20km  of SM F) have been 

m easured as having PMD of <Ai> = 0.39 - 0.98 ps per module [106].

Power exchange between the two polarisation modes can result in “fading” -  variation of 

the measured BER over time [107] and a mean penalty associated with pulse broadening 

from  PM D was given as
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(penalty(dB)) = (4.14)

,1

with channel bit-period of r,,. This simple relation is a first approximation holding only for 

small PMD values. It underestimates the penalty as PMD is also dependent on optical 

frequency, with broad spectral sources experiencing greater degradation, e.g. chirped 

laser sources [107].

Various investigations into the effect of PMD on IM transmission performance have 

suggested setting a tolerable limit on PMD between lOps (at 2.5Gb/s [108] and at lOGb/s 

[1 0 9 ])(^ 2 0 p s  (at 5Gb/s [110]) giving a 0.15dB penalty. A more relaxed value of 15- 

30% of the bit period was given in [106]), e.g. a 1000km SM F link needs 50 DCF 

compensators, the PMD of such a link, with SMF <4'r>=0.5/Vkm and 

<AT,;^^>=0.98ps/module, is 23ps (using quadrature averaging when concatenating fibre 

and DCF modules [106]), within the limit of 15-30% of the bit-period for lOGb/s. 

Longer distances or higher PMD in the transmission fibre would begin to see transmitted 

channels suffering from significant fading. Recently, a phase diversity detection method 

to compensate for PMD in a lOGb/s transmission system has been proposed and 

demonstrated which allows a relaxation on the tolerable PMD limit [111].

The components of new fibre links can be screened to ensure low PMD values whereas 

already deployed standard fibre may have widely varying values and limited performance 

due to PMD. In future upgraded fibre systems, where other sources of degradation such 

as dispersion and nonlinearity have been minimised, PMD will have a stronger impact on 

long haul system performance at higher bit-rates.

4.11 Stimulated Raman Scattering

The SRS interaction outlined in the Section 2.4.5.2 is a worst-case scenario. 

Formulated from an undepleted pump approximation the effects of pump depletion have 

shown reduced crosstalk [112]. But in both methods no account is taken of the bit pattern 

on each channel (if no signal is present on a channel there can be no SRS interaction 

between that and any other channel) which reduces the possible number of interacting 

channels. Employing modulation statistics [113] showed that there are two aspects 

governing the amount of Raman gain: a deterministic and a statistical component. Bit 

patterns result in lower depletion as the probability of all channels simultaneously having 

a ‘ 1 ’ level is very small, hence not every possible channel pair will be coupled through the
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Raman process. Statistically, for a large number of channels (N > 10) the power per 

channel can be taken as an average power rather than the peak power. This allows a 3dB 

increase in the allowable power per channel for a given penalty set by the worst-case. The 

same authors extended this analysis to incorporate the effect of fibre dispersion [114]. 

Dispersion causes the bit patterns in different channels to slide through one another due to 

their different group velocities. The number of independent bits interacting through the 

SRS process is effectively increased which can equally be viewed as an increase in the 

number of channels. This equivalent increase, in turn, gives Raman crosstalk a greater 

deterministic component allowing compensation to be built into the system design, e.g. 

pre-biasing of channel powers such that the short wavelengths have more power than the 

longer wavelengths to pre-compensate for their Raman depletion [115]. The ability to 

compensate for some of the SRS degradation is achieved through the effect of dispersion 

on the statistical nature of the SRS interaction process. The fundamental limits to capacity 

set by this scattering mechanism may thus be improved. Conversely, the Raman process 

has also been turned to an advantage by employing the gain as a method of boosting 

signal power and improving receiver sensitivity in a dispersion managed short-haul 

transmission experiment [116].

4.12 Optical Amplifiers for WDM transmission

The usable bandwidth of a single EDFA is accepted to be 35nm (1530-1565nm). 

When the transmission system contains a number of amplifiers the wavelength 

dependence of the gain, with a gain peak near 1.531pm, becomes apparent with each 

successive amplifier, narrowing the gain bandwidth of the complete link through a self

filtering effect [117]. It was calculated [118] that after 140 concatenated BDFAs, enough 

to span 6300km with 45km long fibre spans, the lOdB gain bandwidth would reduce to 

3.5nm, just 10% of the single amplifier bandwidth, severely limiting the potential number 

of WDM channels which could be transmitted successfully. The gain reduction for the 

extreme channels causes a reduction in their signal-to-noise ratios (SNR) limiting the 

performance of the multi-channel system to that of the worst affected channel. It has been 

demonstrated that pre-emphasis of the signals, by transmitting the extreme channels at 

initially higher power compared with the central channels, reduces the differential in SNR 

between the WDM channels after transmission [115]. To counter the gain-peaking of a 

long chain of amplifiers, the use of long-period fibre gratings have shown to increase the 

bandwidth to l ln m  from 3.5nm in simulation [118]. These passive filters approximate 

the inverse of the wavelength-dependent-gain characteristic of the amplifier and fibre loss. 

The gain peak of the amplifier then experiences the greatest loss after the filter, equalising 

the gain over the system bandwidth. Simple notch filters (with inverse-Lorentzian
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profiles) have also been examined by simulation [86], [119], with the latter also taking 

into account the effects of FWM nonlinearity on the SNR. The results showed strong 

transmission limitations due to gain-peaking rather than FWM [86] and with a reduced 

SNR variation across the channels, e.g. from greater than 30 to under 6 dB for 16 

channels over a distance of 8000km [119].

With improved amplifier design, incorporating other dopants such as fluoride, it is 

possible to flatten the gain profile of optical fibre [120] resulting in only 2dB gain 

variation across a 28nm bandwidth, although pumping the fibre for inversion becomes 

less efficient at the required 980nm wavelength [121]. Even for these gain-flattened 

amplifiers the gain profile during operation may vary across channels due to the change in 

power load on an EDFA as channels are added or dropped. Future fibre amplifiers for a 

WDM system are more likely to be dynamically controlled to ensure robust gain flatness 

[122].

4.13 Conclusion

The preceding review of research into optical fibre transmission systems and their 

limitations allows conclusions to be drawn on the future capacity of WDM transmission 

and the necessary direction of this thesis to further investigate optimisation of optically 

amplified and dispersion compensated fibre. A simple comparison of the aggregate 

transmission capacity of dispersion-managed SMF to dispersion-managed DSF shows the 

latter fibre to currently have much greater potential than standard fibre. The results 

suggest that new roll-out of fibre should consist of DSF with low, but not zero, 

dispersion. The positive and negative values of dispersion obtained by DSF fabrication is 

an effective means by which accumulating dispersion can be controlled. Yet, for the 

majority of installed networks the fibre base consists of standard fibre with its much 

higher and positive dispersion values at 1.55p.m. The simplest dispersion management 

system was found to use the specially designed DCF which is now capable of 

compensating for 3'"^-order GVD (the dispersion slope). This puts such SMF-hDCF 

systems at an advantage compared to DSF systems: the dispersion slope usually remains 

uncompensated in DSF fibre leading to greater accumulation on extreme channels in 

W DM systems. The inclusion of DCF within amplified links generates further questions 

as to the position of the compensating element and the amount of compensation required. 

Analyses of SMF compensated by DCF has not produced definitive results as to where 

the compensator should be placed within an amplified span due to limitations in the 

modelling assumptions and experimental work has not compared the two possible 

configurations. The ability to improve compensation of SRS when transmitting through
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dispersive fibre and the avoidance of Modulation Instability in normal dispersive fibre 

both point to the use of DCF-first within an amplified span. Investigations into the degree 

of compensation of SMF have noted that slight under-compensation of the SMF 

dispersion is beneficial to performance in a number of studies. With such high local 

dispersion values in SMF and especially in DCF the effect of FWM is seen to be 

conveniently suppressed. The third Kerr nonlinearity, XPM, has received less attention 

than the other two especially in medium to long-haul compensated SMF networks and 

therefore needs further investigation.
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5.1 Dispersion Management Schemes

In this chapter the combined linear and Kerr nonlinear effects imposed upon a 

single channel as it propagates through a variety of dispersion managed fibre systems is 

explored. Three types of compensation schemes are studied via numerical simulation, viz. 

alternating dispersion-sign of Dispersion Shifted Fibre (DSF), DSF compensated by 

Conventional Standard Fibre (SMF) and SMF compensated by Dispersion Compensating 

Fibre (DCF).

5.2 Introduction

The performance of a single channel determines the optical transmission 

limitations imposed by the interplay of Self-Phase Modulation (SPM) with Group 

Velocity Dispersion (GVD). These limitations will, of course, be present as fundamental 

limits within multiple channel systems. Hence to understand the behaviour and optimise 

multi-wavelength transmission the first step is to carefully examine the single channel 

case. With this knowledge any further degradation of system performance during multi

channel transmission can be better evaluated.

Determination of the transmission penalties will be as follows. Each scheme will be 

assessed in terms of channel power and transmission distance taking particular note of the 

order of each fibre type within the proposed schemes. The analysis will then focus upon 

the SMF and DCF scheme and demonstrate the improved performance achieved by 

positioning the DCF immediately after the optical amplifiers and before the SMF. Thirdly 

the effect of the various DCF parameters (e.g. length, second and third order dispersion 

terms) upon transmission performance will be assessed.

5.2 .1  Fibre Link Parameters

The dispersion managed systems consist of repeated optically amplified spans, a 

schematic of which is given in Figure 5.1 showing the relative positions of the 

transmitter, optical amplifier, fibre and receiver. Within each span there are nominally two 

types of fibre which together create the dispersion compensated link. The characteristics 

of these fibres depend upon the management scheme modelled, i.e. whether it consists of 

DSF only, DCF and SMF or SMF and DCF. The main parameters for the three fibres are
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given in Table 5.1 for each type of fibre employed. Throughout this work, the nonlinear 

refractive index is assumed to be the same for each fibre. In simulation the desired 

transmission distance can be achieved by repeated propagation over this span the required 

number of times, e.g. a transmission distance of 1000km and span length of 50km 

requires twenty spans. In most of the simulations to follow the span length is 50km (this 

is the total fibre length in the case of DSF but excludes the compensating fibre length 

when either SMF or DCF is the compensating element). A distance of 3000km was 

chosen for study: a medium-haul length for an optical network, close to the minimum 

diam eter of the European optical network proposed by O ’Mahony, et al. [1].

To assess the transmission performance of each dispersion managed system the Eye- 

opening Penalty (EoP) (as defined and described in Chapter 3) is employed throughout 

this chapter. This allows investigation of the underlying nonlinearities across different 

fibre schemes in the absence of amplifier noise. Later, A SE noise from the amplifier is 

introduced into the system for the SMF and DCF dispersion managed scheme and Q 

factors for the transmitted channels are calculated.

Tx —

Repeated Span:

EDFA

fibre 1 fibre 2 Rx

Figure 5.1 S chem atic  o f  the  d isp e rs io n -m an ag ed , o p tical tran sm issio n  sy stem  m ode lled .
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DSF SMF DCF units

Length 50 50 8.5 km

Loss 0.21 0.21 0.6 dB/km
Dispersion/

GVD ±0.5 ... ±4 + 17 -100 ps/nm/km
Dispersion

Slope +0.07 +0.07 +0.07 ps/nm^/km
Effective

A rea 50 80 25
Nonlinear 

Ref. Index 2.67 X 10 "°

Table 5.1 Parameters of the fibres employed in the simulations of the dispersion managed 
systems (see aslo Appendix C).

5.3 Alternating-Sign Dispersion Shifted Fibre

This scheme exploits the positive and negative values of dispersion available from 

Dispersion Shifted Fibre (DSF) at wavelengths either side of the zero dispersion 

wavelength, At wavelengths below the group velocity dispersion (GVD) is positive 

and above, the GVD is negative. The simulations undertaken in this section considered 

span lengths of 50km consisting of two DSF types: 25km of positive GVD and 25km of 

negative GVD (exact compensation at 1550nm occurring within one span). The 

magnitude of dispersion ranged from 0.5 to 4 ps/nm/km and higher order dispersion 

remained uncompensated at +0.07ps/nm^/km. For each dispersion value the peak power 

of the channel, was varied from 0.1 to 10 mW and the order of the fibres was also 

changed -  with either the positive GVD fibre followed by negative GVD fibre (+/-DSF) 

or vice versa (-/+DSF).

5.3 .1  Performance of DSF Configurations

After each amplified span in the simulated 3000km link the Eye-opening Penalty 

(EoP) was calculated. The two graphs in Figure 5.2 show the evolution of the EoP with 

distance as a function of the peak input power Pp̂ ^̂  for the two possible arrangements of

0.5ps/nm/km DSF fibre (a) 25km of positive GVD followed by 25km of negative GVD 

and (b) negative followed by positive GVD.
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In the first ten spans of fibre the EoP, i.e. 500km, the eye-penalty for each configuration 

can be seen to differ: in Figure 5.2(a), 4-/-DSF, the EoP continuously increases with 

distance reaching a value of 0.28 dB for = lOmW at this distance; in Figure 5.2(b) 

with -/4-DSF, however, the EoP is initially negative, i.e. the eye opens corresponding to
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pulse compression, before steadily closing again to 0.07 dB at 500 km. For a given input 

power and EoP the initial eye-opening arising in the -/+DSF configuration allows slightly 

longer transmission distances to be reached compared to the +/-DSF arrangement, e.g. 

from the 6mW curve in Figure 5.2(b), the distance at which the eye closes by half (3dB 

EoP) is 2050km but one span less, or 2000km in Figure 5.2(a) where negative GVD 

follows positive GVD.

The effect of GVD sign and fibre position within a span was made more apparent when 

the magnitude of the GVD was increased to 4 ps/nm/km. Figure 5.3 contrasts the 

difference in EoP evolution with distance when (a) negative follows positive DSF and (b) 

positive follows negative, for this larger dispersion value. The initial eye-opening 

(negative EoP) for the -/+DSF configuration reached a value of -0.6dB.

This value is obtained at all power levels considered, although it occurs at different 

distances along the link dependent upon the power. At lOmW this minimum of eye- 

penalty occurs at 500km. The corresponding eye-diagrams for this power at that distance 

highlight the difference in performance of the two configurations: the eye has opened for 

one. Figure 5.4(b), and has closed by 1.1 IdB in the other. Figure 5.4(a). It should also 

be noted from Figure 5.3 that the rate of increase in EoP with distance is greater after the 

initial eye-opening although the 3dB EoP distances for a given power is still greater in the 

-/+DSF case compared to +/-DSF, e.g. at 3mW input power the EoP is just under 0.73dB 

at 3000km in -/+DSF but has risen to 2.44dB with the fibre arrangement reversed.

S
When the GVD^of the DSFs were changed to 1 and then 2 ps/nm/km a similar set of 

curves to those in Figures 5.2 and 5.3 were obtained. They are summarised in Figure 5.5 

which shows the EoP with distance as a function of GVD at the fixed input power of 

6mW. In both cases the EoP has risen above 4dB by 2500km. The actual value at 

3000km is determined by the dispersion of the fibre. Only with dispersion of 2 or 

4 ps/nm /km  is there an appreciable difference in the EoP at 3000km between the two 

configurations. Although the higher values of GVD in -/+DSF give greater eye-opening 

initially, the faster rate of eye-closure observed results in higher penalty at longer 

distances. Interestingly, the 3dB distance at this power, for any of the GVD values is 

approximately 2000 km in the -/+DSF configuration, whereas it varies from 1750 to 2000 

km dependent on the value of the GVD in the +/-DSF arrangement.
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Figure 5.3 EoP with distance and input peak powers for DSF compensated link as in Figure 
5.2 but with dispersion of ±4ps/nm/km.

The enhanced performance of the negative-positive DSF configuration for single channel 

propagation is due to the interplay of GVD with the nonlinear effect of Self-Phase 

Modulation (SPM). This is investigated further in the following section.
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(a) (b)
Figure 5.4 Eye-diagrams at 500km in DSF ±4ps/nm/km (a) +!- DSF and (b) -/-t-DSF 
arrangements.
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Figure 5.5. Comparison of dispersion managed pairs of DSF with absolute values of 
dispersion of 0.5, 1 , 2 , 4  ps/nm/km in configurations (a) W-DSF and (b) -/-i-DSF.
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5.3.2  GVD and SPM in the DSF Managed Scheme

Further analysis will focus upon the -/+DSF scheme (negative followed by 

positive GVD fibre) and in particular the initial distance within such a fibre link where the 

eye-opening penalty first decreases, i.e. is negative.

Numerical simulation of nonlinear fibre transmission allows the use of hypothetical fibre 

parameter values to aid understanding of the physical processes occurring within the 

fibre. The fibre dispersion parameter was therefore increased from 4ps/nm/km up to 100 

ps/nm/km -  unrealistic values of GVD for a DSF but helpful to understand the 

performance of the DSF dispersion managed scheme. As previously demonstrated in 

Figure 5.5 the amount of eye-opening increased as the GVD was increased from 0.5 to 4 

ps/nm/km. When increased beyond this value the EoP continued to fall reaching a 

minimum near -1.5dB as the GVD magnitude approached 32ps/nm/km, shown in Figure 

5.6 where = 6mW. Up to 16ps/nm/km the EoPs fall then rise smoothly as a function 

of distance whereas for GVD values from 20 to 32 ps/nm/km the EoP at each span plots 

an evolves irregularly.

distance (km)
800200 400 600 1000 1200 1400 1600

0.00

-0.25

-0.50 Dispersion
(ps/nm/km)

-0.75

- 1.00

 K  32

-1.50

Figure 5.6 Negative EoP evolution with distance for the - /4 -D S F  configuration 
with increasing dispersion, Pp̂ ^̂  = 6mW.

To try and quantify these observations the system will be examined in terms of the 

characteristic lengths of the system. The input power was set at 6mW in the above 

simulations which translates into a nonlinear length of = 77.0 km using equation (3.2) 

and at 10 Gb/s the dispersion length is given as = 1562.5/D^., where D̂ . is the GVD in
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ps/nm/km. If the dispersion length is set to equal the nonlinear length the required 

dispersion is 20.3ps/nm/km. This corresponds to the GVD value at which the eye- 

opening penalty (a) reaches its minimum value, (b) is negative over the largest distance, 

1450km and (c) gives the longest 3dB EoP distance. Figures 5.7 and 5.8 plot the 1 and 3 

dB EoP distances and the maximum eye-opening against the ratio of dispersion length to 

nonlinear length, respectively. The maximum eye-opening was obtained over a range of 

values of close to but the longest 3dB distance was achieved when =

From Figure 5.8, the graph for fixed input power can be separated into two regions:

where the dispersion length is small (large dispersion) and dispersion dominates

the 3dB transmission distance which decreases as dispersion increases and where the 

dispersion is small and the 3dB transmission distance reaches a limit of 2050km

as dispersion decreases.

2750

2250

1750

S  1250

750

250 a
0.1

4 -A.4" 'A* - - -

 A - - IdB distance
- 3dB distance

--------------------- f—
1.0 10.0

VLNL(Ppeak=6mW)
100.0

Figure 5.7 1 and 3 dB FoP transmission distances versus the ratio of 
dispersion to nonlinear lengths with = 6mW for various magnitudes of 
dispersion in the -/+DSF configuration.
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Figure 5.8 Maximum EoP versus ratio of dispersive to nonlinear lengths in 
the -/+DSF configuration with 6mW for various magnitudes of
dispersion.

5 .3 .3  D iscu ssion

It has emerged from analysis that the position of negative and positive GVD 

sections of DSF, or the dispersion map, in an amplified span plays an important role in 

the evolution of the eye-opening penalty of an optical signal. By positioning the DSF with 

negative dispersion first in the span, immediately following the amplifier, improved 

transmission performance in terms of eye-opening penalty was achieved. Longer 

distances were reached compared to a span which had positive-then-negative dispersion 

when the absolute value of the dispersion rose above 1 ps/nm/km. Below this value the 

benefit of GVD positioning was less significant.

The sign of the dispersion has an important effect on the propagation of pulses in a 

nonlinear medium. With positive (anomalous) dispersion the pulses can narrow leading to 

possible pulse break up whereas in regions of negative, or normal dispersion pulses will 

be excessively broadened, greater than the broadening from linear dispersion alone. In 

our DSF arrangement the first effective length of fibre, = 14.5km {a = 0.21dB/km ) 

where the nonlinearity is most significant, is either of positive or negative dispersion. The 

amplified signal enters the first 25km of fibre and becomes chirped due to the action of 

SPM and local dispersion. After 25km the pulses then enter the second fibre section with 

opposite sign of GVD. In a linear medium the second order dispersion would be exactly 

compensated at the end of each span, but the chirp imposed upon the pulses by SPM in 

first cannot be reversed by the SPM and dispersion further along the fibre because the
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power level, and so nonlinear interaction, is lower. Thus at the end of each span there is a 

residual pulse distortion which builds up with each span.

From the simulations results above it is apparent that positive followed by negative GVD 

fibre results in pulse distortions at the end of each span causing eye-closure, but with the 

dispersion map reversed (negative followed by positive GVD) the residual chirp translates 

into an initial pulse compression, or eye-opening, until the build up of chirp is so great 

that the eye-penalty quickly increases. It appears that it is the dispersion sign of the fibre 

at the end of the fibre span which determines whether the eye opens or closes. This was 

found in the analysis in [2] where the dispersion of the final section of fibre caused pulse 

compression (final length was positive GVD) or broadening (final length was negative 

GVD).

