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ABSTRACT

A theoretical analysis is carried out to evaluate the efficiency of two different

dispersion compensation schemes, viz. lump compensation and even

compensation to minimize the effect of group velocity dispersion (GVD ) on

the performance of an optical CPFSK point to point transmission system using

MZI based direct detection receiver. The analysis is extended to linecoded

CPFSK system with three line-coding schemes, viz. Alternate mark inversion

(AMI), Miller code or Delay modulation (DM) and Manchester code(MC). The

analysis is also carried out to find out the impact of SPM with GVD

compensation.

The analysis includes the effect of accumulated amplifiers spontaneous

emission (ASE) noise, signal -ASE noise, ASE-ASE beat noise, laser phase

noise and receiver noise. The statistics of the phase fluctuations due to

chromatic dispersion in the presence of filtering effect and laser phase noise

are determined analytically and is used to determine the bit error probability of

the direct detection FSK receiver. The analysis is first carried out for NRZ data

pattern and then extended to line-coded data patterns with three different line-

coding schemes, viz. AMI, DM, MC to investigate the effectiveness of the line-

coding schemes in presence of dispersion. Following the theoretical analysis,

the bit error rate (BER) performance of the optical link is evaluated for NRZ .

and line-coded data pattern at a bit rate of 10 Gb/s for different system

parameters. The power penalty suffered by the system due to the system

imperfections mentioned above at BER=lO.9 is evaluated. The improvement in

system performance due to the use of compensation schemes is then determined

for NRZ data. Performance degradation due to SPM is also evaluated.
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CHAPTER-l

INTRODUTION

1.1 Prologue

The invention of (LASER) in 1960 and also the invention of Optical fibre by

Kao and Hockham in 1965 made enormous developments in Optical fibre

communication 'system. Since then opto-electronics technology has been

continuously improving and optical communication has been possible with

application in point to point links. The use of optical fibre as communication

medium has been continuously growing up during the last two decades. The,
present trend is such that in the near future optical fibre communication~ will be

j

the heart of information technology all over the world. The optical fibre

communication system has the following advantages by virtue of its

characteristics : .

• High bandwidth ( 1 GHz-Km to over 1 THz-Km) ;

• Higher bit rate ( 100 Mb/s to 10 Gb/s) ;

• Low attenuation (0.1 dB/km to 0.3 dB/km);

• Light weight ( smaller in diameter compared to co-axial cable) ;

• Electrical immunity ( no RFl, EMI interference) ;

• Security ( can not be easily tapped, no cross talk) ;

• Flexibility ( easy to install) ;

• Falling cost ( less than $ 100/km of cabled fibre) ;

• Long repeater spacing (more than 100 km) ;

1



Due to the above features, research activities around the world is encouraged in

optical fibre communication and led to have around 50 million kilometers of

optical fibre installed world wide [1-2].

During 1965-75 graded index fibre utilizing wavelength of 850-900nm was

developed, and using this the information rate in the range of 8-140Mbit/s was

achieved. Single mode fibre was developed in 1978 and was. utilized in

transmission at the wavelength of 1300 nm. The present trend is towards using

1500 nm fibre for long haul system due to the recent developments in long

wavelength semiconductor laser diodes (SLDs). By 1980s,these activities had

led to the development and worldwide installation of practical and

economically feasible optical fibre communication systems that can carry

telephone, cable television, data and other telecommunication traffics.

The block diagram of an optical communication system is shown in Fig. 1.

Input
Signal

Optical
Modulator

Fibre

Optical
Detector

Demodulator

Output
Signal

Fig. 1. Generalized block diagram of an optical communication system.

The main components are:

• Optical source;

• Optical modulator;

• Optical fibre as transmission waveguide;

• Optical detector;

• Demodulator;

2
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In an optical communication system electrical signals are first converted into

optical or light signals by modulating an optical source such as light emitting

diode ( LED) or laser diode ( LD ). Then the optical signal is launched into the

fibre and is transmitted over a long distance. At the receiving end the optical

signal is converted to electrical signal by avalanche photodetector ( PD ) or

PIN photodetector followed by a receiver.