W ithin the -/+DSF configuration the dispersion or SPM dominate the pulse behaviour and 

channel performance. With large values of GVD it is dispersion which determines the 

3dB eye-closure distance whereas for small values of GVD the nonlinearity sets this 

distance. Naka and Saito [3] first demonstrated the association of the three characteristic 

lengths (nonlinear, second and third order dispersion lengths) to IdB eye-opening penalty 

transmission distances for uncompensated, nonlinear dispersive systems, obtaining a 

number of simple relations between these lengths and the IdB transmission distances 

depending on the regime (dispersive and/or nonlinear) in which the transmission was 

operating. They later examined compensated nonlinear systems [4], but took the 

compensator to be a lumped element, with neither higher order dispersion nor nonlinearity 

and only considered the position of the compensator to be at the end of each span or a 

number of spans. They found the channel distortion was minimised and transmission 

distances maximised if compensation occurred before every amplifier (denoted by 4-/-DSF 

in this analysis) and the transmission limit approached that defined by the interaction of 

2nd-order GVD (dispersion slope) and SPM. Similar behaviour is demonstrated in the 

DSF system although not quantitatively the same. When the dispersion is small, 

Li/Lj^j>\, the 3dB distance approaches the limit of 2050 km independent of the value of

GVD. Using their formula for IdB transmission length in this regime, 

gives Lj^g= 2510km which is double the value of 1500km obtained from the IdB curve in 

Figure 5.8. The results differ since the compensator forms part of the transmission fibre 

in the above system and the compensator’s nonlinearity is accounted for.

In practice, fibre dispersion values for DSF lie within the range ±6ps/nm/km, 

encompassing the “non-zero Dispersion Shifted Fibre” (NZ-DSF) which has been 

developed recently [5]. The simulation with ±4ps/nm/km is a reasonable value for this
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fibre and Figure 5.9 summarises its performance in terms of the 3dB EoP transmission 

distances as a function of input power (from Figure 5.3). (The 3dB distances were 

measured to the span number at which the EoP became greater than 3dB, i.e. rounded to 

the nearest span length of 50km). A power-curve-fit gives a simple relationship between 

the 3dB transmission distance (km) and input power (mW):

L,„„= 11167 />-■ “

and L„,= 12196 P -0.99

(+/-DSF)

(-/-hDSF)

(5.1)

(5.2)

indicating the greater distances that are obtained with the -/-t-DSE dispersion map. These 

expressions will be useful to compare against the two other dispersion management 

schemes which follow.
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Figure 5.9 Comparison of 3dB EoP Transmission distance versus input in 
the two DSF configurations with fitted curves (equations (5.1) and (5.2) in the 
text).
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5.4  Dispersion Shifted Fibre Compensated by Standard Fibre

This method of compensation employs the high dispersion of standard fibre at 

1550nm to compensate the accumulation of dispersion in DSF. The GVD of SMF in the 

1550nm region is around 15 to 20 ps/nm/km hence only a small length of fibre is required 

for compensation purposes, e.g. if the DSF has a dispersion of -1 ps/nm/km the SMF 

length need only be around l/20th of the DSF length. As SMF is always a positive value 

at 1550nm, the (accumulated) DSF dispersion will necessarily be negative for 

compensation by this scheme. Two configurations are possible: DSF followed by SMF or 

SMF followed by DSF. The following simulations consider the performance of a single 

lOGb/s channel in terms of the eye-opening penalty (EoP) with input power from 2 to 10 

mW  over 50km DSF (-1 to -4 ps/nm/km), with SMF as the compensating element (GVD 

of 4-16 ps/nm/km). The higher order dispersion slope remains uncompensated at 

4-0.07ps/nmVkm.

5.4 .1  Performance of the DSF with SMF as Compensator

As the input power was increased from 2mW peak input power to lOmW the eye- 

penalty of the channel as a function of distance changes as shown in Figure 5.10. The 

exactly compensated, amplified spans consisted of 50km of either -1, -2 or -4 ps/nm/km 

DSF followed by either 3.125, 6.25 or 12.5 km of 4-16ps/nm/km of SMF, respectively. 

As with the previous dispersion managed scheme which consisted of DSF only, DSF 

with negative GVD positioned at the beginning of the link, immediately after the 

amplifier, gave negative eye-penalty (eye-opening). The maximum amount of eye- 

opening was unchanged with input power, only its position along the link was affected. 

Higher power caused a faster rate of eye-opening and closure with distance. In this 

scheme the 3000km distance can be achieved with less than 3dB eye-penalty if the power 

is chosen to be less than 4mW.

The family of curves also show the channel behaviour as a function of both the dispersion 

of the DSF and the input power. Although increasing the input power increases the 

“depth” of eye-opening over the initial spans of fibre, the eye-opening penalties for the 

different DSF GVDs (with constant converge at 1.5dB for 250 to 500 km

increasing at the same rate up to approximately 4dB, whereafter the links with a DSF 

dispersion of -1 ps/nm/km have a slower rise in penalty. Beyond the initial eye-opening 

and subsequent closure and with an BoP < 3dB the DSF dispersion has little effect on 

the transmission distances obtained.
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Figure 5.11 FoP with distance and various dispersions of the DSF in a SMF+DSF 
compensated span with of 4mW.

If the fibre positions are reversed such that the SMF compensating element is first in the 

span followed by the 50km of DSF the evolution of the eye-penalty takes a different 

form. The FoP rises continuously with distance and there is no evidence of eye-opening 

in the first spans. When the input power was set at / ,̂„,,,(.=4mW and the DSF dispersion
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was decreased from -1 to -4 ps/nm/km the 3dB distance dropped by more than half, from 

3050 to 1400 km, as shown in Figure 5.11 The larger DSF dispersion the faster the rise 

of EoP, unlike the situation with DSF+SM F where the 3dB distance remained constant 

with increasing DSF dispersion. Comparing the performance of the two configurations at 

4mW , Figure 5.12, highlights their differences and similarities -  less eye-penalty in 

DSF-i-SMF over the first 2500km then increasingly similar performance between the two 

arrangements as the distance increases when the dispersion of DSF equals -1 or -2 

ps/nm/km.
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Figure 5.12 Comparison of the EoP evolution over distance for DSF+SMF and SMF+DSF 
at Py,,«x:=4mW for three dispersion values of the DSF.

5 .4 .2  D iscu ss io n

Investigating this scheme has revealed a parallel betwden it’s performance and that 

of the solely-DSF fibre link of the previous section. The ordèf-ofTlie dispersion map is 

important to obtain the best performance: negative dispersion first in the link gives 

negative, i.e. lower, eye-penalty than the alternative scheme. The eye-penalty then rises 

faster converging with the value of the alternative SMF-l-DSF arrangement at large 

distances if the magnitude of the DSF dispersion is less than 4 ps/nm/km. The 3dB 

distances are “stable” against the influences of increasingly negative DSF dispersion in the 

DSF-t-SMF scheme compared to the SM F+DSF case at EoPs below 4dB.
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To summarise the results the 3dB transmission distance for increasing input power in 

DSF+SM F spans is plotted in Figure 5.13. The power-curve fit to these points gives the 

expression,

= 12000 P (5.3)

where P is the channel peak input power (in mW) and the transmission distance 

giving 3dB eye-opening penalty (in km).
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Figure 5.13 3dB EoP Transmission distance versus input in DSF+SMF compensation 
scheme.

/24



5.5 Standard Fibre and Dispersion Compensating Fibre

To overcome the severe dispersion limit experienced by high bit-rate channels in 

standard fibre (SMF) Dispersion Compensating Fibre (DCF) has been designed and 

experimentally deployed [6]. It allows the standard, conventional fibre base of the 

existing telecommunications network to be up-graded to meet future demands in capacity. 

With its large dispersion, of the order of -100 ps/nm/km, the accumulation of dispersion 

in standard fibre with 15-20ps/nm/km can be simply reversed with the appropriate length 

of DCF. As with the compensation of DSF by DSF or SMF, the combination of DCF and 

SMF lend themselves to two possible configurations within a span: the DCF can be 

placed at the end of each span after the SMF (hereafter referred to as post-compensation) 

or it can be positioned immediately after each amplifier and before the length of SMF (pre

compensation). As discussed previously. Das et al. [7] briefly stated in a description of 

their experimental work that positioning the compensator at the beginning of each span,

i.e. pre-compensation, gave improved performance over the post-compensation scheme 

but they did not proceed to defend this assertion. This view contradicted the study by 

Cheng [8] who considered the optimal position of the compensator within an amplified 

span was before the receiver, although the effect of any nonlinearities was not 

incorporated in the analysis.

The DCF has a smaller effective area which leads to a higher nonlinear coefficient and is 

therefore possibly more susceptible to nonlinear degradations, especially if placed where 

the power in the fibre is greatest, i.e. immediately after an amplifier. Although the 

effective area for DCF is on average less than a third the size of SMF, 25|im^ compared to 

80|im^, respectively, so increasing the nonlinear coefficient by greater than three, the 

higher loss of the DCF must be taken into account. With higher loss the effective length 

of fibre is reduced leading to a shorter distance over which nonlinearities are significant. It 

will be shown that this partially mitigates the increase in nonlinearity from the reduced 

effective area [9].

To fully investigate performance of this dispersion management scheme the propagation 

of a single lOGb/s channel over SMF with pre- and post-compensation using DCF was 

modelled. The standard fibre employed had +17ps/nm/km of dispersion and the DCF 

dispersion equalled -lOOps/nm/km. A 50km span length of this SMF thus required 8.5km 

of DCF for exact compensation of dispersion. Again the dispersion slope remained 

uncompensated at +0.07ps/nm^/km.
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Figure 5.14 SMF spans pre- and post-compensated by DCF (a) EoP against 
distance (with and without 3rd order dispersion) at = 6mW (b) 3dB 
transmission distances as a function of peak input power.

5 .5 .1  C om parison  of P re- and  Post-C om pensation  Using DCF

Just as in the previous two dispersion management schemes the order of the fibres 

results in qualitatively and quantitatively different behaviour. The arrangement for the pre

compensated scheme shows the initial negative eye-opening associated with negative 

dispersive fibre placed immediately after the amplifier followed by positive dispersion, 

illustrated in Figure 5.14. In (a) the EoP of the single channel at 6mW peak power as a 

function of distance is plotted for both the pre- and post-compensation schemes
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displaying a significant difference in their performance. Also plotted alongside the pre

compensated EoP is the simulation result with the 2"‘̂ -order GVD (the dispersion slope) 

set to zero to assess any impact of the higher order dispersion. There is negligible 

difference in performance in this test case because the large first order GVD of the two 

fibres dominates the behaviour.

Simulations of such a channel over the two fibre configurations with powers ranging 

from 0.8 to 10 mW were next performed. The 3dB eye-opening distance, for each 

power was determined and plotted in Figure 5.14(b). A curve was fitted through each set 

of points giving the simple relation between and power, similar to those obtained for 

the other dispersion management schemes. The significant difference in transmission 

distances between the two schemes is revealed:

L̂ dB = 15208 (pre-compensation) (5.4)

and LddB = 2775 (post-compensation) (5.5)

with LddB measured in kilometres and the peak input power, P, measured in milliwatts.

In [4] the compensator was idealised as a lumped element such that it was assumed both 

linear and lossless and it was shown previously in Section 4.7 that this overestimated the 

possible transmission distances achievable in that compensated scheme. The results of 

simulations performed for a lOGb/s channel over SMF with such a linear, lossless DCF 

compensator are given in Figure 5.15 indicated by broken lines. In the pre-compensated 

scenario the effect is to over-estimate the penalty whereas it is under-estimated in the post

compensation case. This result can be understood with reference to the action of the loss 

and nonlinearity within the compensator. With lossless pre-compensation only the 

dispersion is left which linearly chirps and broadens the pulses [10]. These chirped, 

broadened pulses then pass into the nonlinear SMF. W ithout the loss of the DCF (5. IdB) 

a higher power enters the SMF resulting in greater SPM. In anomalous dispersion SPM 

leads to increased pulse compression. From inspection of Figure 5.15 the maximum eye- 

opening is reached two spans earlier (100km less) and a faster rise in penalty ensues as 

the nonlinear chirping of the pulse in the SMF further “over-compensates” for the linear 

chirp experienced in the preceding DCF. With post-compensation reduced over

compensation occurs: the nonlinear chirp imposed by the SMF (placed immediately after 

the amplifier) compresses the pulses, it is then partially compensated by the linear DCF 

which re-broadens the pulses (due to linear dispersion), but not as much broadening 

which would result if the DCF was nonlinear (providing
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Figure 5.15 EoP with distance over pre- and post-compensated spans of SMF 
employing either a linear and lossless (broken lines) or nonlinear and lossy (solid 
lines) DCF compensator.

extra broadening due to SPM in normal dispersion). The result is less penalty per span 

and hence a lower rise in penalty after a number of spans. Idealising the compensators 

leads to over- and under-estimation of eye-penalty whether the scheme is pre

compensated or post-compensated, respectively. This agrees with the findings in [2] 

where the linear DCF in a post-compensation scheme both over- and under-estimated the 

penalty along the length of the system. That system was more complicated: the initial 

signal was chirped, each span had two amplifiers, one after the SMF and the other after 

the DCF and the compensation was inexact with residual positive dispersion but it 

demonstrated that the compensator must be modelled as a nonlinear element.

Throughout this chapter the DCF is modelled as a realistic compensator exhibiting loss 

and nonlinearity. Concentrating on the evolution of a pulse train within one span further 

will clarify the mechanisms effecting its behaviour.

5 .5 .2  Pulse Evolution w ithin SM F w ith DCF

The coefficients of equations (5.4) and (5.5) above differ by a factor of over five. 

The 3000km distance is reached with less than 3dB penalty if the peak power in the 

channel is less than 5.1mW  for pre-compensation or 0.9mW  with post-compensation. 

This behaviour can only be explained by the interaction of the nonlinearity of SPM and 

the dispersion in the two types of fibre.
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The relative power levels of the two fibre configurations along one span are shown in 

Figure 5.16. along with their dispersion maps. The power level falls much more quickly 

with distance when pre-compensated due to the high loss of the DCF. As the power 

dependent self-phase modulation causes frequency chirping of the channel via 

instantaneous phase modulation, the power reduction in the fibre has to be taken into 

account. Taking the approximate effective length, where the power drops to the same 

level in each fibre, i.e. to Me, Ma. The induced nonlinear phase shift on a Gaussian 

pulse is given by [10]

<l> = 2Kn^PIÀA,g (5.6)

The nonlinear phase is governed by the ratio of effective length to effective area, the other 

parameters are assumed to be the same for both fibres. This ratio is 0.259 in SM F and 

0.289 in DCF -  approximately 12% larger in the DCF compensator compared to the 

transmission fibre. Despite the higher nonlinearity longer transmission distances were 

obtained having the DCF first -  the interaction of SPM with the local dispersion must be 

considered.
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Figure 5.16 The dispersion map and relative optical power within one 50km span of 
SMF with wither pre- or post-compensation by DCF.
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Figure 5.17 Single superGaussian pulse (4mW peak power) transmitted over 3000km of 
SMF and DCF spans, (a) optical pulse shape (b) optical spectrum (c) pulse and spectral 
widths.

The characteristic lengths for a lOGb/s pulse at 4mW in SMF are L ,̂ = 91.9 km and 

= 184.8 km and in DCF = 15.6km and = 57.7km. Hence in both fibres the 

dispersion dominates over the nonlinearity and more so in the DCF than in SM F, i.e.
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pulses in DCF are broadened by a factor V2 in a distance that is nearly one quarter of the 

distance over which the nonlinear phase shift reaches unity through SPM (and one half 

the distance in SMF). Noticeable SPM will require a greater transmission in DCF than in 

SMF.

As the channel propagates over the dispersion corrected spans the distortion in pulse 

shape is reflected in the nonlinear broadening of its spectrum [10]. To examine the 

spectral broadening in more detail the evolution of a solitary superGaussian pulse was 

undertaken (which as shown above dominates the behaviour of eye-penalty). The single 

pulse also simplifies the analysis by avoiding the more complex spectrum associated with 

a train of pulses (the Fourier transform of a Gaussian pulse is Gaussian). Figure 5.17 

displays the optical power (i.e. without optical and electrical filtering) of the single pulse 

as it propagated over pre- and post-compensated spans at a number of distances down the 

link. The peak power of the pulse was 4mW  at input.

The optical pulse within the pre-compensated scheme continually narrows as the number 

of spans increases (the asymmetry at larger distances a result of the higher order 

dispersion). In contrast the post-compensated pulse is continually broadened. The spectra 

follow this behaviour -  a narrow pulse in time transforms into wide spectrum in 

frequency. A plot of pulse and spectral FW HM  widths for the two fibre configurations is 

also shown which reveals the extent of the pulse and spectral broadening or narrowing. 

For the pre-compensated link the spectrum of the pulse rises faster initially and remains 

on average 12.5GHz wider than the post-compensated scheme after 1250km. The pulse 

widths on the other hand are widest for the post-compensated scheme reaching 218ps 

compared to just 12ps with pre-compensation.

When the optical and electrical filters at the receiver are included after pre-compensated 

spans the pulse initial narrows, evident from the eye-penalty of the pulse train, then 

distorts as the broadened spectral width surpasses the FW HM  of the optical filter. The 

Order optical Butterworth filter has a FW HM  of 40GHz. The spectrum of the narrowing 

pulse reaches this width after nearly 2500km which is the approximate distance where the 

EoP for a 4mW IM channel becomes positive (refer to Figure 5.14), i.e. as the spectral 

bandwidth grows beyond the bandwidth of the optical filter, so the channel distorts 

further and increases the penalty. To confirm this, increasing the bandwidth of the optical 

filter from 40 to 100 GHz reduced the penalty by nearly 0.8dB at 3000km, see Figure 

5.18. In a noisy system this would be at the expense of increasing the noise level at the 

receiver, therefore reducing SNR and reducing the rejection of neighbouring channels in a 

multi-channel system.
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Figure 5.18 Effect on EoP of optical filter bandwidth at 3000km for a 
4mW channel.

To emphasise the nonlinear interaction with the local dispersion in just a single span, the 

peak pulse power was set to 250mW (an artificially high level, impractical in real systems 

due to the stimulated processes of Raman and Brillioun Scattering [11] but useful to probe 

via simulation the effects isPM  and dispersion on pulse propagation). Figure 5.19 

displays the pulse train (after optical and electrical filters) at three stages: (i) at input; (ii) at 

the end of fibre 1, i.e. 8.5km DCF (50km SMF) and (iii) at the end of fibre 2 (end of 

span), i.e. 50km SMF (8.5km DCF) in the pre- (post-) compensated span. The 

corresponding eye-diagrams at the end of each span type are also shown (iv). With pre

compensation the effect of the high dispersion coupled with SPM causes large pulse 

broadening such that there is high ISI between the solitary one pulses and the 

neighbouring zeros after the 8.5km of DCF. Yet by the end of the SMF, at the end of the 

span, they have been compressed to widths less than they were at the input. In the post

compensated scheme the positive dispersion of the SMF causes pulse narrowing and the 

following section of DCF then broadens these pulses to beyond their input widths, 

causing severe pulse overlap and eye-closure. At reasonable power levels considered 

previously (1-1 OmW) the compression and broadening is not as catastrophic, but builds 

up gradually, after every span increasing the eye-penalty as span number increases.
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F ig u re  5 .19  H igh pow ered  (250m W ) pu lse  train  th ro u g h  one S M F  span w ith pre- o r p o s t
co m p en sa tio n  by D C F  at (i) input (ii) end  o f  fib re  1 (D C F  or S M F ) (iii) end  o f  fib re  2 (S M F  
or D C F ) and  (iv) ey e -d iag ram  at end  o f  each  span.

It has been discussed that with exact compensation it is the performance of the bit- 

sequences “ ...1 0 1 ...” and “ ...0 1 0 ...” which dictate the rate of eye-closure [4]. This is 

demonstrated in the high powered system eye-diagrams which reveal the extent of eye- 

closure dominated by such patterns. The other bit-patterns “ ...0 1 1 0 ...” and “ ...0 1 1 1 0 ...” 

eventually influence the amount of eye degradation as they become narrowed by the pre

compensated spans and their leading and trailing edges impinge upon the underlying eye- 

diagram created by the single pulses.

The evolution of pulses and bit-pattems are governed by the interplay of dispersion with 

the nonlinearity in these compensated schemes. Although the DCF has a higher 

nonlinearity arising from its smaller effective area it has been shown that the efficacy of 

SPM is reduced both by the greater loss of the DCF and the dominance of its large 

dispersion. The negative dispersion also produces additional broadening which is more 

than compensated by the following length of standard transmission fibre. This causes 

pulse compression and frequency broadening to oceur over a large number of spans 

before the limitations of the receiver bandwidth distorts the channel.
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5 .5 .3  Transmission Distances and Channel Bit-Rate

One of the advantages of the optical amplifier over the regenerative ‘3R ’ repeaters 

is their transparency to the bit-rate of the incoming signal. The performance of a single 

channel at four different bit-rates is now assessed. At lOGb/s the channel attains a 

distance-power relationship given in equation (5.4). From simulations over the pre

compensated scheme with bit-rates of 2.5, 5 and 20 Gb/s a series of curves were obtained 

for the 3dB distance per mW of input peak power which are summarised in Table 5.2.

Bit-rate
(GB/s)

3dB Distance 
(km/mW)

3dB Distance- 
Bit-rate product 
(Tb/s.krn/mW)

2.5 69550 173.9
5 37697 188.5
10 15208 152.1
20 3877 77.6

Table 5.2 3dB Eye-opening Penalty transm ission distances for various bit-rates 
per unit pow er and distance-bit-rate product for single channel transm ission over 
DCF-tSM F pre-com pensated spans.

The possible 3dB distances are very large for the lower bit-rates which is unsurprising as 

the rate of change of nonlinear phase shift which translates into frequency chirp (with 

pulse distortion in dispersive systems) is proportional to the rate of change of intensity 

which in turn is proportional to the bit-rate equation (2.29).

At 20 Gb/s the 3dB distance is a factor 18 less than that of the 2.5 Gb/s channel. This is 

greater than the effect of dispersion acting alone where the dispersion limited distance is 

inversely proportional to the square of the bit-rate, equation (4.0) so giving a dispersion- 

limited distance 16 time greater at 2.5 Gb/s compared with 20 Gb/s. The decrease in 

performance at the highest bit-rate in the compensated system stems from the additional, 

detrimental effect of SPM.

Calculating the 3dB distance-bit-rate product (for a peak input power of unity) gives the 

result that the channel at 5 Gb/s offers greater capacity, as shown in column 3 of Table 

5.2. It must be remembered that at the higher bit-rates where receiver bandwidth is larger 

(0.65 of the bit-rate), more noise will reach the receiver, decreasing the SNR. To 

counteract this the power of signal would have to be increased. This comes as a double 

blow to the higher bit-rates which already suffer a higher penalty from SPM. The greater 

signal power would further reduce transmission distances; the lower bit-rates become 

even more attractive for maximal capacity.
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These results for single channel capacity is an important consideration for multi-channel
transmission. If each channel in multi-channel system can perform as a single channel 

then it is possible that a system with a large number of channels at a low bit-rate may have 

better performance than just a few channels at higher bit-rates. This question of 

“granularity” [ 12] of such systems will be analysed and discussed in the next chapter.

5 . 5 . 4  Inexact Compensation within SMF and DCF spans

A

Implementing DCF as a means of managing the dispersion of an existing SM F requires 

knowledge of the length and dispersion of the SMF to allow the correct amount of 

dispersion compensation to be deployed. If there is any uncertainty with these values then 

it is useful to know of how a system will perform away from the optimal, exactly 1^5  

compensated linear dispersion condition. A related question can also be asked: how 

robust is the performance of a channel positioned other than the wavelength at which there 

is exact c o m p e n ^ io n , given the fact that the uncompensated dispersion slope is present 

within the systenT The following section addresses these issues, looking at the effect of y

offsetting the carrier frequency from the exactly compensated frequency, by an 

amount and the amount of under- or over-compensation of dispersion a channel can 

withstand when the lengths of the standard and compensating fibre are not matched 

exactly.
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The dispersion slope of fibres in the simulations have been set at +0.07ps/nm^/km, i.e. 

for every nanometer (~125GHz at 1550nm) that the channel carrier is moved away from 

the exactly compensated wavelength there will be a residual amount of in dispersion of 

4.095ps/nm per span. The DCF dispersion will become less negative as wavelength 

increases and more positive in SMF. The compensation will no longer be exact, e.g. at an 

extreme, say of -lOOOGHz (an offset of approximately +8nm), the difference in 

dispersion from the DCF and SMF will amount to +32.76ps/nm per span. As the number 

of spans increase so the accumulated, uncompensated dispersion will grow degrading 

system performance. In a linear system dominated by dispersive effects the increase in 

dispersion would decrease the transmission distance whether the carrier offset was above 

or below In the presence of SPM the channel behaviour is no longer symmetric 

about as demonstrated in Figure 5.20. The graph shows the 3dB eye-penalty 

distances obtained when a lOGb/s channel (4mW peak power) was offset by -1000 to 

+1000 GHz. The transmission performance is not symmetrical about the exactly 

compensated frequency and it appears that the optimal location for a single channel to 

achieve the best performance in terms of longest 3dB distance is when the frequency 

offset, equals -50GHz. The 3dB distance drops more quickly and to a lower level if 

the carrier frequency is reduced further, in contrast to the performance when the carrier is 

located at increasingly greater frequencies, e.g. at a = -1000 GHz the 3dB distance 

is 1200km whereas at = +1000GHz the distance falls to 1950km. The optimum 

frequency offset of -50GHz places the carrier in the region of positive GVD accumulation: 

the reduced frequency (increased wavelength) gives a reduction in the GVD of the DCF 

but an increase in GVD of the SMF, with resultant positive excess dispersion per span. 

The accumulation of positive GVD redresses the build-up of nonlinear chirp which was 

left uncompensated by the linear dispersion management.

To examine how stable the 3dB distances of the compensated links are with respect to the 

length of standard fibre with a given fixed compensator length (or fixed standard fibre 

with variable compensator length) a single channel was propagated over a number of links 

with lengths of SMF and DCF not matched.

Firstly the length of the standard fibre was increased from 40 through to 60 km with the 

DCF length fixed at 8.5 km (compensating exactly 50km of SMF). In the second set of 

simulations the SMF length was fixed at 50 km and the DCF length varied from 7 to 10 

km. The 3dB eye-penalty distances reached when either DCF or SMF length varies are 

found to be asymmetrical about the exactly compensated lengths of fibre. Figures 5.21(a) 

and (b) show the results of varying the SMF and DCF length, respectively. Only a very 

narrow range of SMF lengths allow both 3000km transmission and penalties less than
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3dB, imposing a severe limit to SMF length away from the optimum. If < 50, the 

3dB transmission distance falls rapidly. It is dominated by the accumulation of negative 

dispersion and not SPM since the equivalent distances were reached as the power was 

increased from 4 to 6mW. With > 50 km the spans were under-compensated, the 

accumulation of dispersion was positive and, as evident from the simulations, gave longer 

transmission for the same magnitude of negative accumulated dispersion. If, in a real 

system optimal performance (at which the total 2nd order dispersioiy of the two fibres 

exactly cancel) cannot be achieved, better performance can be obtained if the DCF under- 

compensates rather than over-compensates each amplified span. In Figure 5.21(b) the 

DCF length is varied, and again the results show that under-compensation allows greater 

distances compared to the same magnitude of over-compensation. The large dispersion of 

DCF allows only small deviations in length from 8.5km if a maximum 3dB penalty at 

3000km is to be achieved. Again the same asymmetry in performance between over- and 

under-compensation appears as the dispersion has more dominance away from the 

optimum.
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5 . 5 .5  SMF And DCF In The Presence Of ASE Noise

The performance of the link with compensated spans of SMF has been quantified 

in terms of the eye-opening penalty which allows assessment of the channel degradation 

through distortion of the eye from dispersion and nonlinearity. In real systems the optical 

amplifiers introduce noise in the form of amplified spontaneous emission (ASE) which 

further degrades system performance by reducing the signal-to-noise ratio (SNR). A 

number of studies of the effect of ASE on eye-penalty have been undertaken which 

indicate that ASE in the presence of the Kerr nonlinearity has little effect on the eye-penalty 

for values of dispersion above 3ps/nm/km [3], [4], which is an order of magnitude less 

than the dispersion of SMF or DCF. The eye-penalty will be over-estimated when ASE is 

added because the random noise results in a distribution of values across the bottom and 

top rails (ZERO and ONE levels) of the eye-diagram and it is the worst (smallest) eye- 

opening which determines eye-penalty. A more useful measure of system performance in 

the presence of noise is Personick’s Q-factor[13] which can be related to SNR or BER.

In the system under discussion the amplifiers appear at the end of each span and add noise 

which reduces the SNR for a given signal level. For a linear system within the dispersion 

limit boosting the power of the signal would allow the original SNR to be regained. 

Unfortunately, as we have seen in the previous sections, increasing the single channel’s 

power in a nonlinear transmission medium accentuates the degradation due to SPM. Thus 

we have two competing effects: additive noise which requires increasing signal power for 

increasing system lengths but a power limitation to minimise the effect of the nonlinearity. 

The result is an optimum power for a given system which finds the balance of these two 

extremes.

The pre- and post-compensation schemes for SMF with DCF have been simulated with 

the addition of amplifier noise and the Q-factor calculated from the means and standard 

deviations of the ZERO and ONE rails of the eye-diagram of the channel after each 

amplified span. With the number of bits in the bit-stream increased to 256 each simulation 

was performed four times with a different seed used in generating the random noise 

distributions.

The Q values for the two configurations as a function of channel input power and system 

length are given in Figure 5.22. The shape of the curve is as expected from the bounds 

imposed by noise and nonlinearity considered above. At low power, P < 1.0 mW, the 

value of Q is less than 10 after 40 amplified spans (2000km) in both cases. As power 

increases Q begins to rise to a maximum and then falls sharply as the effect of nonlinearity
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degrades the channel. Focusing on a system length of 3000 km, it is again apparent that 

the single channel performance is better over pre-compensated spans compared to post

compensated spans. To achieve a Q > 6 (BER = 10'^) the power must be greater than 0.6 

mW in both configurations and can only be increased to 2.8mW for post-compensation 

yet increased to 5.3mW in the pre-compensated system before Q falls below 6 again. 

Between these power ranges the Q value is higher with a maximum of Q =11 at 2mW peak 

input power in the latter case and is smaller, with an optimum of Q=7 at a power slightly 

less than 2mW in the former. At low powers the behaviour of Q in both fibre 

configurations is very similar -  the ASE noise dominates the performance, with the 

nonlinearity playing a minor role.

Comparing the BoP of a noiseless system and the Q values for the pre-compensation 

arrangement shows that the 3dB EoP distance is a useful metric with which to assess this 

system’s performance. The 3dB distance is achieved up to input powers of 5.1mW  using 

equation (5.4) which is close to the maximum power limit of 5.3 mW which gives Q>6. 

At low power the expression for Q, equation (3.19), within a linear, lossy system 

equation can be used as SPM is negligible over the distances considered. In the post

compensated scheme the relationship between EoP and Q is not as straight-forward with 

an eye-penalty greater than 3dB tolerated before the Q drops below 6.
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Figure 5.22 Q-factor against peak input power and increasing link length for 50km-span 
SMF with (a) post- and (b) pre- compensation by 8.5km DCF.
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5.6  Discussion and Conclusion

The performance of dispersion managed standard fibre by the use of dispersion 

correcting fibre has been explored. It transpires that positioning the negative dispersion 

fibre immediately after the amplifier, preceding the positive dispersion fibre, gives better 

performance in terms of eye-penalty and, in the presence of noise, higher Q. Although the 

DCF has higher nonlinearity due to its smaller effective area, and in terms of minimising 

the nonlinearity would therefore be best positioned at a point of lowest power, i.e. after 

the SMF, the effect of its high dispersion and its high loss conspire to reduce the impact 

of SPM on an intensity modulated channel. As the DCF dispersion is negative the SPM 

acts to broaden the linearly dispersing pulses. The dispersion and loss work to broaden 

the pulses and reduce their peak power in a shorter distance than the distance over which 

SPM maximally chirps the pulses. The dispersed and chirped signal enters the SMF and 

experiences a relatively smaller but positive dispersion which compresses the pulses to 

widths narrower than at input. Repeated at each span the pulses are further narrowed and 

the eye-diagram opened. A lOOps (lOGb/s data rate), 4mW peak power pulse over a 

number compensated spans was studied. The narrowing of a pulse corresponds to an 

increasing spectral width which eventually becomes distorted by the finite width of the 

optical filter. Increasing the filter can alleviate some of the eye-closure: widening the filter 

above a FWHM of 40GHz is possible in a single channel, relaxing the constraints for an 

optical filter. This has two potential drawbacks. The noise power passed to the receiver 

would increase from both the ASE noise from amplifiers and spurious power from any 

neighbouring channels. This highlights the need for larger channel spacing in lOGb/s 

W DM system. With smaller bit-rates the constraints arising from spectral broadening are 

reduced and it was found that capacity of the fibre, in terms of transmission-bit-rate 

product, was greatest for a 5Gb/s channel: halving the bit-rate to 2.5Gb/s does not 

produce a doubling in the transmission distance nor doubling the bit-rate to lOGb/s 

produce less than half the transmission distance. This “optimum” bit-rate for a single 

channel performance will be examined in the context of multi-channel performance in the 

next chapter.

Returning to the lOGb/s channel propagation and comparing it’s performance against the 

two other dispersion managed 50km-span schemes suggests that the DCF+SM F fibre 

configuration out-performs both the -/+DSF and the DSF+SMF schemes. In terms of the 

effect of nonlinearity and dispersion this is indeed the case. Examining the loss of the 

DCF+SMF and the -/+DSF spans reveals that there is 15.6dB and 10.5 dB loss in each 

span, respectively. The DCF+SMF fibre combination has just over 3 times the loss of the 

DSF span. The loss of the DSF fibre is 0.21dB/km. By increasing the DSF span length to 

74.3km the total loss matches that of the DCF+SMF span. The path averaged power [3],
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which takes into account the attenuation of the fibre, is given as P^=PJ, ,  where is the 

ratio of effective length to span length, L̂ ffÛ span- the 50km span of DSF 0.38 but 

equals 0.27 in 74.3km of DSF. This is the value of DCF+SM F. If the span length of 

DSF is increased to 74.3km (i.e. 37.15km DSF with -4ps/nm/km followed by the same 

length of positive GVD) the resulting 3dB distance against power relationship is plotted in 

Figure 5.23, alongside the 50km-span and the DCF+SM F line. The 3dB distance can be 

summarised as

~ 16573? (74.3km span DSF) (5.7)

The slope of the fitted line is 1.39 times larger than that for the 50km-span, equation 

(5.2), which is the approximately the same factor as the ratio of for the two span 

lengths, 0.377 to 0.270. Thus with equal path average powers in 50km of DSF or 

DCF+SM F spans the transmission distance for equivalent eye-penalty is greater in the 

-/+DSF management scheme than for the compensated standard fibre scheme. 

Equivalently, for the same input power, the 50km-span DSF can be extended by just 

under one half to 74.3km, giving the same span loss and path averaged power as the 

DCF+SM F span, and longer a transmission distance can be obtained. Applying similar 

analysis to DSF+SM F gives a of 0.343 which again is more than in DCF+SM F value 

of 0.270. Rescaling the path average power increases the slope of equation (5.3) to 

15244km/mW -  within 50 (km) of the slope of DCF+SM F, equation (5.4).
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In single channel operation dispersion managed dispersion shifted fibre provides the best 

performance in the presence of self-phase modulation and dispersion. This management 

scheme would be suited to the construction of new networks where the fibre parameters 

can be specified at the design stage. Upgrading the existing standard fibre network is 

possible with Dispersion Compensating Fibre which can improve transmission 

performance close to that of DSF even though the DCF has a higher nonlinear coefficient. 

The performance of the DCF-kSMF arrangement is very susceptible to inexact matching of 

the fibre dispersions due to their large dispersion values which quickly accumulate with 

each span if left uncompensated. If inexact compensation cannot be avoided it has been 

shown that under-compensation is preferable to over-compensation, i.e. shorter 

compensating fibre than the optimum. With the behaviour of a single channel in the 

presence of SPM and GVD understood the addition of other channels within such 

systems will now be addressed.
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C h a p t e r  6

M ultiple  Ch a n n e l  E f f e c t s
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6.1 Introduction

More than one ehannel sent down the same fibre introduces new nonlinear 

mechanisms which can affect system performance. The Kerr phenomenon produces two 

effects associated with multiple channel transmission: FWM and XPM which is in 

addition to the SPM effect occurring on a single channel. The former process generates 

spurious noise power, potentially generating channel crosstalk, at the expense of the 

original signal power and the latter influences pulse shape evolution, in a similar way to 

SPM but by one channel influencing another. Stimulated Raman Scattering will become 

evident as the optical system bandwidth grows with the number of channels.

The underlying performance limits set by SPM and dispersion for single ehannel 

operation will also apply to each channel of a WDM system. If there is minimal interaction 

between channels then the single channel processes will be dominant and dictate system 

performance. The addition of the other nonlinearities will only serve to exacerbate the 

degradation encountered by each channel alone.

From the previous chapter on single channel effects, the optimal dispersion management 

scheme for SMF was found to be DCF placed in a pre-compensation scheme. This 

configuration will be used most frequently in the following investigations of multiple 

channel systems.

6.2 FWM in Dispersion Managed Schemes

Four-Wave Mixing can have serious implications for system performance as it 

affects channels in a number of ways: providing a method of channel crosstalk and a 

mechanism for power depletion from the channels [1]. As discussed previously the most 

straightforward method for minimising FWM is to use dispersive fibre. Fortunately the 

embedded standard fibre base has high dispersion at 1.55jim as does DCF at this 

wavelength.

As Table 2.1 of section 2.4.3.2 highlighted, the efficiency of FWM varies by 6dB and up 

to 24dB between DCF and SMF and between SMF and DSF, respectively, for two 

interacting channels spaced lOOGHz apart. Hence the FWM power generated within the 

fibres will also show the same differences when considering dispersion alone. But at
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25|im^ the DCF small, nearly half the size of the DSF area and approximately one 

third the size of SMF area. The nonlinear coefficient, 7, will be proportionately larger. 

The increase in nonlinearity is partially offset against a shorter interaction length, or 

effective length within the fibre due to the relative high attenuation of DCF 

(0.6dB/km). As with the nonlinear phase change associated with SPM the FW M  power is 

proportional to the ratio of effective length to effective area

F̂WM în
Leff

■ F̂WM (6.1)

Also shown is the proportionality to the cube of the input power (assuming equal channel 

powers) and the FWM efficiency term (inversely proportional to dispersion).

Hence, if the ratios of the effective length to area of DCF, SMF and DSF are similar then 

the FWM power in each fibre will be governed by the efficiency of FWM. Using the 

analytic expression for FWM power, equation (2.46) is limited to the study of one fibre 

type ruling out its use for the analysis of dispersion compensated systems. Employing the 

NLSE numerical method allows any number of differing fibre sections to be concatenated 

and so, the FWM power generated in three dispersion schemes are studied: pre- and post

compensated SM F and alternating sign DSF. In simulation two CW channels are 

transmitted through the three dispersion managed spans with channel spacing increasing 

from 10 to 100 GHz. The resulting FWM powers generated at the two frequencies either 

side of the 2 channel systems are plotted in Figure 6.1.

ECQ
3
u(U
oa

+ 10 

0 

-10  

-20 

-30 

-40 

-50 

-60

(a)

(b)

( C ) :  "  »

A A

■
•  #

10 20 30 40 50 60 70 80 90 lOQ

Frequency spacing (G H z)

Figure 6.1. First order FWM power generated by a two channel system (5mW 
C W )  versus channel spacing for three 50 km dispersion managed spans: (a) 
50 km DSF (-/+lps/nm/km) (b) SMF-t-DCF (50km 4-17ps/nm/km, 8.5km - 
lOOps/nm/km) and (c) DCF+SMF.



The FW M power is on average 5dB lower in the pre-compensated SM F scheme than the 

post-compensated case except at 50 GHz where the difference increases to 15dB. 

Between the post-compensated SM F and the Ips/nm/km DSF the FWM is between 8.5 

and 32 dB, dependent upon the channel spacing. The reason for the improved 

performance of DCF+SM F at 50GHz is as a result of the phase relationships between the 

input fields and the nonlinear polarisation with frequency spacing. The fluctuation is 

apparent at larger channel spacings with the other types of compensation. It is obvious 

that FWM is very effectively suppressed with either SM F compensation scheme and 

further suppression is obtained if pre-compensation is chosen over post-compensation.

If instead of varying the channel spacing the input power per channel is varied, for a set 

channel spacing (in this case 50GHz), the power-cubed proportionality is confirmed. This 

is demonstrated in Figure 6.2 for the above three compensation schemes: as the input 

power increases by an order of magnitude so the FWM power increases by three orders. 

The cubic relationship breaks down at higher powers -  where the assumption of 

undepleted pump power, used to obtain the analytic solution, no longer holds. This 

occurs after 20mW CW channel input power in the scheme most susceptible, i.e. the DSF 

dispersion managed span. Therefore the analytic approximation will hold for lower 

powers encountered in the systems to be studied, where it was found that P„,<10mW is 

required to minimise the effect o f SPM and GVD interaction upon a single channel (see 

previous chapter).

+20

-20

-40

-60

-80

-100

-120

-10 0 +10 

Input channel power (dBm )

+20

J

Figure 6.2 First order FWM power generated by a two channel system 
(50GHz spacing) versus channel input power for three 50 km dispersion 
managed spans (parameters in Figure 6.1).



The analytical expression presumes the interacting channels are monochromatic and 

cannot model the transform-limited spectrum of the carrier associated with intensity 

modulation. Modulating the carrier distributes the optical power amongst the spectral 

components with a corresponding increase in linewidth and decrease in earner power. An 

example of two intensity modulated carriers is given in Figure 6.3 after having propagated 

through 5 dispersion compensated spans of DSF and DCF-i-SMF. The FWM suppression 

is immediately obvious with DCF-kSMF 32dB lower than in DSF where the peak FWM 

power is -31dB relative to the peak signal power.
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F igure 6 .3  Spectral sim u lation  com p aring  FW M  pow ers gen era ted  w ith in  5 
d isp ersio n  co m p en sa ted  spans o f  fibre (± D S F  (grey  lin e) and DCF-t-SM F  
(b lack  lin e ))  for tw o  in ten sity  m odulated  input ch an n els .