Two conventional light sources are used in optical fibre communication, they

are: Light emitting diodes (LEDs) and Laser diodes (LDs). The advantages of

LED are (i) less sensitive to retroreflection (ii) possesses no interference

problem (iii) less sensitive to temperature variation (iv) high reliability (v)

simple electronic excitation and (vi) less costly. But main disadvantages are

(i) low coupling efficiency between an LED and a fibre (ii) low modulation

bandwidth, typically limited to 100 MHz to 200 MHz (iii) wide spectral width

of about 50-100 MHz around 50 nm.

The advantages of LD are (i) high conversion gain i.e. with small bias current

relatively high power output (ii) low numerical aperture, as a result, coupling

efficiency is high (iii) high modulation bandwidth (GHz) (iv) narrow spectral

width (10-50Mhz). The main disadvantages of LD are that it (i) is highly

sensitive to temperature variation (ii) produce supplementary to return reflected

power (iii) less reliable (iv) more costly. In summary, for short links « 10 km)

LED is suitable, but for medium and long links LD is suitable.

Two types of photo detectors are frequently used in optical fibre communication

system i) PIN (Positive-Intrinsic-Negative) photodiode and ii) Avalanche

photodiode (APD). For short links Ge PIN is used. For medium links Ge IIIN

PIN or Ge APD is used and for long links IIIN APD is used.

3



After optical signal has been launched into the fibre, it becomes progressively

attenuated and distorted with increasing distance because of scattering,

absorption, dispersion in the fibre. At the receiver the attenuated and distorted

optical power is deteCted by the photodiode. The figure of merit for a fibre is

the attenuation ,and distortion which should be minimum, and for a receiver

there is a minimum optical power necessary at the desired data rate to attain

either a given error probability for a digital system or a specified signal to noise

ratio for an analog system.

In optical communication systems, then;;-aretwo ,important detection techniques
.! .' ','( .

are normally employed i) 'direct detection ii) coherent detection. In direct

detection, a photodetector only responds to changes in the power level (the
.-- "

intensity) of an optical signal, and not to its frequency and phase content. flo
this is known as intensity modulation (1M). At the receiving end, one then

uses direct detection (DD) to convert the optical signal into an electrical signal.

The IM/DD systems are simple and relatively less costly, ~ut they suffer from

limited sensitivity and do not take full advantage of the tremendous bandwidth

capabilities of optical fibres, due to relatively low optical power output of ,.

semiconductor 'laser diode (SLD). Direct detection optical communication

systems were found very promising for future deep space applications, inter-

satellite links and terrestrial line of sight communications. To increase the data

rate throughput of all semiconductor free space optical channels, extensive

research for bandwidth, power efficient coding and modulation schemes were

carried out in the last decade [3-5].

Coherent light wave communication systems uSIng heterodyne or homodyne

are becoming more attractive for long haul transmission and wide band data

distribution. Two major advantages that coherent systems offer are (i)

improved receiver sensitivity (up to 20 dB) relative to direct detecti?n~e that
, .

either the bit rate or the repeater spacing can be greatly increased. ii) a high
J

"
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degree of frequency selectivity on optical wavelength division multiplexing

(WDM) system [3]. In coherent optical communication system, information can

be impressed on the optical carrier in one of the three ways i) phase shift

keying (PSK) ii) frequency shift keying (FSK) iii) amplitude shift keying

(ASK). Depending on the specific application various modulation and

demodulation formats, similar to those of traditional radio frequency

communication, are also employed in coherent lightwave transmission [5-8].