6.3 XPM in Dispersion Managed Schemes

6 .3 .1  Pulse W alk-T hrough , C hannel Spacing and  B it-ra te

The second nonlinear mechanism arising from the optical Kerr effect which is 

important within WDM systems is Cross-Phase Modulation (XPM). Recalling from 

equation (2.34) that the induced phase modulation on a particular channel resulting from 

the intensity changes occurring on the other N channels is given by

150



^ ,2
^XPM ~  (6.2)

i*J

with U the normalised field amplitude and y  the nonlinear coefficient. The factor of two

g rea te r^ ise s  the concern that multi-channel systems will be significantly affected by, 

Fortunately it was found that only the nearest neighbours to a particular channel in 

a multi-channel system need be considered for the interaction via XPM [2] and the phase 

modulation will be minimised if the optical pulses within the bit-streams can walk-through 

one another over a distance in which the nonlinearity has not significantly reduced due to 

power loss. In terms of the dispersion managed, optically amplified spans, this interaction 

distance will be equal to one effective length because the dispersion compensation will 

“reset” the relative bit positions ahead of every amplifier. Equation (4.10) relating the 

channel spacing to bit-period and interaction length through the dispersion parameter 

becomes

As the bit-rate increases so the time period for pulse walk-through reduces and from 

equation (6.3) the channel spacing can be reduced. Plotting bit-rate and associated channel 

spacing for pulse walk-through within the effective length of various fibres is plotted in 

Figure 6.4. Also shown on the graph is the constraint on minimum channel spacing of 

five or ten times the bit-rate. This may be a specific requirement to satisfy optical filtering 

constraints and carrier stability or to conform to the internationally agreed standards on 

channel spacing [3]. The plot indicates that increased bit-rate or larger dispersion values 

allow narrower channel spacing for the condition of pulse walk-through. The large 

dispersion of SMF and DCF would allow more dense WDM. For example, at a bit-rate of 

lOGb/s and a minimum spacing of five times the bit-rate, 50GHz, then pulse walk

through will occur for only the DCF fibre which has -lOOps/nm/km. Doubling the 

spacing to lOOGHz will allow pulse walk-through for conventional fibre, with 

+17ps/nm/km, at this bit-rate. Dispersion below 4ps/nm/km (DSF) does not allow 

complete walk-through within an effective length for bit-rates below 20Gb/s and spacings 

at ten times the bit-rate.
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Figure 6.4 Channel spacing dictated by bit-rate to ensure complete pulse 
walk-through after one effective length of dispersive fibre for (a) DCF, 
-lOOps/nm/km (b) SMF, +17ps/nm/km (c) DSF, 4-4ps/nm/km (d) spacing of 
5Br (e) spacing of IOBr.

As studied in the previous chapter the influence of SPM and dispersion strongly affects 

the pulse shapes travelling through the fibre which, as discussed in [2], will in turn 

influence the degree of XPM. The above guidelines to pulse walk-through do not take 

into account the broadening or narrowing of the pulses in the neighbouring channels. As 

an example of pulse walk-though Figure 6.5 shows two lOOps wide pulses (lOGb/s) on 

two channels separated by lOOGHz. The second channel pulse position in time relative to 

the first is plotted at intervals of 1km along DCF fibre. The second pulse can been seen to 

disperse (broaden) and attenuate with distance as expected, passing through the first pulse 

position. The first pulse will also experience the broadening and attenuation but is not 

shown here for clarity. With the broadening and loss the strength of XPM, and therefore 

frequency chirping, will decrease (because of the slower rate of change of intensity and 

the reduced power level).
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Figure 6.5 Relative time-position, height and width of a lOGb/s pulse at 2km 
intervals through DCF (-1 OOps/nm/km) to a similar pulse (initial shape only) 
on another optical channel lOOGHz apart.

To quantify the penalty associated with XPM the numerical simulator was used to study 

the propagation of two intensity modulated channels through repeated optically amplified 

spans of SM F pre-compensated by DCF. The channels were modulated at 2.5Gb/s with 

the simple “01010...” pattern and peak input power set at 8mW per channel. The 

amplifiers boosted the signals back to their input levels and ASE noise was “switched o f f ’ 

in the simulator so that the nonlinear effects alone could be studied. Initially spaced 

50GHz apart the eye-opening penalties were calculated at the end of each span and then 

the simulation was repeated with channel spacings up to 200GHz.

The effect of channel spacing on the penalty generated by XPM is highlighted by 

examining the performance of each system at 5000km. Figure 6.6 displays the EoP at 

5000km as a function of the channel spacing. At narrow spacings the penalty is large but 

falls to a minimum at around 140GHz (the eye is actually open relative to input) and then 

increases beyond this channel spacing. Alternatively, graphing the IdB distances achieved 

by the first channel as a function of channel spacing, Figure 6 .6(b), shows the largest 

distance is achieved with 140GHz.

Using equation (6.3), with the 1/e length of the DCF equalling 7.24km , the bit-period 

400ps and the dispersion -1 OOps/nm/km the channel spacing required for complete pulse 

walk through is found to be 1.14nm or 142GHz. Which is in excellent agreement with the 

findings of the numerical simulations where the EoP is minimised when the channel 

reaches 140GHz.
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Figure 6.6 (a) The IdB transmission distances for the first channel 
with increasing channel (b) the spacing EoP of the first 2.5Gb/s 
channel after 5000km.

The simulations were repeated with the bit-rate of the channels doubled from 2.5Gb/s to 

5Gb/s. The power was also halved to 4mW (to avoid greater SPM which occurs with 

higher bit-rates). The chaiyfiel spading \^as varied over a smaller range: from 40 to 100 

GHz. Similar to Figure 8.6, Plotting ^ e  penalty at 5000km shows that it reaches a 

minimum when the channelVare spapéd 70GHz apart and where the maximum IdB EoP 

distance is achieved, Figure 6.7. As the bit-rate has doubled the bit-period has halved, 

which on substitution into equation (6.3) gives 71 GHz as the channel spacing required 

for pulse-walk-through. This is approximately the spacing at which the minimum penalty 

and longest IdB transmission distance appears from simulation.
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As discussed in Section 6.3 the high dispersion of DCF the keeps the FWM efficiency at - 

32dB for two 50GHz spaced channels, hence the generated FWM power extracted from 

the channels will be low. To confirm that the EoP curves found above are dominated by 

the effect of XPM rather than FWM the simulated transmission of a lOGb/s IM channel 

with a CW channel located either 50 and 100 GHz distant was performed. Without any 

modulation upon the second channel there is no time-dependent phase modulation of the 

IM. The presence of a constant power level will only induce a constant nonlinear phase 

shift through XPM. The constant phase shift will serve only as a small retardation on the 

IM signal. The nonlinear processes will therefore consist of the SPM and GVD interaction 

producing the now familiar EoP with any additional effect from FWM. Figure 6.8
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Figure 6.8 The EoP of (a) a 5Gb/s and (b) lOGb/s channel alone and in 
the presence of a CW channel spaced at either 50 or 100 GHz over 
50km SMF pre-compensated with 8.5km DCF.

displays the EoP as a function of distance for a 5 and 10 Gb/s IM -t- CW system. Over the 

first 2500km transmission distance there is negligible difference between the performance 

of the IM channel alone and the IM channel in the presence of the CW at either 50 or 100 

GHz. In the next 2000km a small difference in eye-penalty appears between single 

channel performance and same channel along with the CW located at 50GHz which 

reaches 0.2dB at 4500km.

The extent of FWM is minimal in the DCF-t-SMF configuration causing only a small 

degradation above that determined by the action of self-phase modulation and dispersion. 

Hence the increased EoP is attributable to XPM. Interestingly the EoP begins to rise as
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the channel spacing increases beyond that required for exact pulse walk-through. This can 

be explained by realising that with greater channel spacing the pulses will move through 

one another more rapidly within a given distance and a pulse on one channel moves 

through at least one pulse plus some fraction more on the other channel within the 

interaction length. There will therefore be some residual cross-phase modulation which 

builds up after each span because of the fractions of pulses causing the increase in 

penalty. These fractions of pulses, consisting of leading or trailing edges of pulses, will 

have undergone dispersion and attenuation in the fibre leading to a reduction in strength of 

XPM because of they have been broadened and have lower power.

6 . 3 .2  Influence of Neighbouring Bit-rate

With future optical networks consisting of amplified spans which are bit-rate independent, 

rather than traditional repeaters operating at fixed bit-rates, a WDM system where 

neighbouring channel bit-rates are different becomes a possibility. The above findings 

indicate that XPM will have an impact on channel performance dependent on the amount 

of neighbouring channel pulse walk-though. If the bit-rates of neighbouring channels are 

different then the pulse walk-through time is the sum of the bit-periods rather than in 

equation (6.3). The next set of simulations considers the case of two optical channels 

modulated at different bit-rates transmitted over pre-compensated SMF. The first channel 

has a bit-rate of lOGb/s and remains unchanged, the second channel bit-rate is varied 

from 2.5 to 20 Gb/s and is spaced at 50, 100 or 200 GHz from the first. Each channel is 

transmitted with 4mW  peak power. Figure 6.9 details the EoP versus distance curve for 

each of these two channel systems with the performance of a single lOGb/s channel 

plotted for comparison. The largest penalty experienced by the lOGb/s channel occurs 

when the second channel is modulated at the lowest bit-rate, 2.5Gb/s and the channel 

spacing is 50GHz. It reaches 3dB at 3500km. The EoP falls as the second bit-rate 

increases. When the channel spacing is increased first to lOOGHz Figure 6.9(b) and then 

to 200GHz the EoP is reduced near to that found for the transmission of a single channel, 

i.e. for wide spacings the penalty from XPM becomes less significant and the influence 

on penalty of the bit-rate is reduced. The XPM is minimised as the bit-rate of the second 

channel increases reducing the pulse walk-through time, alleviating the restriction on 

minimum channel spacing.

In a multi-channel system each channel will, except for the extreme channels, have two 

nearest neighbours which will most strongly interact through the Kerr effect. Hence the 

performance of a channel when bordered by two other channels of varying bit-rate is
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analysed. The EoP versus distance for a lOGb/s channel is shown in Figure 6.10. The 

EoP of the central channel at 50GHz over the 5000km distance is strongly dependent 

upon the bit-rate of the neighbouring channels and it appears that the largest penalty 

occurs when the bit-rate of the outside channels equals 5Gb/s. The penalty decreases if 

the bit-rate is changed from 10 to 2.5 and then to 20 Gb/s. When the channel spacing is 

increased to lOOGHz the EoP behaviour begins to perform as expected with higher bit- 

rates on the outer channels giving improved performance with lower EoP. Finally moving 

to 200GHz spacing the EoP of the middle channel is largest when surrounded by two 

2.5Gb/s channels and is almost equal, independent of the first and third channel bit-rates. 

C om paredlJtheTw oT Eahh^system ”with~200GHz~^aration the EoPs are similar with a 

value of 0.5dB for all but the case where the outer channels are modulated at 2.5 Gb/s.

In the above cases the bit pattern was confined to the simplest case of repeated z e r o s  and 

ONES, i.e. ‘010101...’ to enable analysis of XPM in an idealised case where, if the 

conditions of pulse walk-through are met, then complete walk-through will occur at every 

bit. A pseudo-random bit stream will contain short and long sequences of consecutive 

ONES, e.g. ‘0110...’, ‘01110...’, etc. and only leading or trailing edges will walk-through 

the other channels. This would tend to maximise the XPM since there is no reversal of 

phase from the corresponding leading or trailing edge at the end of the o n e s  sequence. 

The penalty with a pseudo-random sequence is thus expected to be greater than with only 

the alternating o n e -z e r o  pattern. The EoP on a lOGb/s signal with two neighbouring 

channels was calculated from the NLSE simulator using pseudo- random patterns. The 

results are shown in Figure 6.11. At the narrowest channel spacing considered, 50GHz, 

the EoP of the middle (lOGb/s) channel increased theT astes^when the outer channels

equals lOGb/s, is less when they are 5Gb/s and the slowest at 2.5 Gb/s. This is contrary
 "  '   —  ^to the previous assertion that resultant cross-phase modulation will be minimised if pulse

walk-through can occur. This happens for lOGb/s channels if spaced apart by more

36GHz. At lOOGHz channel spacing the EoP is smaller when all three channels are at

lOGb/s but very little difference in penalty is apparent with 2.5 and 5 Gb/s on the outer

channels, with EoP slightly greater for 5Gb/s. At 200GHz spacing the EoP are nearly

equivalent in each system up to distances less than 3000km and are within IdB of the

single channel performance, i.e. they are behaving similay to single channels up to this

distance. Beyond this distance the higher penalties are incurred when the neighbouring

bit-rates are lowest.
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Figure 6.9 The EoP of a lOGb/s channel transmitted over 50km SMF pre
compensated by DCF with a neighbouring channel at various bit-rates and 
increasing channel spacing; (a) 50GHz (b) lOOGHz (c) 200GHz. Each 
channel is modulated by a ‘0101...’ pattern.



To explain the phenomenon of worst penalty with three lOGb/s channels at 50GHz it is 

necessary to examine the spectra of the three channel system. This channel spacing is 

equivalent to five times the bit-rate, so the channels are closely spaced. The spectrum of a 

single loops pulse was shown to significantly broadened by the action of SPM and 

dispersion in pre-compensated SMF (Section 5.5.2). Similar broadening occurs in the 

multi-channel system with the frequency broadening of the channels accentuated by the 

additional chirping of the channels through XPM. At the dense spacing considered 

possible channel crosstalk is greater as a result of the nonlinear broadening of the signal 

spectra. The spectra of the three lOGb/s system separated by 50GHz and 4mW peak 

power per span is shown in Figure 6.12 at input and after propagating through a number 

of dispersion managed spans. At 750km (15 spans) the channel spectra are only 

marginally broader than at input. The 1st order FWM peaks are visible at ±lOOGHz 

relative to the centre channel with peak powers of -40dBm. The spectrum after 3000km 

shows much larger spectral broadening with the spectra of channels 1 and 3 

encompassing the nearest first order FWM product. The middle channel has severe 

channel cross-talk due to the broadening accounting for the high penalty of the three 

lOGb/s system. At lower bit-rates the transform-limited spectrum is narrower. SPM has 

less impact on the lower bit-rates inducing less frequency broadening and therefore 

spectral overlap of channels is less. The subsequent channel rejection by the optical filter 

is greater.

160



3.0  Single lOGb/s
-* - (2 .5 )  10(2.5), 50GH 

(5) 10(5), 50GHz 
- * - ( 1 0 )  10(10), 50GHz 
—»-(20 ) 10 (20), 50GHz

2.5 ■- 
2.0

% 0.5 . .
I 0 .01 te

-0.5
- 1.0

- 2.0
1000 2000 3000 4000 5000

distance (km)

(a)

3.5
3.0 Single lOGb/s 

(2.5) 10(2.5), lOOGH: 
(5)10(5), lOOGHz 

(10) 10(10), lOOGHz 
(20) 10(20), lOOGHz

2.5 • 
2.0  -

■| 0.0

-0.5
- 1.0  ■ -

- 2.0
1000 2000 3000 4000 5000

distance (km)

3.5
3.0  Single lOGb/s

- * —(2.5) 10(2.5), 200GH 
(5) 10(5), 200GHz 

-* - (1 0 )  10(10), 200GHz 
-* - (2 0 )  10(20), 200GHz

2.5 • -  
2.0  —

% 0.5
• |  0.0

-0.5 . J
- 1.0  -  

-1.5
-2.0 L

1000 2000 3000 4000 5000
distance (km)

Figure 6.10 The EoP of a lOGb/s channel transmitted over 50km SMF pre- 
compensated by DCF with two neighbouring channels at various bit-rates 
and increasing channel spacing; (a) 50GHz (b) lOOGHz (c) 200GHz. Each 
channel is modulated by a ‘0101...’ pattern.
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6 . 3 . 3  Accumulation of Dispersion in WDM systems

The performance of an eight channel lOGb/s system separated by either 100 and 200 GHz 

and transmitted over pre-compensated SMF is next studied. Figure 6.13 shows the 

distances achieved for a maximum EoP of 3dB for the two systems. It is obvious that the 

200GHz spaced system encompasses twice the bandwidth of the lOOGHz system. There 

is much variation in the possible distances achieved by each of the channels in either 

system, ranging from 2500 to 4250 km with lOOGHz and between 1700 and 3800 km 

with 200GHz spacings. It appears that the increase in spacing has led to poorer 

performance of the total system. But the uncompensated dispersion slope must be taken 

into account: the result is a greater accumulation of dispersion after each span for the 

increasingly distant outer channels. The exact compensation of first order dispersion 

occurs only for channel 4 of each system (relative frequency of 0 GHz). The reduction in 

3dB EoP distance with channel position of either system follows that given by the 

performance of a single channel offset from the exactly compensated wavelength found in 

the previous chapter, Section 5.5.4. The offset single channel performance (from Figure 

5.20) is plotted alongside the multi-channel results for reference. At lower frequencies 

(i.e. negative relative frequency) the 3dB distances for either channel spacing equal those 

for the offset single channel. At the higher frequencies the performance in terms of 3dB 

distance approaches that of the single channel for 200GHz but at lOOGHz spacing the 

performance is worse, especially for the 4th channel (located at OGHz). The effects of 

multiple channel nonlinearities become significant. As for the single channel case, small 

but negative accumulation of dispersion (under-compensation) found at higher
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frequencies (beyond +200GHz) due to dispersion slope allows longer transmission 

distances compared to over-compensation (lower frequencies) below -200GHz. When 

transmitting a large number of channels the locations should be biased towards having 

more carriers at positions incurring under-compensation of dispersion rather than locating 

predominantly in the over-compensated part of the spectrum. To take advantage of the 

higher distances possible from the narrow bandwidth from -200 to +200 GHz the 50Hz 

channel spacing of 8 channels would seem ideal but this re-introduces the poor 

performance found previously with such close channel spacings for lOGb/s signals. 

Figure 6.13 also shows the irregular 3dB transmission distance behaviour of 8 channels 

spaced by 50GHz. The need for compensating fibre which conects for the dispersion 

slope of standard fibre is readily apparent.
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6.4 Granularity

When transmission involves only one channel the only method available to increase 

capacity over a fibre is to augment the bit-rate of the single carrier. This direction requires 

greater improvements in transmitter and receiver technology, especially faster processing 

ability from device electronics, and leaves the link susceptible to severe disruption if 

transmission of that one channel fails. Alternatively, the capacity of a fibre can be 

increased by introducing greater numbers of channels at existing bit-rates. This pushes the



onus of device performance from the electrical domain to the optical domain. More than 

one optical channel sets the requirements for optical components, e.g. gain and 

bandwidths of amplifiers, optical filter tolerances and multiplexing/demultiplexing 

technologies.

For future design of optical links the question of how to achieve a certain network 

capacity, ensuring network performance and continued upgradability is a key question.

The choice may be between a large number of low bit-rate channels or a small number of 

high bit-rate channels. The trade-off between bit-rate and channel number can be 

considered with reference to the granularity of the system [4], i.e. with fibre capacity C 

given as the aggregate traffic, then

C = /V,„B„ (6.4)

for channels of bit-rate High granularity refers to larger numbers of channels at of

lower bit-rates. It was proposed in [4], that the factor p  be used to scale between systems

of high and low granularity, so that power and channel of a fibre system could be scaled 

appropriately. Hence given the conditions that optical bandwidth and total power of the 

amplifiers and the capacity of the system remains constant the power per channel, channel 

spacing, channel bit-rate and channel number can be scaled as follows,

P' , A f' = —  , = —  , N',^ = (6.5)
P P P

where the system with higher granularity is denoted by the primed values, i.e. S ' . Since 

the dispersion of embedded SM F is found near values of +17ps/nm/km and the fibre- 

based method of compensation uses DCF of around -lOOps/nm/km it is not possible to 

alter the dispersion map dependent on the system granularity. This constraint is different 

from the main assumption made in [4] where the dispersion of the link scales with pr for 

lower granularity, since the linear dispersion penalty scales with 5^. As a result of the 

fixed dispersion characteristics of the DCF-t-SMF dispersion map the effect of the 

nonlinear characteristics in relation to granularity must be reassessed. In particiilar the 

relative effects of XPM and FWM within systems of different granularity where the fïoV C 

dispersion is constant but the bit-rate and channel spacing are not. cjp

With the dispersion map fixed the fibre loss remains the same for any change in 

granularity and the lower power offset by the lower bit-rate therefore the optical signal-to- 

noise ratio is the same



P ' p
SNR' oc —-  = —  (6.6)

K  B ,

SB s  is independent of dispersion. The lower power per channel of the low bit-rate 

systems make the threshold relatively higher. Therefore S ' is less susceptible to SES.

The linear dispersion penalty, proportional to dispersion length, Lp, would reduce by 

due to the power-of-two dependence on the bit-rate in uncompensated systems. The pulse 

walk-through length which has an inverse bit-rate and channel spacing dependence will 

increase with /f.

L^ o c — and L ' oc (6.7)

The effect of self-phase modulation can be estimated in terms of frequency broadening, 

AB oc PBj^, induced by the nonlinear phase shift A(p which is proportional to input power

and effective length (see equation (2.27)). Similar to the dispersion length, a SPM-length

can be used to illustrate the extent of any degradation caused by SPM degradation (i.e. 

transmission lengths greater than will incur a penalty). Being inversely proportional 

to the frequency broadening and bit-rate.

^SP M  ~  ^

i.e. the higher granularity system. S ' , is less susceptible to SPM because of the bit-rate 

and power reduction on each channel.

The influence of XPM can be assessed using a XPM length similar to the SPM-length: 

broadening of the spectra via nonlinear phase changes induced by XPM, NB ^  PBp and 

inversely proportional to the pulse walk-through length, obtained from equation 

(6.4),

i.e. although the walk-through length is longer for the lower bit-rates, the power and 

lower bit-rate reduces for the spectral broadening factor induced by XPM. This assumes
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only nearest neighbour interaction dominates beyond which the contribution is negligible 

which holds if the spacings are wide enough. Yet with increased granularity more 

channels are present and more closely spaced - increasing the likelihood of stronger 

XPM . As we have seen from the previous section the lower bit-rates can increase the 

system degradation by a more significant amount than the higher bit-rates.

From  equation (2.46) power generated by FWM is related to input power and channel 

spacing by

In DCF considered the loss equals 0.1382 km ’ (0.6dB/km). With the large dispersion the 

dispersion slope is negligible, so the phase mismatch parameter, equation (2.44), can be

approximated to, Aj8 « 2 K ^ /c { A f f  which, gives Ap^ »  such that the efficiency 

equation (2.45) approximates to

then

^FWM P^FWM (6. 12)

or in terms of FWM cross-talk

(6.13)
P '

since the efficiency of the process increases quadratically in p whereas the FWM power 

depends on the cube of the channel input powers. With closer channel spacing the number 

of FWM contributions of significant magnitude will increase, although as shown in 

Section 6.1 the highly dispersive DCF produces low FWM powers even for narrow 

spacings.

Finally the effects of SRS must be examined within the context of granularity. The IdB 

penalty associated with SRS for the worst-case scenario (all channels containing ‘o n e ’ 

bits) imposes a limit on the total bandwidth-power power product [5]. But as channel 

number increases so their power and spacing decreases by the same factor, p. This
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remains constant because with increasing granularity the channel power falls as their 

number grows and their spacing reduces. Instead of the worst-case scenario where the 

interacting bits are o n e s  across all channels it is more likely that there will be a random 

distribution of z e r o s  and o n e s  across the channels. This leads to an averaging of the SRS 

interaction which becomes more deterministic as the number of channels grows [5]. 

Dispersion will act to increase the number of interacting bits as they walk-through one 

another, facilitating the use of pre-emphasis as a means reducing the effect of SRS [6]. 

The number of interacting bits, N,^, will depend on channel number and pulse walk

through length, so in system S'

K

Thus although the increase in channels for the high granularity system will increase the 

number of interacting bits, the reduced pulse walk-through has more influence, ultimately 

reducing . The use of pre-emphasis to compensate for high-to-low frequency power 

transfer due to SRS will be less effective.

For the multi-channel transmission it has been demonstrated that increased granularity 

leads to greater nonlinear interaction. This contradicts the findings [4] which suggested 

increased granularity would give improved system performance. That conclusion is 

correct on the assumption that a particular optimal dispersion map can be found for each 

system granularity. When this is not the case, i.e. where the dispersion map is fixed 

(when the transmission fibre is embedded, conventional fibre) then the conclusion is that 

multi-channel nonlinear effects will be worse in high granularity systems. The above 

relations say nothing about the relative impact each nonlinearity will have on system 

performance, i.e. which effect is dominant. If multi-channel effects are dominant then 

increasing granularity will not improve performance, whereas if the single channel effects 

prevail then system will perform better with higher granularity.

To examine the granularity in the pre-compensated SMF four systems were numerically 

studied. Each system had the same aggregate capacity fixed at 40Gb/s with the number of 

channels and bit-rate scaled appropriately. They are given in Table 6.1 along with the 

channel spacing. The channel spacing is set at ten times the bit-rate. Although the channel 

spacing scales with the same factor as bit-rate and channel power the total bandwidth for 

each system is different.



The fibre spans consisted of 50km SMF pre-compensated by 8.5km DCF. The other fibre 

parameters were as before but in this system the dispersion slope is also compensated. 

The 0.07ps/nm^/km of SMF is compensated by -0.412ps/nm^/km (the larger magnitude 

reflecting the smaller length of the DCF). This ensured that the penalty arising from 

propagation was not as a result of accumulated dispersion on the outer channels.

scaling
factor

P

no. o f  
channels

K h

bit-rate

(Gb/s)

pow er

f ( m W )

channel
spacing

4 /- (GHz)

1 2 20 4 200

2 4 10 2 100

4 8 5 1 50

8 16 2.5 0.5 25

Table 6.1 Parameters of four systems with equal capacity.

Each system was analysed in terms of the eye-degradation, giving the eye-opening 

penalty (EoP), for the channel with the poorest performance. The spectra of each system 

will be examined to determine the actual level of FWM produced outwith the system 

bandwidth providing an indication of channel depletion due to FWM. By examining the 

spectra of each channel the power depletion and spectral broadening along the system can 

be assessed.

The first system studied was transmission of two 20Gb/s. This has the lowest 

granularity. Separated by 200GHz and with a peak power of 4mW per channel, Figure 

6.14 displays the EoP as function of distance and system spectrum at 1500km. The EoP 

rises to just over 3dB after 950km on channel one and 900km on channel two, 

corresponding to a difference of one fibre span. From the spectrum the FWM products 

were found to be greater than 50dB below the signal level and because there were only 

two channels the first order FWM products were not generated at the channel frequencies. 

To assess the spectral broadening the ratio of spectral power density over a bandwidth of 

twice the bit-rate centred around the carrier frequency at input to the density after 

transmission was calculated, i.e. the fraction of input power remaining within this 

bandwidth after transmission. From unity at input the ratio drops to 0.99 and 0.90 after 

1500 and 3000 km, respectively. Since very little power was extracted from the channels 

into the FWM products the reduction of power within this bandwidth can be attributed to 

the broadening of the spectrum. The 3dB distance is close to that found for a single
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channel, limited by the interaction of SPM and GVD, i.e. 970km for 4mW input power 

(refer to Table 5.2 in the previous chapter). The presence of the second channel slightly 

reduces the possible 3dB transmission distance but has not influenced performance 

substantially.

Increasing the granularity by a factor of two gives four lOGb/s channels, separated by 

lOOGHz with 2mW per channel. The EoP of this system is given in Figure 6.15. The 

first and third channels reach 3dB EoP first at a distance of 7150km. The spectrum of the 

system at 7500km, where the EoP of the worst channel is greater than 3dB, is compared 

to the input spectmm and illustrates the spectral broadening and the level of FWM 

produced by the system. The first distinct FWM product is 34dB below the signal level. 

The total FWM power (below -200GHz and above +200GHz, i.e. not including the 

FWM power generated within the system bandwidth up to the limit of the spectral 

window employed in simulation, ±640GHz) grows to only 0.2% of the power within the 

system bandwidth at 7500km. The ratio of power within the bandwidth 25^ about the 

carrier frequency of each channel compared to input reduces to an average of 0.62, i.e. 

the spectral power density of the channels has decreased. A single lOGb/s channel 

achieves a 3dB distance of 7600km at 2mW peak power therefore the transmission 

distances for the 4 channel WDM transmission are below that obtained for single channel 

transmission. Since the power extracted to the FWM products is low, and the lOOps 

pulses channels experience complete walk-through of neighbouring channel pulses at 

lOOGHz spacing, the channel degradation must be due to SPM spectral broadening and 

the spectral cross-talk discussed earlier.

A further factor of two increase in granularity sets the bit-rate at 5Gb/s, peak power 

reduced to ImW  per channel and the channel spacing to 50GHz. The performance of the 

eight channels in terms of EoP is given in Figure 6.16. The 3dB distance of 7750km is 

set by the performance of the 4th and 5th channels, i.e. the middle channels. The 

spectrum at 8000km shows FWM peaks 24dB below the channel/carrier level and less 

distinction between the FWM products. The FWM power outwith the system (at 

frequencies less than -200GHz and greater than +200GHz to the simulation limit of 

±1280GHz) reaches 2.22% of the total channel input power. The fraction of input power 

which remains within the 2B^ bandwidth around each channel varies between 0.61 to 

0.32 at 8000km with the outer channels experiencing less reduction in power. A small 

part of this reduction is due to depletion by FWM and the majority arises from spectral 

broadening. Since SPM upon a single 5Gb/s channel at ImW  peak power allows tens of 

thousands of kilometres of transmission before incurring a 3dB EoP, XPM must account 

for a significant proportion of the broadening. This also explains the broadening of the 

FWM products that lie outside the system bandwidth. As found in the case for two
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channels modulated with the “0101...” pattern, XPM introduces significant penalty with 

50GHz spacing. The extreme channels have higher fractions of input power remaining 

within the 25^ width, i.e. less broadening since the number of nearest- and second- 

nearest neighbours available for XPM is less than those channels at the centre.

With the transmission of 16 channels at 2.5Gb/s the granularity is a factor of 8 greater 

than the original two-channel system. The channels were spaced at 25GHz, five times the 

bit-rate, with channel power set at 0.5mW. The eye-opening penalty increased quickly for 

the worst channel, the 3dB distance surpassed after 4,400km, as shown in Figure 6.17. 

The total FWM power generated outside the system bandwidth at 8000km is 2.49% of the 

total channel input power and the first FWM product appears 15dB below the last channel 

indicating stronger FWM within the system bandwidth. The fraction of input power 

remaining centred about the carriers is higher than in the eight 5Gb/s system, between 

0.54 and 1.16. The ratio with a value greater than one occurs for both of the extreme 

channels, 1 and 16. This suggests a transfer of power from the middle channels to the 

extreme channels and into the FWM products outside the system bandwidth. At 25GHz 

spacing and 2.5Gb/s nearest neighbour pulse walk-through is only 18%, i.e. less than a 

fifth complete within the interaction length of the DCF. The pulses move little relative to 

each other and with lower power per channel the XPM is low and the broadening is less.
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Figure 6.14 (a) EoPs of two 20Gb/s channels, separated by 200GHz, peak input 
power of 4mW, transmitted over optically amplified spans of SMF pre
compensated by DCF (with dispersion slope compensated) (b) and spectrum of 
system at input and after 1500km.

/72



6 ■ -

2000 4000 6000 8000 10000

Distance (km)

(a)

<u

I

input
7500km

-400 -300 -200 -100 0 100
Frequency (GHz)

200 300 400

(b)

Figure 6.15 (a) EoPs of four lOGb/s channels, separated by lOOGHz, peak 
input power of 2mW, transmitted over optically amplified spans of SMF pre
compensated by DCF (with dispersion slope compensated) (b) and spectrum of 
system at input and after 7500km.
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Figure 6.16 (a) EoPs of eight 5Gb/s channels, separated by 150GHz, peak input 
power of ImW, transmitted over optically amplified spans of SMF pre
compensated by DCF (with dispersion slope compensated) (b) and spectrum of 
system at input and after 8000km.
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Figure 6.17 (a) EoPs of sixteen 2.5Gb/s channels, separated by 25GHz, peak input 
power of 0.5mW, transmitted over optically amplified spans of SMF pre
compensated by DCF (with dispersion slope compensated) (b) and spectrum of 
system at input and after 8000km.
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As an alternative fibre system, alternating sign DSF fibre was examined for comparison 

with the pre-compensated SMF system used above. The amplified spans consist of 75km 

DSF which has equal loss to that of the DCF+SMF, i.e. 15.6dB with the first half of the 

span at -Ips/nm/km followed by an equal length of +lps/nm /km  and the dispersion slope 

of the DSF remaining uncompensated at +0.07ps/nm^/km. Using the four systems of 

equivalent capacity given in Table 6.1 the effect of granularity is assessed for this 

dispersion map.

Due to the low dispersion of the DSF the FWM efficiency is much greater than that found 

in the highly dispersive DCF. The FWM crosstalk is correspondingly much higher. For 

XPM  the walk-through time of the pulses is greatly reduced, e.g. at 5Gb/s and 50GHz 

spacing the pulses will only complete 1% of pulse walk-though in the Ips/nm/km fibre 

with = -20km . Without walk-through XPM will appear more as SPM.

The EoP-distance relationship for two 20Gb/s channels and the four lOGb/s channels are 

given in Figure 6.18 along with the spectra of these systems at 2000 and 3000 km, 

respectively. The 3dB distance achieved was 1425km, which is nearly double that of the 

DCF+SM F system for 2x20G b/s transmission. From the eye-penalty plot and spectmm 

the second channel (located at + lOOGHz) experiences a faster degradation and a slightly 

more broadened spectmm. FWM interaction is reduced because of the large channel 

spacing. The channels experience power depletion rather than FWM cross-talk as first 

order FWM products are generated outwith the system bandwidth and not at the existing 

channels. These channels undergo the largest pulse walk-through of any of the DSF 

systems, but just 32% of a bit because of the low fibre dispersion. The resultant XPM 

will be significant given the high channel powers present. The fast intensity transitions at 

20Gb/s coupled with the large channel power will also give rise to significant nonlinear 

chirping through SPM. The combination of SPM and XPM induced chirp would not 

necessarily degrade performance in systems with such low dispersion as in this DSF but 

it is combined with the uncompensated dispersion, accumulating at ±4.2ps/nm per span 

for every ±lOOGHz from the reference frequency. This leaves close to ±80ps/nm 

uncompensated after 19 spans of fibre (1425km of DSF) on each channel which is greater 

than half of the 125ps/nm accumulated dispersion needed to cause IdB of linear 

dispersion penalty equation (4.0) [7]. Therefore the chirp experienced by the signals from 

SPM and XPM enhances the pulse distortion from dispersion and leads to the spectral 

broadening which is evident in Figure 6.18. The chirping from SPM and XPM  at the 

higher frequency initially opens this channel’s eye (negative EoP) more than on the first 

channel but subsequently the eye closes more rapidly. Although there is an accumulation 

of dispersion using compensated DSF the low local dispersion of the DSF allows longer
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transmission distances. It compares favourably to the same system transmitted through 

DCF+SM F spans because of the lower interaction of SPM and local GVD.

With four lOGb/s channel transmission over DSF the penalties are higher compared to the 

DCF+SM F system: the 3dB distance achieved is 2175km compared with 7150km in 

DCF+SM F. From the summation of powers of the FWM products using the analytical 

expression equation (2.47), channels 2 and 3 will experience the greatest level of FWM 

crosstalk, 27dB higher than the level produced within the DCF of pre-compensated SM F. 

The highest relative carrier frequency, channel 4 at +150GHz, experiences the largest 

accumulation of positive dispersion (+6.3ps/nm per span) and initially the lowest penalty 

over the 3dB distance, afterwards the penalty rises quickly. The fraction of input power 

remaining within the bandwidth at 3000km averages 0.72 for the four channels 

which less than the DCF+SM F system of 0.85, i.e. more power has been lost from this 

bandwidth by these channels in DSF. This is expected due to the higher level of FWM. 

XPM is present as the pulse walk-through is reduced to 8% due to the narrower spacing 

and longer bit-period, even though the power of each channel is halved. The strength of 

SPM will be reduced for this reason, with the greatest degradation a result of XPM and 

FWM.
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As the granularity is increased by factors of two, to eight channels at 5Gb/s and then 

sixteen at 2.5Gb/s, so the EoP more rapidly reaches 3dB. For the 8x5G b/s system the 

3dB distance is 1275km and after 450km for the 16x2.5G b/s. 84 FWM products appear 

at the middle channel of 16 equally spaced channels and 20 for 8 channels; with the 

narrow channel spacings the FWM is considerably higher with the crosstalk after a single 

span reaching -30.5 and -24.2dB at 50 and 25 GHz for the 8 and 16 channels, 

respectively. The pulses experience minimal walk-though of 2% for neighbouring 5Gb/s 

channels and only 0.5% for two 2.5Gb/s channels. With such small relative 

displacements the neighbouring channels’ pulses are effectively stationary relative to one 

another and the XPM will simply contribute to the SPM the pulses already experience 

where pulses overlap. For the lower bit-rates and lower powers SPM is not as significant 

as the build up of FWM in such densely spaced systems. The 3dB EoP distances for each 

system in DCF-i-SMF and DSF are shown in Table 6.2.

3dB EoP distances (km) for systems o f increasing 
granularity but a fixed capacity o f 40Gb/s

Fibre configuration 2 X 10 Gb/s 4 X 10 Gb/s 8 x 5  Gb/s 16 X 2.5 Gb/s

D C F +SM F 900 7150 7800 4300

D SF 1425 2175 1275 450

Table 6.2 3dB EoP distances for the 4 systems of equal capacity (increasing 
granularity) for two types of fibre span: DCF+SMF and DSF (fibre parameters in the 
text).

Apart from the 2x20Gb/s system the performance for WDM systems over DSF is 

considerably worse compared to the DCF+SMF system. Only at the larger channel 

spacing are the effects of FWM and XPM minimised. When channel spacing is increased 

to 200GHz in DSF and lOOGHz in DCF+SMF the channel performance approximates the 

behaviour of a single channel. Below this spacing the effects of FWM and XPM 

dominate, the latter in DCF+SMF and the former in DSF. The lower penalties incurred by 

the 2x20Gb/s in DSF compared to DCF+SMF reflects the fact that when multiple channel 

Kerr effects are suppressed it is the single channel effect of SPM and its interaction with 

the local dispersion which determines system performance.

Channel spacing of 5OGHz is possible for the 8x5Gb/s channels transmitted over the pre

compensated standard fibre. In comparison, the transmission distance with an equivalent 

eye-penal ty for the 4xlOGb/s is 650km (13 spans) shorter. Relative to the performance of



a single 5Gb/s channel the best transmission length of the 8x5Gb/s system is considerably 

worse: the single 5Gb/s channel reached a distance of 37,700km for 3dB eye-penalty but 

less than a quarter of this distance was reached when the other channels were present. As 

seen earlier, the penalty from XPM is minimised when the channel spacing reaches 

140GHz. Increasing the channel spacing would allow longer distances with this bit-rate at 

the expense of increased system bandwidth

In terms of transmission distance across pre-compensated SMF (given a maximum 

penalty of 3dB eye-closure) the optimum performance is obtained by the transmission of 

eight 5Gb/s channels. The penalty is lower than any other system across the 3dB EoP 

distance although rises faster beyond 3dB BoP. The second best performance was 

achieved by the four lOGb/s system which reached 90% of the 5Gb/s distance, with the 

EoP higher than the 5Gb/s over the second half of the system length. The channels in 

either system were separated by ten times the bit-rate, which for the lower bit-rate puts 

greater demands on the design and performance of the optical components of the optical 

network, e.g. the optical filters must be narrower and the laser source wavelengths must 

have better stability than if bit-rate, and hence channel spacing, were greater.

Presently, the agreed standard on the minimum frequency spacing is either 100 or 200 

GHz [3]. To conform to this standard the bandwidth of the 8x5Gb/s system analysed 

would double for lOOGHz spacing from 350 to 700 GHz, which is still well within the 

typical bandwidth of EOF As. But with this bandwidth the system capacity could be 

doubled (to 80Gb/s) with a small increase in penalty by increasing each channel bit-rate to 

lOGb/s. As demonstrated, lOGb/s channels perform close to their maximum single 

channel limit at the (standard) spacing of lOOGHz. A typical EDFA could be used to 

exploit the bandwidth of standard fibre: thirty two lOGb/s channels separated by 

(standardised) lOOGHz spacing or 64 channels at 5Gb/s with 50GHz spacing, with an 

aggregate capacity of 320 Gb/s over trans-oceanic distances in excess of 3000km. This 

estimate does not include the final nonlinearity important within wide bandwidth WDM 

systems: Stimulated Raman Scattering.
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6.5 Limits Imposed by SRS

The limitation in total power, bandwidth and interaction/system length was introduced in 

Section 2.4.5.2, and given by

N ( N - \ ) - P  - A f  8.7 x \0 ^  mW  GHz km (2.57)

This expression was used in [8] to calculate the total capacity available in optically 

amplified spans of fibre with particular system parameters chosen with the assumption 

that other nonlinear effects, SPM, XPM and FWM were minimised, e.g. the channel 

spacing was set at 6 times the bit-rate with an optical amplifier width of four times the bit- 

rate given for fibre spans of between 25 and 100km. The conclusion was that 

transcontinental capacity would be limited to lOOGb/s. In light of the above findings for 

the limits on single and multiple channel transmission, the capacity of DCF-I-SMF 

restricted by SRS can be obtained in a similar fashion.

For the DCF-hSMF scheme employed in this study the interaction length per amplified 

span is 7.24km. Considering system lengths of around 3000km with the transmission 

fibre (SMF) length of 50km per span the number of spans is therefore 60. The power per 

channel is set by a lower limit due to noise from the optical amplifiers and the upper limit 

imposed by the fibre nonlinearities. For single channel operation the power range giving 

Q > 6 was found to lie between 0.6 and 5.3mW (peak power). For 3000km the optimum 

lOGb/s channel power was found to be 2mW giving Q>10. At shorter distances greater 

Q-factors can be achieved with optimal power nearer 4mW  per channel (see Figure 5.22). 

From the previous section, the optimal channel spacing for lOGb/s channels was found to 

be lOOGHz to minimise FWM and XPM interaction. Using these values the number of 

channels possible can be determined from equation (2.57) to be just 10 which gives a total 

fibre capacity of lOOGb/s, no greater than the result of [8] but using a larger channel 

spacing and conventional, dispersion-managed fibre. An increase in the number of 

channels can be afforded by this scheme with either the power or system length reduced 

but not the channel spacing. The effect on channel number by varying the channel power 

through the range 0.6mW to 5.3mW is shown in Figure 6.19. Reduction of the power 

per channel to 0.6mW allows the number of channels to increase to 18 giving the 3000km 

fibre link a potential capacity of 180 Gb/s.
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lOOGHz spacing, 3000km, DCF+SMF

peak channek input pow er (mW )

Figure 6.19. The maximum number of channels limited by SRS imposing a 
0.5dB SNR penalty for the DCF+SMF system with lOGb/s channels spaced 
at lOOGHz.

The channel degradation considered in this analysis follows a worst-case scenario 

wherein o n e  bits are present on each channel. With equiprobable occurrences of z e r o s  

and ONES on the intensity modulated channels and with a large number of channels present 

the Raman depletion will tend, in the limit of a large number of channels, to reduce by 

half (since the number of interacting bits reduces to a half with z e r o s  present). 

Equivalently, the average power instead of peak power of each channel can be used to 

calculate the total power of the system in equation (2.57) [9]. In the presence of 

dispersion and fast pulse walk-through the interaction will tend to this average. The net 

result being a 3dB increase in allowable input power. The DCF+SM F produces fast walk

through given it\^ high dispersion throughout the interaction length unlike DSF fibre with 

low d ispersio îE ^s discussed before, the walk-though rate is lower for higher granularity 

systems favouring the lOGb/s bit-rate rather than 5Gb/s. In terms of interacting bits, 

larger channel number for high granularity only partially compensates for the lower 

number of bits walking-through one another because of the narrower spacing and longer 

bit periods.

The 180Gb/s capacity can be reached with 36x5Gb/s channels since the power per 

channel can half, as the bit-rate halves, and the channel number increases. This doubling 

of granularity is achieved if the channel spacing halves to 50GHz which, as discussed 

above, requires a channel spacing at half the presently agreed international standard. The 

capacity utilises 1800GHz of bandwidth; conceivable with present amplifier bandwidths 

[10] and easily accommodated with recent development of wide-band amplifiers [11].



The effect of SRS has been shown to impose a significant limit on the possible number of 

channels to be transmitted down a single fibre but given the conditions set by the Kerr 

nonlinearities a conservative estimate for the channel capacity of SMF pre-compensated 

by DCF, in terms of aggregate bit-rate-distance product, is approximately 540Tb/s.km 

(i.e. 18xlOGb/s over 3000km without the 3dB reduction in SRS degradation).

6.6 Conclusion

In this chapter the role of the multiple channel nonlinear effects of cross-phase 

modulation, four-wave mixing and stimulated Raman scattering have been analysed in the 

context of dispersion managed optical fibre spans. It was found that FWM is suppressed 

by DCF to a greater degree than by either SMF or DSF because of its larger dispersion 

and higher attenuation (even though this fibre has higher nonlinearity due to its smaller 

effective area). The dominant Kerr nonlinearity for multiple channel transmission over 

DCF+SM F systems was found to be XPM. XPM was demonstrated to be highly 

dependent on the bit-rate and channel spacing and can be minimised by satisfying the 

condition of complete pulse walk-through which is determined by the fibre dispersion, 

channel spacing and bit-period.

The granularity of future transmission systems was addressed given the fixed dispersion 

map of DCF+SMF and DSF systems. Low granularity in DCF+SMF (high bit-rates, low 

channel number and wide channel spacing) restricted the system performance to that of a 

single channel limited by SPM and dispersion. High granularity also reduced system 

performance because of the impact of XPM in DCF+SMF and FWM in DSF. The 

standardisation of frequency spacing to multiples of lOOGHz helped to define the 

optimum granularity for DCF+SMF at a bit-rate of lOGb/s with lOOGHz channel 

spacing. Combined with the worst-case analysis of SRS degradation the number of 

lOGb/s channels was found to be limited to between 6 and 19 (dependent on channel 

power) for trans-continental distances and the maximum capacity of SMF compensated by 

DCF was determined.
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A powerful numerical method has been implemented to model the transmission of 

digital optical signals through nonlinear optical fibre media allowing instmctive insight 

into the physical processes affecting such systems. The linear and nonlinear mechanisms 

imposing on the optical signals have been studied for a number of dispersion managed 

fibre systems, primarily focusing upon conventional standard fibre of which the majority 

of installed fibre networks consist. Working with a numerical model imposes some 

artificial constraints on the systems to be modelled to ensure numerical accuracy but 

within these bounds the results can be used as a useful tool to aid experimental design.

The split-step Fourier method was employed as a numerical solution to the intractable 

nonlinear Schrodinger equation. The restrictions^pl^ed on the optical system bandwidth 

which can be realistically modelled by this method is related to the bit-rate, number of bits 

per channel and the number of multiplexed ch an q e^h ro u g h  the limitations of the fast- 

Fourier transformations within the algorithm. Computationally, greater effort and memory 

size is needed for systems with wide optical bandwidths. The numerical error associated 

with the nonlinear operation of the split-step method was shown to depend significantly 

on the “step-size” of the iterative procedure of the algorithm. This “step-size” effect, 

where larger step-size produces greater error in calculating the nonlinear effects, was 

shown to depend both on the dispersion of the fibre and on the frequency separation of 

transmitted signals: the greater dispersion or separation the smaller the iterative step-size 

has to be to ensure numerical accuracy of the optical system modelled. The result is that 

more computational effort is required (i.e. number of iterations) for dispersive or large 

bandwidth systems.

In conjunction with modelling the propagation two methods of calculating system 

performance were incorporated in to the system model: eye-opening penalty (EoP) and Q- 

The former compares the amount of opening of the input channel eye-diagram to 

tput, giving a direct measure of the eye-distortion and closure due to the impact of 

of nonlinear processes upon the transmitted optical bits. The Q-factor was 

calculated when amplifier noise (ASH) was introduced to the system and quantifies the 

system performance in terms of the means and standard deviations of ‘0 ’ and ‘1’ bit 

levels. It is related to the bit-error ratio (BER) commonly used as a measure of 

performance in experimental systems.

To mitigate the effects of one particular aspect of the Kerr nonlinearity, FWM, and reduce 

the build up of dispersion broadening, the approach of dispersion management was 

introduced and three dispersion managed, optically amplified, fibre systems were 

investigated, initially examining the performance of a single channel. The fibre links of 

the systems consisted of amplified spans of DSF (two equal lengths of fibre with equal 

but opposite dispersion); DSF compensated by conventional SMF and SMF compensated
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by DCF. Apparent in the results of all three systems is the importance of having the 

correct order of the fibre dispersion, i.e. the dispersion-map. Placing negative dispersion 

before positive dispersion in each span, immediately after the amplifier allows greater 

transmission distances to be reached given a limit o f 3dB eye-opening penalty. The 

greatest difference in performance was for SMF compensated by DCF: DCF first, 

immediately after the amplifier and before the SMF, produced 3dB eye-penalty 

transmission distances five times greater than the reverse dispersion map. The 

combination of dispersion and nonlinearity (SPM) dictated the channel performance: the 

high dispersion of the DCF dominated pulse evolution and was corrected by the 

dispersion of the SMF, with the residual nonlinear chirp, due to SPM, causing initial 

pulse compression at each span. The influence of bit-rate on 3dB distance was examined: 

the largest 3dB distance obtained for the lowest bit-rate considered (2.5Gb/s) but, the 

largest bit-rate-distance product for the given penalty, was achieved by the 5Gb/s bit-rate.

Including amplifier ASE in the single channel lOGb/s system and calculating Q-factors for 

the two possible conventional fibre dispersion-managed arrangements revealed that 

DCF+SMF configuration supported a wider range of channel input powers, from 0.6 - 

5.3mW (with Q>6, BER=10'^) after transmission over 3000km of fibre) and gave higher 

Q (therefore lower BER) compared to the SMF+DCF configuration. Taking into account 

the higher loss of the DCF (twice that of SMF or DSF at 0.6dB/km) the span lengths 

achieved by DSF (with equivalent span loss) resulted in performance better than the 

DCF+SMF scheme; the 3dB distances were found to be 10% greater. This was due to 

low local dispersion of the DSF in the presence of SPM.

Upgrading the installed conventional fibre base via dispersion compensation will never 

result in complete compensation because the exact length of dispersion compensation will
I  o h

never be achieved in practical systems. Investigating me effects of over- or under

compensation was performed and it was demonstrated that under-compensation of SMF 

allows propagation over greater distances than for over-compensation, for the same eye- 

penalty, but only small deviations in fibre length (a few kilometres) from the exact 

compensation lengths are tolerated due to the high dispersion values of SMF and DCF. 

The analysis of multiple channel systems demonstrated that FWM in DCF+SMF schemes 

was much lower than in links consisting of DSF, as expected, because of the high 

dispersion of both conventional and compensating fibre at +20 and -100 ps/nm/km, 

respectively. The effective suppression of FWM in dispersion managed conventional fibre 

systems leaves XPM as the third Kerr nonlinear effect which can act as a potential source 

of channel degradation.
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Considering the process of XPM, it was argued that any phase modulation could be 

minimised if the pulses on neighbouring channels were able to walk-through one another 

in a distance over which the signal level was not greatly attenuated, i.e. the chirp imposed 

by leading and trailing edges of neighbouring pulses could cancel if the pulses could pass 

through one other before the signal powers are reduced significantly. To acheive this 

criteria me correct pulse width (i.e. bit-rate), dispersion and channel spacing have to be 

attained. With higher bit-rates, and therefore narrower pulse widths narrower channel 

spacing could be achieved (limited only by the potential crosstalk from spectral overlap of 

the channels). The minimisation of penalty from XPM by a suitable choice of channel 

spacing was demonstrated by the propagation of two 2.5 and 5 Gb/s channels over 

standard fibre: the penalty fell to a minimum as the channel spacing reached 140GHz for 

the 2.5Gb/s system and 70GHz for the 5Gb/s system.

Investigating the DCF+SMF system when different bit-rates were transmitted on the 

neighbouring channels of a central lOGb/s channel showed that the penalty on the central 

channel was greatest when the outer channels had the lowest bit-rate. With higher bit-rates 

or, alternatively, if the spacing between the channels was widened the penalty was 

reduced, agreeing with the conceptual model of pulse-walk through for XPM 

minimisation. At 200GHz spacing the central channel behaved much like a single channel, 

whether the other channel bit-rates were 2.5, 5, 10 or 20 Gb/s, limited mainly by the 

SPM-dispersion interaction.

The final investigation examined the concept of granularity of WDM systems: a given 

aggregate bit-rate can be obtained from a variety of combinations of individual bit-rate and 

the number of channels. Taking an aggregate capacity of 40Gb/s the transmission 

performance of four systems were studied: 2x20, 4x10, 8x5 and 16x2.5 Gb/s, in which 

the total power was kept constant and the channel spacing scaled as ten times the bit-rate. 

In the DCF+SM F configuration the high local dispersion quickly impeded the 

performance of the two 20Gb/s channels. The sixteen low bit-rate channels showed better 

performance but it was the 8x5Gb/s configuration which produced the longest 3dB- 

penalty distance (7800km), longer than the 4xlOGb/s system (7150km). The same 

systems were transmitted over dispersion managed DSF. The best performing system 

(largest distance for a 3dB penalty) was found to be the 2x20Gb/s because the large 

channel spacing minimised any channel-channel interaction (FWM or XPM) and the low 

dispersion kept SPM and dispersion distortion low. The other systems with higher 

granularities performed worse in comparison to their performance in dispersion-managed 

conventional fibre due to higher FWM and the uncompensated dispersion slope of DSF
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(the extreme channels degrading faster because of the larger accumulation of dispersion 

away from the exactly compensated wavelength).

For medium to long haul transmission distances bit-rates higher than lOGb/s become 

unsuitable in DCF+SMF dispersion managed links due to the underlying limit on 

transmission imposed by SPM and the local dispersion. The 5Gb/s rate has been shown 

to offer the largest bit-rate-distances product (for the maximum eye-penalty of 3dB) with 

the channels separated by 50GHz. Presently, the agreed standard for channel spacing has 

been set at multiples of lOOGHz. Conforming to this standard spacing doubles the system 

bandwidth without an increase in capacity. On the other hand, similar transmission 

distances were achieved with lOGb/s channels and lOOGHz. If the channel spacing is 

fixed at lOOGHz then the higher bit-rate of lOGb/s allows greater capacity for the same 

system bandwidth. The effect of SRS could potentially increase degredation for systems 

with wider bandwidths (as the nonlinear gain is proportional to the frequency separation) 

but as higher bit-rates have faster walk-off than lower rates in dispersive fibre, a greater 

part of the SRS interaction to be considered as deteministic, the technique of pre-emphasis 

of channel power can be employed to minimise SRS interactions. The larger channel 

spacing also relaxes the requirements placed on the optical components of such optical 

transmission networks in terms of precision and stability.

The installed conventional fibre network can be upgraded for future high bit-rate WDM 

transmission. The key element for improved performance is the dispersion compensating 

fibre. It has to be positioned correctly within optically amplified spans to ensure optimal 

performance: the negative, highly dispersive compensating fibre must be placed after the 

amplifier and before the transmission fibre within each amplified span. This arrangement 

reduces the efficiency of four-wave mixing, ensures modulation instability is eliminated, 

creates the conditions to reduce the nonlinear chirp arising through cross-phase 

modulation and maximises the deterministic component of stimulated Raman scattering 

which can be counteracted. The further benefit of using dispersion compensating fibre is 

that it can be fabricated such that it is able to correct for the dispersion slope of 

transmission fibre and hence compensate over a wide wavelength range. The single 

channel effect of self-phase modulation in the highly dispersive fibre confines the channel 

power to a maximum of several milliwatts and limits the channel bit-rate to below 20Gb/s 

for medium to long haul transmission distances. The multiple channel effect of cross

phase modulation imposes limits on the density of channel spacing dependent on the bit- 

rate. The conventional fibre bandwidth can be exploited by lOGb/s WDM channels 

spaced by lOOGHz with more densely spaced (50GHz) 5Gb/s channels feasible.
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The numerical modelling of fibre transmission links SLCtj^ an aid to understanding 

the physical processes affecting the propagation of optical pulses when transmitted on 

either single or multiple channels over many different fibre configurations. Used in this 

way it is a very powerful design tool with which to examine the possibilities available in 

the present and for future optical transmission networks.

From the results in chapters five and six on single and multiple channel transmission over 

dispersion managed fibre links there are a number of issues which can be further 

explored: experimental demonstration of the results and expansion of the model’s 

capabilities to include a realistic amplifier model, the Stimulated Raman Scattering process 

and a realistic multiplexer/de-multiplexer.

Ultimately, the numerical predictions must be verified by experimental results. The model 

has been shown to give accurate results in excellent agreement with the simulation results 

of other models which in turn have been used in conjunction with experimental 

observations. The next steps which must be taken are experimental investigation of the 

fibre configurations proposed in chapters 5 and 6 (which demonstrated the improved 

performance of pre-compensated conventional fibre over the post-compensated scheme), 

the role of XPM in increasing pulse distortion (hence eye-penalty) and its mitigation by 

appropriate channel spacing and the reduction in FWM to negligible levels in DCF. The 

role of granularity on the transmission distance and aggregate capacity of networks should 

also be investigated experimentally.

The experimental arrangement which can be used to verify these finding is the fibre 

recirculating loop which has been used in several studies on the effects of nonlinearity on 

transmission [1] and for densely spaced WDM [2]. A diagram of experimental apparatus 

with a recirculating loop configuration is shown in Figure 8.1. Using appropriate timing 

controls the first acousto-optic modulator (AOMl) directs the light from the transmitter 

into the loop for a period of time approximately equal to the time taken for light to traverse 

the fibre (A0M 2 ‘switches off’ the loop to clear it of unwanted signals). The amplified 

loop configuration can be constructed to investigate any combination of dispersion 

management with the appropriate fibre. The optical signal then passes around the loop a 

pre-determined number of times corresponding to a specific distance of transmission 

fibre. The receiver detects the signal via the output of the 3dB coupler, possibly after a 

wavelength demultiplexer, and bit-error rate testing is then performed.
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F ig u re  8.1 R e -c ircu la tin g  fib re  loop for an a ly sin g  the ex p e rim en ta l p e rfo rm a n c e  o f  
s in g le  and m u ltip le , in tensity  m odu la ted  N R Z  pulses.

The loop can be configured for any type of fibre and fibre combination making it suitable 

for measuring the performance of repeated spans of dispersion compensated conventional 

fibre with the DCF placed before or after the conventional fibre. If the transmitter consists 

of multiple sources then the multiple channel Kerr effects imposing on WDM 

transmission can be analysed, i.e. XPM, FWM and SRS. In particular the minimisation 

of penalty from XPM as a function of channel spacing and pulse walk-through in the 

DCF plus SMF arrangement can be experimentally verified along with the observation of 

low FW M due to the high dispersion of the dispersion compensating fibre.

These experiments will use real optical fibre amplifiers to provide the gain required to 

balance the loss of the transmission loop. In the numerical investigations performed in 

this thesis the amplifier was assumed to be ideal supplying gain independent of 

wavelength or input power, with the generation of noise also independent of wavelength. 

In real amplifiers the gain and noise is dependent on wavelength and gain saturation is 

possible. To accurately model such behaviour a spectrally resolved amplifier model can be 

used [3] which has previously been used in conjunction with an analytical model of FWM
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[4], The main issue which would arise from such an implementation is that the amplifier 

model describes the power dynamics whereas the NLSE describes amplitude behaviour.

Further extension to the numerical model could include more realistic optical filters. The 

Butterworth filter used in the analysis in cha^JterTfive anH'^i^x c^^ be replaced by the 

model of a wavelength demultiplexer which can has been d e s j^ e d  [5], fabricated and 

deployed to demultiplex densely spacedN sfm m elssep^atéd as c lo s^ as  25 GHz [2]. It 

would be possible to use either theoretical or experimental transfer functions of such a 

filter within the numerical simulator to bring further reality to the modelling process.

Finally, it is possible to incorporate the effect of Stimulated Raman Scattering and provide 

an enhanced model of multiple channel propagation. This adds another parameter to the 

already complex system describing dispersion managed nonlinear fibre. The optimisation 

of channel performance in the presence of the Kerr nonlinearity preferred wide channel 

spacings and high dispersion (and dispersion management). The wider spacings and 

larger channel numbers increases the prominence of SRS in such systems. To examine 

the effects of SRS on modulated channels in more detail the NLSE presented in chapter 

two must be expanded to include an extra, complex term,

with R  related to the slope of the Raman gain.
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Appendix A

Single and Multiple Wave Propagation Equations in Fibre

The derivation of the Nonlinear Schrodinger is outlined below, highlighting the major 

assumptions*.

The wave equation can be derived from Maxwell’s Equations giving

(AT)

where E and P are vectors of the electric field and induced polarisation. The induced 

polarisation can be related to the electric field through

P  = + x ^'^EEE + ...) (A.2)

where Cois the vacuum permittivity a n d (j= l,2 ,3 ...)  is the order susceptibility. Due

to inversion symmetry at the molecular level of silica glass, vanishes and the lowest

order nonlinear effects in fibre originate from which is a fourth rank tensor linking the 

polarisation vector P  to the product of three electric field vectors. The induced polarisation 

can be considered having two parts: linear, P^ and nonlinear P^^

with position vector r. The electric field can be represented by a discrete sum of a number 

of frequency components

E {r,t) = ^ x '^ E ^ { r ) c x p ( - iœ j )  +c.c. (A.4)

where c.c. stands for complex conjugate, x  is the polarisation unit vector of the light 

wave, assumed to be linearly polarised along the x-axis and E Jr)  is the slow varying 

amplitude (relative to the optical period) at frequency co„. To simplify the analysis the

* the reader is referred to Agrawal, G.P. Nonlinear Fiber Optics Boston: Academic 1989 for a fuller 
derivation.
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optical field is assumed to maintain its initial state of polarisation along the fibre. Similar 

expressions for the polarisation components are

f  ^ (r)e x p (-fm /)  +c.c. (A.5a)

P ^^(r ,t)  = ^ x ^ P ^ ^ ^ ( r )e x p ( - ic o j)  +c.c. (A.5b)

The first order susceptibility tensor is defined as the complex constant of proportionality 

which relate the amplitude of the linear polarisation to the electric field amplitude, along 

the x-axis, by

Pn'ir) = (A.6 )

Substituting Eq. A.3 with this relation into Eq. A .l gives the wave equation for each 

frequency component as

V 'E .( r )  = - % ( l  + ; t « ( û ) „ ) ) £ „ ( r ) - % F “ (7-) (A.7)
c c

or, with the frequency-dependent dielectric constant defined by £(co„) = 1 -t-

V % ( r )  = (A .8 )

As is complex then s(o )J  is also complex. Its real and imaginary part can be related 

to the refractive index n( co) and the absorption coefficient a(co) by the definition

£{cû) = I n{œ) -I- (A.9)
2co J

Next an expression for the nonlinear polarisation term is required. Assuming the 

nonlinear response is instantaneous, i.e. the term is independent of time (non- 

dispersive) then the electric field of Eq. A.4 can be substituted into A. 1 using A.2 to give
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a frequency term oscillating at co„ and at the third harmonic 3co„. For the moment the 

harmonic term will be assumed negligible. Then, at co„,

(A. 10)

where is a component in the x-direction of the fourth rank tensor with the 

nonlinear dielectric constant given as

(A. 11)

and the wave-equation becomes

V % ( r )  = — (A. 12)

Analogous to Eq. A.9, relating the dielectric constant to refractive index and the 

absorption coefficients

r
e(0 ) =  1 + % «((«.) + = n ,(0 )J  + n ^ \E „ (r f

^  V J

(A. 13)

which shows a linear part and an intensity dependent part, represented by the nonlinear- 

index coefficient, n^. If the loss and the nonlinear perturbations are assumed to be small 

the right-hand side of A. 13 can be expanded to give

/  \2
/ \ 11- /

2(ûn J

2 n  . u 2  iOjC (A. 14)

The nonlinear refractive index can be found by comparing the LHS of A. 14 with the RHS 

of A. 13 which gives

(A. 15)
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Assuming the lightwave travels in the z-direction only, can be expressed as

E^{r,t) = A„(z)F„(x,y)exp(ij3„z) (A. 16)

where A /z )  is the amplitude of a plane wave, F Jx ,y )  is the fibre-mode distribution and 

{5̂ =rioCûc, the propagation constant of the lightwave. If the amplitude of the plane wave is 

slowly varying compared to the optical frequency the second order derivative of the 

amplitude with distance can be assumed zero. Substituting A. 16 into A. 12 using A. 15 

gives

+ (A. 17)
dz 2 cAejf

where Â ^̂  is the effective core area related to the modal distribution F^(x,y) by

A,,.. =

j \ \ P ' r , ( x , y f d x d y

J \\F n (^ ^ y)\^ d x d y

(A. 18)

which has values in the range of 25 to 80p,m^ in the 1550nm wavelength range.

The equation of A. 17 gives the description of a monochromatic lightwave at frequency co 

as it propagates along the z-direction. When the intensity of the lightwave is modulated, 

producing optical pulses, the amplitude becomes time dependent A(z) ~^A(z,t). If the 

optical spectmm of the pulses are assumed to be ' 'quasi-monochromatic'', i.e. the 

spectrum centred at cOo has a spectral width Aco such that Aco/cOq «  1, valid for pulse 

widths greater than 0.1 ps, the dispersive effects of the fibre must be accounted for 

(dependence of propagation constant on frequency, co). This can be achieved by 

expanding the propagation constant in a Taylor series about po(=n„co/c), i.e.

)3 .=
d a "

which results in the partial differential equation for the evolution of a pulses travelling 

along the z-distance
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If the time is transformed into a relative time, T, such that T = t -  z/v where is the

group velocity, and the where the nonlinearity coefficient is defined as

7 = ^  = 1 ^  (A.21)

then A.20 can be expressed as

#  = + (A.22)

which is the nonlinear Schrodinger Equation of pulse propagation in a lossy, dispersive 

and nonlinear medium.

Multiple Waves

If more than one wave is present then there will be possible interaction amongst these 

waves through third order susceptibility of the nonlinear polarisation term given in 

Eq.(A.2)

(A.23)

If four waves are present then Eq.(A.4) becomes

1
E  = x  — ̂ E j  Qxp[i(kjZ -  icOjt)] + c.c. (A.24)

^ j = i

with wave-vector kj=rijCo/c, substituting into (A.23) and expressing in the form of 

equation (A.5b) gives

1 ^
= x - ^ P l ^ ^ t x i p [ i ( k j Z - i C 0 j t ) ]  + C . C .  (A.25)

2 ; = 1
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For each value of j  there are a large number of terms involving the products of the three 

electric field terms, e.g. for j=4, can be expressed as

x\
\Ê \̂  + \E,f +\Ef^

+ exp(/0^) + lE^E^El exp(i0_) + ...
(A.26)

with

0, — {k, + k2 + kn — kA)Z ~  (m, + 0 ) 2  + — Û)a )t (A.27a)

0_ — {k, + ^2 ~  ^3 ~ ^4)^ “  (6), + CÛ2  ^ 4)̂ (A.27b)

The terms can be grouped into three, considered as three separate effects. The first two 

terms, proportional to E^, give rise to self-phase and cross-phase modulation and the 

remaining terms give rise to four-wave mixing. The efficiency of coupling between the 

nonlinear polarisation and the electric field, E^ depends upon the relative phase 

between them given by 6± of Eqs. (A.27a) and (A.27b). These terms will become 

significant if the relative phase reduces to zero - possible if the frequencies and the wave- 

vectors are matched.
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Appendix B

Numerical Simulator: F o r t r a n  Code

program nlse

ccccccccccccccccccccccccccccccccccccccccccccccccc 
c nonlinear schrodinger equation solved by c
c split-step fourier technique. c
c Adaptive algorithm: step dz changes c
c c
c Derek Rothnie c
c c
ccccccccccccccccccccccccccccccccccccccccccccccccc

parameter(npoints=8192)
parameter(ilen=l, ialph=2, ibet2=3, ibet3=4, igamm=5) 
parameter(maxch=50, maxsn=200, maxsb=20, ifprm=5)

external getfield, getfibreprms, getstepsize 
external linop, nlrop, amplify, output, spectrum

double precision xOlaaf 
external xOlaaf 
external gOScdf 
external gOScbf

c arrays- a: complex amplitude
c X :  real part of a
c y: imag part of a
c fibre: fibre subsections parameters

double complex a (O:npoints-1)
double precision x (0:npoints-l)
double precision y (0:npoints-l)
double precision fibre(1:maxsn,1:maxsb, 1:ifprm)
double precision ch_freq(l:maxch)
double precision ch_bitrate(1 :maxch)

CO workspace required for FFT
double precision work(npoints)

real allqe(0:200,1:maxch,0:1)

double precision pi
double precision ref_freq
double precision c
double precision alpha,length,beta2,beta3,gamma
double precision dt, dzsum, dz, hdz, dztotal
double precision stepmax, zoo, zmax, twin, dummy
integer sn, sb, tsn, tsb, m, amptype, ch_num, stage, postamp
integer nowfd, nowsp, nowop, bite(1:maxch,0:1), oldsn

write (6,*) 
write(6,*) 
write(6,*) 
write(6,*) 
write(6,*) 
write(6,*) 
write(6,*)

pi=x01aaf(dummy) 
c=3.0d8

Non-Linear Schrodinger Equation 
Split-Step Fourier Method 

[ Derek Rothnie@ucl]
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c non-repeatable sequence random sequence (optional)

call gOSccf

stage=0
postamp=0

stepmax=0.IdO
open(1yfile='stepsize')
read(ly*) stepmax, nowfd, nowsp, nowop, postamp 

close(1)

ccccccccccccccccccccccccccccccccccccccccccccc 
cc main adaptive prog. cc
cc read in field cc
cc read in fibre data cc
cc main loop cc
cc calculate dz for max nlphase cc
cc calculate linear operator cc
cc do linear (half step) cc
cc nonlinear (full step), cc
cc linear (half step) cc
cc until end of fibre section cc
cc amplifier cc
cc output pulse shape/spectrum cc
ccccccccccccccccccccccccccccccccccccccccccccc 
ccccccccccccccccccccccccc 
cc main loop cc
ccccccccccccccccccccccccc

dztotal=0.OdO

call getfield(a,npoints,ch_num,bite,twin,maxch, ch_freq,
+ ch_bitrate,oldsn)

call getfibreprms(fibre,maxsn,maxsb,ifprm,tsn,tsb,
+ ilen,ialph,ibet2,ibetS,igamm,
+ npoints, amptype,c,ref_freq,pi)

dt=twin/dble(npoints)

sn=0
if ((sn+oldsn) .eq. 0) then

call spectrum (a, X ,  y, wor)c, npoints, ch_f req, ch_bitrate,
+ maxch,ch_num,sn+oldsn,twin)

call receiver(a,x,y,work,npoints,ch_freq,
+ ch_bitrate,bite, maxch,sn+oldsn,ch_num,twin,nowfd,allqe) 
endif

if (stage) write(6,*) '...propagating through fibre'

do 10 sn=l, tsn 
do 20 sb=l,tsb 
dzsum=0.ODO 
dz=0.ODO
length=fibre(sn,sb,ilen) 
alpha=fibre(sn,sb,ialph) 
beta2=fibre(sn,sb,ibet2) 
beta3=fibre(sn,sb,ibet3) 
garama=fibre(sn,sb,igamm)

c... getstepsize...

500 if (gamma .eq. 0.ODO) then
dz=length 

else
do 5 m=0,npoints-1
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zcc=a (m)*conjg(a(in) ) 
zmax=dmaxl (zmax,dsqrt (zee) )

5 eontinue
dz= (3. Od-3) / (gainma* zmax) 

endif

if ((gamma .ne. 0) .AND. (dz .gt. stepmax)) dz=stepmax

if (dz .gt. (length-dzsum)) dz=length-dzsum

hdz=dz/2.ODO
dzsum=dzsum+dz
dztotal=dztotal+dz

O ■ > ■ •

eall linop(a,x,y,work,npoints,pi,alpha,beta2,
+ beta3,gamma,dt,hdz)

if (gamma .ge. l.Od-15) eall nlrop(a,npoints,gamma,dz)

eall linop(a,x,y,work,npoints,pi,alpha,beta2,
+ beta3,gamma,dt,hdz)

if ((length-dzsum) .gt. l.Od-6) goto 500 
20 eontinue

eall amplify(a,x,y,npoints,work, amptype, fibre,maxsn,
+ maxsb,ifprm, sn, sb, twin, ref_freq)

if (postamp) eall filter(a,x,y,npoints,work,twin) 
if ((sn+old) .eq. int(sn/nowsp)*nowsp)

+ eall speetrum(a,x,y,work,npoints,eh_freq,eh_bitrate,
+ maxeh,eh_num,sn+oldsn,twin)

eall reeeiver(a,x,y,work,npoints,eh_freq,
+ ch_bitrate,bite, maxch,sn+oldsn,ch_num,twin,nowfd,allqe)

eall output(a,npoints,eh_freq,
+ eh_bitrate,bite,maxeh,sn+oldsn,ch_num, twin,nowop,oldsn)

10 eontinue

end

subroutine getfield (a, npoints, eh_num,bite, twin,maxeh, eh_freq,
+ eh_bitrate, oldsn)

double eomplex a (0:npoints-1) 
double preeision eh_freq(1:maxeh) 
double preeision eh_bitrate(1 : maxeh) 
double preeision twin
integer i, ehannel, eh_num, bite(l:maxeh,0:1), oldsn, stage 

stage=l

open(10, file='totalipfield') 
do 20 1=0, npoints-1 

readdO,*) a (i)
20 eontinue

read(10,*) eh_num, twin

if (stage) then 
write(6,*)
write(6,*) eh_num,' ehannel(s)' 
write(6,*)
write(6,*) 'Time frame:',real(twin/ld-9) ,'ps' 

endif

do 30 i=l, ch_num 
read(10,*) ehannel, eh_bitrate(i), eh_freq(i) 
read(10,*) bite(i,0), bite(i,1) 
if (stage)

+ write(6,*) 'Channel ',i,' - ' ,bite(i,0),'xO,\t'
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+ ,bite(i,1),'xl;'\t bit-rate '
+ ,real(ch_bitrate(i)/ld9), ' Gb/s'
+ at', int(ch_freq(i)* 10.0)/lO,OeO,' GHz'

30 continue

read(10,*) oldsn

if (stage) then 
write(6,*)
write (6,*) 'The input field has propagated over'

+ ,oldsn,' section(s).'
write(6,*) 

endif

close(10)
return
end

subroutine getfibreprms (fibre,maxsn,maxsb,ifprm, tsn,tsb,
+ ilen,ialph,ibet2,ibetS,igamm,
+ npoints,amptype,c,ref_freq,pi)

double precision fibre(1:maxsn,1:maxsb,1 :ifprm)
integer tsn, tsb, sn, sb, data, amptype
double precision c, ref_freq, pi, val2, val3
double precision len, sumlen, totlen, alphadB, Do, Doslope
double precision n2, Aeff, totlen, wl

open(10,file='fibreparams')

read(10,*) wl, n2, amptype
wl=wl*Id-9
ref_freq=c/wl

write(6,*)
if (amptype .eq. -100) then

write(6,*) 'Amplifier: None.' 
else if (amptype .eq. -200) then

write(6,*) 'Amplifier: Gain = Loss - no ase noise.' 
else if (amptype .eq. -300) then

write (6,*) 'Amplifier: Gain = Loss + random ase noise.'
endif
write(6,*)
read(10,*) tsn, tsb

val2=(wl**2) / (2*pi*c)
val3=val2*wl/ (2* pi* c) 
data = tsn*tsb

do 20 i=l, data
read(10,*) sn, sb
read(10,*) len, alphadB, Do, Doslope, Aeff

write(6,*) 'Length =',real(len), '\tkm'
write(6,*) 'Loss =',real(alphadB),'\tdB/km' 
write (6,*) 'Do =',real(Do), '\tps/nm/km'
write (6,*) 'Dcslope=',real(Doslope),'\tps/nm/nm/km' 
write (6,*) 'Aeff =',real(Aeff), '\tm**2'

fibre(sn,sb,ilen)=len
fibre(sn,sb,ialph) = (alphadB/10.ODO) *dlog(10.ODO) 
fibre(sn,sb,ibet2)=Dc*val2* (-1.OD-6)*1.0D3 
fibre(sn,sb,ibet3)=val3*(Do*1.OD-6+wl* Doslope*1.0D3)* 1.0D3 
fibre (sn, sb, igamm) =2*pi*n2/ (Aeff*wl) 
sumlen=sumlen+len 

20 continue

read(10,*) totlen 
write(6,*)
write (6,*) ' summed length=', real (sumlen)
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+ Specified total length=real(totlen)
write(6,*)

if (abs(totlen-sumlen) .ge. l.Od-1) then 
write(6,*)
write(6,*) '! Total of sections does not match given length !' 
write(6,*) 'I am ending it all!' 
stop 

endif

return
end

subroutine linop(a,x,y,work,npoints,pi,alpha,beta2,
+ betaS,gamma,dt,hdz)

double complex a (0:npoints-1)
double precision x (0:npoints-l)
double precision y (0;npoints-1)
double precision work(npoints)
double precision pi,alpha,beta2
double precision betaS,gamma,dt,hdz
double precision argre,theta,psq4,pcb8,f,fsqr,fcbe
double precision multreal, multimag, xdummy

cc transform: time to frequency
call time2freq(a,x,y,work,npoints)

argre=dexp(-hdz* alpha/2.ODO)

psq4=4.ODO* pi** 2.ODO 
pcb8=8.0D0*pi**3.0D0 
f=l.ODO/(dble(npoints)*dt) 
f sqr=f* f 
fcbe=fsqr* f

do 20 i=0, npoints/2
theta=((beta2/2.0D0*psq4* fsqr*dble(i)**2.ODO)

+ - (beta3/6.ODO* fcbe*pcb8*dble(i)** 3.ODO))*hdz
multreal=argre*dcos(theta)/dble(npoints) 
multimag=argre*dsin(theta)/dble(npoints) 
xdummy = x(i)*multreal - y (i)*multimag 
y(i) = X(i)*multimag + y (i)*multreal 
X  ( i ) = xdummy 

20 continue

do 30 i=l+npoints/2, npoints-1 
k=i-npoints
theta= ( (beta2/2 . 0D0*psq4* fsqr* dble (k)**2 . ODO)

+ - (beta3/6.ODO*fcbe*pcbB*dble(k)**3.ODO))*hdz
multreal=argre*dcos(theta)/dble(npoints) 
multimag=argre* dsin(theta)/dble(npoints) 
xdummy = x(i)*multreal - y (i)*multimag 
y(i) = X(i)*multimag + y (i)*multreal 

X  ( i ) = xdummy 
30 continue

cc inverse FFT from f2t
call freq2time (a,x,y,work,npoints)

return
end
subroutine nlrop(a,npoints,gamma,dz)

double complex a(O:npoints-1) 
double precision gamma, dz 
double precision xmagna,nlin,renl,imnl 
double precision xtemp, ytemp
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do 100 i=0,npoints-1
xmagna=(dble(a(i)))**2.ODO + (dimag(a(i)))**2.ODO 
nlin=xmagna* gamma* dz 
renl=dcos(nlin) 
imnl=dsin(nlin)
xtemp=renl*dble(a(i))-imnl*dimag(a(i)) 
ytemp=renl*dimag(a(i) )+imnl*dble (a (i) ) 
a (i) =dcmplx (xtemp, y temp)

100 continue

return
end
subroutine time2freq(a,x,y,work,npoints)

double complex a (0:npoints-1) 
double precision x (0:npoints-1) 
double precision y (0:npoints-1) 
double precision work(npoints) 
integer ifail

ifail=0

:c separate into real and imaginary 
do 10 i=0, npoints-1 

X(i)=dble (a (i)) 
y (i)=dimag(a(i) )

10 continue

call C06FCF(x,y,npoints,work, ifail)

return
end
subroutine freq2time(a,x,y,work,npoints)

external C06FCF

double complex a (0:npoints-1) 
double precision x (0:npoints-l) 
double precision y (O:npoints-1) 
double precision work(npoints) 
integer ifail

ifail=0

:c conjugate the field
do 10 i=0,npoints-1 

y (i)=-y(i)
10 continue

:c FFT from frequency to time
call C06FCF(x,y,npoints, work, ifail)

:c conjugate the field, place in complex variable 
do 20 i=0,npoints-1 

y (i)=-y(i)
a(i)=dcmplx(x(i),y(i))*dble(npoints)

20 continue

return
end

subroutine amplify(a,x,y,npoints,work, amptype, fibre,maxsn, 
+ maxsb,ifprm,sn,sb,twin,ref_freq)

double complex a (0:npoints-1)
double precision x (0 :npoints-1), y (0 :npoints-1) 
double precision work(npoints)
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double precision noise(16384), ref_freq
double precision fibre(1:maxsn,1:maxsb,1 :ifprm), twin
integer sn, sb, amptype, rndnpts
double precision totalloss, gaindB, G, mean, stdev 
double precision hmu, nsp, deltaf

if (amptype .eq. -100) goto 999

nsp=2.OdO

totalloss=0.ODO 
gaindB=0.ODO

rndnpts=npoints

do 10 1=1, sb-1
totalloss=totalloss+0.5D0*(fibre(sn,i,2)*

+ fibre(sn,i,1))
10 continue

gaindB=totallos s/dlog(10.OdO)

G=10.0d0** (2*gaindB)

if (amptype .eq. -300) then

do 12 1=0, npoints-1
a(i)=a(i)* (10.ODO**gaindB)/dsqrt(dble(npoints))

12 continue

deltaf=l.OdO/twin 
hmu=6.626176d-34* ref_freq
stdev=dsqrt(nsp* hmu*(G-1)* deltaf/2.OdO)*dsqrt(1000.OdO) 
mean=0.OdO

call time2freq(a,x,y,work,npoints)

call gO5fdf(mean,stdev,(rndnpts*2),noise)

do 15 1=0, npoints-1 
X(i)=x(i)tnoise(i+1) 
y (i)=y(i)+noise(i+rndnpts)

15 continue

call freq2time(a,x,y,work,npoints) 
do 16 1=0, npoints-1

a(i)=a(i)/dsqrt(dble(npoints))
16 continue

else if (amptype .eq. -200) then 
do 20 1=0, npoints-1

a(i)=(10.ODO**gaindB)*a(i)
20 continue

endif

999 continue

c write(6,*) 'Gain ',gaindB,' dB for section ',sn

return
end

subroutine filter(a,x,y,npoints,work,twin) 

double complex a (0:npoints-1)
double precision x (0:npoints-1), y (0 :npoints-1)
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double precision work(npoints), twin 

integer fch
double precision forder, fbwdth, fbw

cc amplitude into real and imaginary
do 10 1=0, npoints-1 

X (i)=dble(a(i)) 
y(i)=dimag(a(i) )

10 continue

fch=0
forder=3.OdO 
fbwdth=int(135.0d9* twin)

open(99, file='postampfliter') 
read(99,*) fch, forder, fbw 
close(99)

c if (fch .ne. 0) then
c write(6,*) 'post-amp filter, bw =',real(fbw),' ord',forder

fbwdth=int(fbw*1.0d9* twin)
call filt(x,y,npoints,work,fch,forder,fbwdth)

cccc amplitude from real and imaginary (conjugating Im)

do 20 1=0, npoints-1
a(i)=dcmplx( x(i) , -y(i) )

20 continue
c endif

return 
end

subroutine receiver(a,x,y,work,npoints, ch_freq,
+ ch bitrate,bite,maxch,sn,ch num,twin,nowfd,allqe)

double complex a (0:npoints-1)
double precision x (0:npoints-l)
double precision y (0:npoints-1)
double precision work(npoints)
double precision ch_freq(l:maxch)
double precision ch_bitrate(1:maxch)
integer sn, ch_num, nowfd, bite(1:maxch,0:1)
double precision twin, ratio
real allqe(0:200,1 :maxch,0:1)

double precision oorder, eorder, ebw, obw 
double precision obwdth, ebwdth, maxq, magn, himagn 
double precision sumf, sumsqf, mean, std 
real eye, eyeip

integer ifail, numbits, nperbit, opch, elch 
integer hund,tens,unit,dml,dm2,flagbe, outp 
integer i,j,k

character chfield*11

external C06FCF 
ifail=0

outp=0
hund=0
tens=0
unit=0
dml=0
dm2=0
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hund=int(sn/100) 
tens=int((sn-hund*100)/10) 
unit=sn-hund*100-tens*10

eyeip=l.OeO

open(89, file='reefliter')
read(89,*) oorder,obw,eorder,ebw,flagbe
close(89)

elch=0
opch=0
ebwdth=int(ebw*1,0d9* twin) 
obwdth=int(obw*1.Od9* twin)

do 10 m=l, ch_num
opch=int(ch_freq(m)*twin*1.0d9)

if (flagbe) ebwdth=int(ch_bitrate(m)*0.65d0*twin) 
numbits=int(twin* ch_bitrate (m)) 
nperbit=npoints/nunibits

if (bite(m, 0) .eq. 0) ratio=2000.OdO 
if(bite(m, 0) .ne. 0)

+ ratio=dble(bite(m, 1))/dble(bite(m, 0))

do 20, i=0, npoints-1 
x(i)=dble(a(i) ) 
y(i)=dimag(a(i) )

20 eontinue

optical filter: get ehannel
eall filt (x,y,npoints,work,opeh, oorder, obwdth)

square-law detector, remove phase, centre about zero 
do 30 i=0, npoints-1 

x(i)=x(i)**2+y (i)**2 
y (i)=0. OdO 

30 eontinue

ee_ no need to conjugate y as is zero at sq. law detector
ee_ electrical filter

y(0)=-9999.0d0 
eall filt(x,y,npoints,work,elch,eorder,ebwdth)

ee_ write to file <field.sn.eh> the bit pattern of ehannel m

ehfield='fieldxxx.xx' 
chfield(6:6)=ehar(4 8+hund) 
chfield(7 : 7)=ehar(48+tens) 
chfield(8 : 8)=ehar(48+unit) 
dml=int (m/10) 
dm2=int (m- (dml* 10) ) 
chfield(10:10)=char(48+dml) 
chfield(11:11)=char(48+dm2)

if ((sn .eq. int(sn/nowfd)* nowfd))
+ outp=l

if (outp) open(99,file=chfield)

cc conjugate after inverse transform and find mean level

magn=0.OdO 
himagn=0.OdO 

sumf=0.OdO 
sumsqf=0.OdO 

std=0.OdO
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k=0

do 40 i=0, npoints-1

x(i)=dsqrt (x(i)**2+y (i)**2)
y(i)=O.OdO
magn=x(i)
himagn=dmaxl (himagn, magn)

sumf=sumf+magn 
sumsqf=sumsqf+magn** 2

if (outp) write(99,*) k, real(magn)

k=k+l
if (k .eq. (3*nperbit)) then 

if (outp) then
write(99,*) k-1, le-10 
write(99,*) 0, le-10 

endif
k=0
endif

40 continue

mean=sumf/npoints 
std=dsqrt(sumsqf/npoints-mean* * 2)

if (outp) then
write(99,*) nperbit,' sample points per bit' 
write(99,*) npoints,' points. Channel ',m 
write(99,*)
write(99,*) real(mean),'\tmean' 
write (99,*) real(std),'\tSt.Dev.’ 
close(99)

endif

maxq=0.OdO 
eye=l.OdO

if (sn .eq. 0) write(6,*)

if (ratio .ne. 2000) then 
write(6,*) 'Span:’,sn,'; ch.',m 
call qfactor(x,y,npoints,numbits,nperbit,twin,ch_bitrate(m) , 

+ ratio,maxq,mean,eye)
endif
allqe(sn,m,0)=real(maxq)
if (int(ratio) .eq. 2000) allqe(sn,m,0)=0.OeO
allqe(sn,m,1)=eye
if (int(ratio) .eq. 2000) allqe(sn,m,1)=1.OeO

10 continue

if (sn .eq. 0) then 
write(6,*)
open(72, file='eye.ip') 
do 57 j=l, ch_num

write(6,*) 'Eop at input, ch.',j,allqe(sn,j,1) 
write(72,*) allqe(sn,j,1) 
allqe(sn,j,1)=1.OeO 

57 continue
close(72)

endif

if (sn .ne. 0) then
open(73, file='eye.ip') 
do 59 j=l, ch_num
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read(73,*) eye ip
allqe(sn,j,l)=allqe(sn,j, 1)/eyeip 

59 continue
close(73)

endif

open(71, file='allqe')
write (71,* ) 'Ch.noAt Eye-P (dB)\t Q\tSpan'
do 55 i=0, sn 
do 66 j=l, ch_num 
if (allqe(i,j,l) .It. 0.009e0) allqe(i,j,0)=0.OdO 
if (allqe(i,i,1) .ne. 0.OdO) then

eyedB=-20.OeO* real(log(allqe(i,j , 1))/log(10.OdO)) 
write (71,*) j, 's\t’,eyedB, A  t ', allqe (i, j , 0) , A t  ', i

endif 
66 continue 
65 continue 

close(71)

return
end

cccccccccccccccccccccccccccccccccccccccccc filt routine

subroutine filt(x,y,npoints,work,ich,order,bwdth)

double precision x (0:npoints-l) 
double precision y (O:npoints-1) 
double precision work(npoints) 
integer ifail, ich, n, elec 
double precision bwdth, order, cfilter

elec=0 
ifail=0 
n=int(order)

if (y(0) .eq. -9999.OdO) then 
y(0)=0.0d0 
elec=l

endif

cc_ t2f
call C06FCF(x,y,npoints,work,ifail)

cc_ Relative frequency components in FFT: 
cc_ multiply by Butterworth filter: nth Order (magnitude)
cc_ decreasing negatives (& conjugating y)

do 10 i=npoints/2+l, npoints-1
cfilter=dsqrt(1.0D0+(dble((ich+(npoints-1)-i))/bwdth)** 

+ (2.ODO*dble(n)))
if (elec) cfilter=cfilter**2 

X(i)=x(i)/cfilter 
y (i)=-y(i)/cfilter 

10 continue

cc_ then increasing positives (& conjugating y) 
do 20 i=0, npoints/2

cfilter=dsqrt(1.0D0+(dble((i-ich)/bwdth))** (2.0*dble(n))) 
if (elec) cfilter=cfilter**2 
X(i)=x(i)/cfilter 
y(i)=-y(i)/cfilter 

20 continue

cc_ f2t
call C06FCF(x,y,npoints,work,ifail)

return
end
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SUBROUTINE C06FCF(X,Y,PTS,WORK,IFAIL)

subroutine spectrum(a,x,y,work,npoints,ch_freq,ch_bitrate,
+ maxch,ch_num,sn,twin)

ccccc displays spectrum of field

double complex a (0:npoints-1)
double precision x (0:npoints-l), y (0:npoints-1) 
double precision work(npoints)
double precision ch_freq(maxch), ch_bitrate(maxch)
integer ch_num, sn
double precision twin
double precision magnsqr, flim, res

integer hund, tens, unit 
character opfile* 9

integer ifail

external C06FCF

ifail=0
hund=0
tens=0
unit=0

do 10, 1=0, npoints-1 
x(i)=dble(a(i) ) 
y(i)=dimag(a(i) )

10 continue

call C06FCF(x,y,npoints,work, ifail)

opfile='spect.xxx'

hund=int(sn/100) 
tens=int((sn-hund*100)/10) 
unit=sn-hund*100-tens*10

opfile(7 : 7)=char(48+hund) 
opfile(8 : 8)=char(48+tens) 
opfile(9:9)=char(48+unit) 
open(30, file=opfile)

cc_ Relative frequency components in FFT: 
cc_ decreasing negatives then increasing positives 

res=l.Od-9/twin 
flim=-l.OdO* res*npoints/2.OdO 
write (30,*) 'GHz\tPower'

cccc negative frequencies -fmax -> 0 -freqs 
do 40 i=l+npoints/2,npoints-1 

magnsqr=x(i)**2+y(i)**2
write (30,*) real(flim+res* dble(i-npoints/2)),

+ real(magnsqr)/real(npoints) 
c + ,real(10.0*log(magnsqr/dble(npoints))/log(10.0))
40 continue

cccc positive frequencies 0 -> +fmax
do 50 i=0, npoints/2

magnsqr=x(i)**2+y(i)**2 
write (30,*) real(res*i),

+ real (magnsqr)/real(npoints) 
c + ,real(10.0*log(magnsqr/dble(npoints))/log(10.0))
50 continue

c l o s e (30)

272



999 continue 
return 
end

subroutine output(a,npoints,ch_freq,
+ ch_bitrate,bitc,maxch,sn,ch_num, twin,nowop,oldsn)

double complex a(0:npoints-l) 
double precision ch_freq (maxch) 
double precision ch_bitrate(maxch)
integer sn, ch_num, nowop, bite(1:maxch,0:1), oldsn 
double precision twin

integer hund, tens, unit 
character opfile*9

ccc write output every 'nowop' span, 
opfile='output.XX'

hund=int(sn/100) 
tens=int((sn-hund*100)/lO) 
unit=sn-hund*100-tens*10

if (sn .eq. int(sn/nowop)* nowop) then 
opfile (7:7)=char(4 8+hund) 
opflie (8 : 8)=char(48+tens) 
opflie(9:9)=char(48+unit) 

endif

open(70, file=opfile)

do 100 1=0, npoints-1 
write(70,*) a(i)

100 continue

write(70,*) ch_num 
write(70,*) twin

do 110 1=1, ch_num 
write(70,*) i 
write (70,*) ch_bitrate(i) 
write(70,*) ch_freq(i) 
write(70,*) bite(i,0) 
write(70,*) bite(i,1)

110 continue

write(70,*) sn 
write (70,*) 'Section' 
write(70,*) 

close(70)

999 continue 
return 
end

ccc Anderson and Lyle Q factor, iterate to decision level

ccc calculates Eye-Opening.

subroutine qfactor(x,y,npoints,numbits, nperbit,twin,bitrate, 
+ ratio,maxq,decision,eye)

parameter (maxnperbit=1024)

double precision x (0:npoints-1), y (0:npoints-1) 
integer numbits, nperbit

double precision twin, bitrate, decision
double precision sumO (maxnperbit), suml(maxnperbit)
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double precision sqmagsumO (maxnperbit) , sqraagsuml(maxnperbit) 
double precision meanO(maxnperbit) , meanl(maxnperbit)
double precision stdevO(maxnperbit) , stdevl(maxnperbit)
double precision magnt
double precision minone(maxnperbit), maxzer(maxnperbit) 
double precision eyeopen(maxnperbit) 
double precision maxq, weightedQ, EyeQ 
real eye

double precision mag(maxnperbit), mwq
double precision sumb(0:1,0:1,0:1), sumsqb(0:1,0:1,0:1)
double precision countb(0:1,0:1,0:1), meanb(0:1,0:1,0:1)
double precision stdevb(0:1,0:1,0:1), berpatt(0:1,0:1,0:1)
double precision ratio, o2z(maxnperbit) 
double precision oldD, hop, deciz(maxnperbit) 
double precision tones(maxnperbit), tzero(maxnperbit)

double precision maxeye, mineye, to2tz

double precision aveOmean,avelmean,aveOstdv,avelstdv

integer bitl, bit2, bit3, stream (maxnperbit) 
integer totalObits(maxnperbit), totallbits(maxnperbit) 
integer i, k, n, sk, iter, thous, o, setting, limit 
integer maxeyek, to, tz

ccc initialisation.... 
maxeye=l.OdlO 
mineye=0.OdO 
setting=0 
limit=0 
maxq=0.OdO 
iter=0 
thous=0 
oldD=decision

if (ratio .gt. 1.OdO) ratio=l.OdO/ratio 
hop=decision/8.OdO

do 3 i=l, nperbit
deciz(i)^decision

3 continue
4 continue

do 5 i=l, nperbit
suml (i)=0.OdO 
sumO (i)=0.OdO 

sqmagsuml(i)=0.OdO 
sqmagsumO ( i)=0.OdO 

meanl(i)=O.OdO 
meanO(i)=O.OdO 
stdevl(i)=0,OdO 
stdevO(i)=0.OdO 

totallbits(i)=0 
totalObits(i)=0

tones(i)=O.OdO 
tzero(i)=0,OdO 
stream(i)=0 
minone(i)= 5.0d0*oldD 
maxzer(i)=-l.OdO*oldD

5 continue

ccc main loop, first: eye-opening direct from field.

do 10 j=l, numbits 
k=l
do 20 i=(j-1)*nperbit, (j*nperbit)-1 

magnt=x(i)
if (real(magnt) .gt. real(deciz(k))) then
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totallbits(k)=totallbits(k)+1 
minone(k)=dminl(magnt,minone(k)) 

else if (real(magnt) .le. real(deciz(k))) then 
totalObits(k)=totalObits(k)+1 
maxzer(k)=dmaxl(magnt,maxzer(k))

endif 
k=k+l 

20 continue 
10 continue

pass=0

do 74 k=l, nperbit 
o2z(k)=dble(totallbits(k))/dble(totalObits(k)) 
if (o2z(k) .It. ratio) then

deciz(k)=deciz(k)-hop 
elseif (o2z(k) .gt. (1.OdO/ratio)) then 

deciz(k)=deciz(k)+hop
endif
if ((o2z(k) .ge. ratio) .AND. (o2z(k) .le. (1.0/ratio)))

+ pass=pass+l
7 4 continue

if (pass .gt. (3*nperbit/4)) goto75

hop=hop/2.OdO
if (iter .eq. 75) goto 75

iter=iter+l 
goto 4 

75 continue

maxeyek=0 
eye=0.OeO

do 25 k=l, nperbit

o2z(k)=dble(totallbits(k))/dble(totalObits(k)) 
if (minone(k) .ge. (5.0*oldD)) minone(k) =maxzer(k) 
if (maxzer (k) .le. 0. OdO) maxzer (k) minone (k) 
eyeopen(k) =minone(k)-maxzer(k)

if ((real(eyeopen(k)) .gt. eye) .AND.((o2z(k) .ge. ratio) 
+ .AND. (o2z(k) .le. (1.OdO/ratio)))) then

eye=real(eyeopen(k)) 
maxeyek=k 

endif 
25 continue

EyeQ=0.OdO 
maxq=0.OdO 
mwq=-l. OdO 
mqpos=0

do 31 sk=l, nperbit

weightedQ=0.OdO 
fact0=0.OdO 
factl=0.OdO 
ave0mean=0.OdO 
avelmean=0.OdO 
ave0stdv=0.OdO 
avelstdv^O.OdO

do 27 i=l, nperbit 
stream(i)=0 
tones(i)=0.OdO 
tzero(i)=0.OdO 

27 continue
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do 33 1=0,1 
do 35 j=0,l 
do 37 k=0,l

sumb(i,j,k)=0.OdO 
sumsqb(i,j,k)=0.OdO 
countb(i,j,k)=0.OdO 
meanb(i,j,k)=0.OdO 
stdevb(i,j,k)=0.OdO 

berpatt(i,j,k)=0.OdO 
37 continue 
35 continue 
33 continue

ccc decide if 1 or zero, put recovered bit pattern into 'stream' 
to=0 
tz=0

do 40 i=l, numbits 
n=(i-l)*nperbit+sk-l

if (n .gt. (npoints-1)) n=n-(npoints-1) 
if (n .It. 0) n=n+npoints

mag(i)=x(n)

if (mag(i) .gt. deciz(sk)) then 
stream(i)=1 
to=to+l
raaxeye=dminl (maxeye,mag (i) )

endif

if (mag(i) .le. deciz(sk)) then 
stream(i)=0 
tz=tz+l
mineye=dmaxl (mineye,mag (i) )

endif

c write(6,*) stream(i)

4 0 continue

mag(numbits+1) =mag(1 ) 
mag(numbits+2)=mag(2)

stream(numbits+l)=stream(l) 
stream (numbits+2)=stream (2)

do 50 i=2, numbits+1

bitl=stream (i-1) 
bit2=stream(i) 
bit3=stream ( i+1)

sumb(bitl,bit2,bit3) =sumb(bitl,bit2,bit3)+mag(i) 
sumsqb(bitl,bit2,bit3)=sumsqb(bit1,bit2,bit3)+mag(i)** 2 
countb(bitl,bit2,bit3)=countb(bitl,bit2,bit3)+1

50 continue

ccc obtain mean, st.dev., Q and BER of each 3-bit pattern

do 60 j=0,l 
do 65 i=0,1 

do 70 k=0,1

if (countb(i,i,k) .ge. 2) then
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meanb (i, j , k) =simib (i, j , k) /countb (i, j , k) 
stdevb(i,j,k)=dsqrt(dabs(sumsqb(i, j,k)/countb(i,j,k) 

-meanb(i,j,k)**2))

70
65
60

90
80

'(\i,j,k,') X int (countb (i, j , k) ) 
'mean meanb(i,j,k)
'st.dev.', stdevb(i,j,k)

if (o) then 
write(6,*) 
write(6,*) 
write(6,*) 
write(6,*) 
endif

endif

if (countb(i,],k) .le. 1) countb(i,j,k)=0.OdO

continue
continue

continue

tzero(sk)=countb(0,0,0)+countb(1,0,0)+countb(0,0,1)+countb(1,0,1) 
tones(sk)=countb(0,1,0)+countb(1,1,0)+countb(0,1,1)fcountb(1,1,1)

do 80 1=0,1 
do 90 k=0,l

aveOmean= aveOmean+meanb(i,0,k)* countb(i,0,k)/tzero(sk) 
avelmean= avelmean+meanb(i,1,k)*countb(i,1,k)/tones (sk) 
aveOstdv=aveOstdv+stdevb(i,0,k)* countb(i,0,k)/tzero(sk) 
avelstdv=avelstdv+stdevb(i,1,k)*countb(i,1,k)/tones(sk)

continue
continue

if(o) then 
write (6,*) 
write(6,*) 
write(6,*) 
write(6,*) 
endif

'weighted 0 mean aveOmean
'weighted 0 st.dev.', aveOstdv
'weighted 1 mean avelmean
'weighted 1 st.dev.', avelstdv

weightedQ=(avelmean-aveOmean)/ (aveOstdv+avelstdv) 

to2tz=dble(to)/dble(tz)

if ((weightedQ .gt. mwq) .AND. ((to2tz .ge. ratio) 
+ .AND. (to2tz .le. (1.0/ratio)))) then 

mwq=we ightedQ 
mqpos=sk

endif

if (sk .eq. maxeyek) EyeQ=weightedQ

31 continue

maxq=eyeQ

555 continue

return
end
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Appendix C
Parameters: symbol, common value(s) and units:

Symbol p a r a m e t e r va lu e (s ) units

a attenuation 0.21 - 0.8 

+ 17 (SMF)

dB/km

D, dispersion -100 (DCF) 
±1 (DSF)

ps/nm /km

dispersion slope +0.07 ps/nm"/km

P: GVD -2.167x10 "" (SMF) 
±1.275x10"" (DSF)

s"m ‘

A 2"̂  order GVD + 1.143x10"" 

20 (SMF,DSF)

s'm  ' 

km

^ e j : t effective length 8 (DCF) 
80 (SMF)

^ e f f effective area 50 (DSF) 
25 (DCF)

pin"

Ï nonlinear Kerr 
coefficient

2 .16x10 ' km 'm W

Ih nonlinear refractive 
index

2.67x10""

X 3'"'order susceptibility 4 x 1 0 " esii

A(z,t) complex field amplitude
-^JmW

Af channel spacing GHz

yR) Raman gain coefficient 7x10'" m W

Bh bit-rate 2.5, 5, 10 Gb/s

La amplifier spacing 50 km

L[) dispersion length km

L,r 2""’order Disp length km

Lnl nonlinear length km

c speed of light 3x10" m s '

A wavelength 1.55 pm

P
'  p e a k peak (input) power mW

EoP Eye-opening penalty dB

Q Q factor > 6 ( BER=IO ") -

2/&



G lo s s a ry

ASE Amplified Spontaneous Fmmission

CPM Cross-Phase Modulation

DCF Dispersion Correcting Fibre

DSF Dispersion Shifted Fibre

EDFA Erbium Doped Fibre Amplifier

FWM Four-Wave Mixing

GVD Group Velocity Dispersion

M /D D Intensity Modulation/Direct Detection

MI Modulation Instability

NLSE Non-Linear Schrodinger Equation

NRZ Non-Retum-to-Zero

PRBS Pseuodo Random Bit Sequence

SBS Stimulated Brillouin Scattering

SMF conventional Single Mode Fibre

SPM Self-Phase Modulation

SRS Stimulated Raman Scattering

WDM Wavelength Division Multiplexing
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