These include binary PSK (BPSK), quadrature PSK (QPSK), orthogonal

QPSK (OQPSK), continuous phase FSK (CPFSK), discontinuous phase FSK

(DPFSK), binary pulse position modulation (BPPM) etc. Each of the

modulation schemes viz. ASK, FSK, DPSK etc. and combinations thereof,

with homodyne, heterodyne or diversity receivers has its own merits and

demerits and none has emerged as absolutely preferable. However, FSK

systems are more promising than ASK or PSK due to several reasons. First,

modulation can be easily performed using direct modulation of laser diode

(LD) through its injection current [6,7]. FSK is flexible enough to allow

generation of either compact spectra, which is advantageous in multichannel

WDM or two lobe spectra which allows for receiver envelope detection by

properly selecting the modulation index. Further, a laser FM transmitter and a

receIver front. end can easily be converted to encompass subcarrier

modulation scheme, such as MSK-FM for instance and subcarrier multiplexing.

Actually, the huge transmission capacity of single mode fibbers can be

exploited efficiently by accessing the fibre bandwidth in the wavelength

domain rather than in the time domain [8]. Among WDM systems, dense

Wavelength Division multiplexing (in which the channels spacing is a few

times the bit rate) allow the possibility of transmitting many channels

simultaneously, increasing the transmission capacity. A sharp cut-off filter and

a modulation scheme with a compact spectrum are necessary to construct

densely spaced multiplexing systems utilizing a direct detection scheme.

5
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1.2 Limitations of Optical Fibre Communications

In spite of several advantages', there are some limitations of optical fibre

communication systems due to the following effects [9-24]

• Stimulated Raman Scattering ( SRS ) ;

• Stimulated Brillouin Scattering ( SBS ) ;

• Cross-phase Modulation ( XPM ) ;

• Four wave mixing (FWM) ;

• Chromatic dispersion or Group velocity dispersion ( GVD ) ;

• Laser phase noise;

• Self phase noise ( SPM ) ;

• Optical amplifiers' spontaneous emission ( ASE ) noise;

Stimulated Raman Scattering is an interaction between light and vibrations of

silica molecules and causes attenuation of short wavelength channels In

wavelength multiplexed system[9]. Stimulated Brillouin Scattering is an

interaction between light and sound waves in fibre and causes frequency

conversion and' reversal of propagation direction of light [9-11]. Cross-phase

modulation (XPM) is an interaction via the nonlinear refractive index between

the intensity of one light wave and the optical phase of other light waves [12].

Four wave mixing (FWM) is analogous to third order intermodulation

distortion whereby two or more optical waves at different wavelength mix to

produce new waves at other wavelength [9]. Stimulated Brillouin Scattering

(SBS) and FWM processes are likely to impose severe restrictions on

transmitter poWer in FDM system.

Coupling losses between the source/fibre, fibre/fibre and fibre/detector can

cause attenuation in optical links. Losses can also occur from bending the fibre

6



too far, so that the light-ray hits the boundary at an angle less than the critical

angle. As these loss mechanisms are extrinsic in nature, we can reduce them by

taking various precautions. However, the fibre itself absorb some light and

causes attenuation. The four main sources of attenuation: electron absorption,

Rayleigh scattering, material absorption and impurity absorption.

Fibre chromatic dispersion, laser phase noise, relative intensity noise etc. the

are other limitations [14-16]. The impulses of various wavelength travel at

different speeds through the optical fibre and at the output the impulses get

widening. Thus widening of the impulse depends on the spectral width of the

source. This effect is known as chromatic dispersion. If the bit rate increases

i.e. time slot decreases the impulses will overlap and no longer can be

distinguished from eachother thus limiting transmission bit rate. The amount of

dispersion is directly proportional to the fibre length. Chromatic dispersion

results in limiting of the fibre transmission capability, due to variation in

propagation time as a function of wavelength. This limitation due to laser phase

noise may be overcome to some extent by using laser having narrow spectral

width.

1.3 Review of Previous Work

There are increasing interests in optical fibre communication systems which

operate at and above 10 Obis to meet the future demand for higher transmission

capacity in different optical links. A sufficient amount of research works have

been reported which encounters the degrading effects of laser phase noise,

nonuniform FM response of DFB laser, nonlinear effect of optical fibre etc. on

coherent and direct detection optical transmission system. A number of

nonlinear effects are now being widely studied; for example, self phase

7
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modulation (SPM), four wave mixing (FWM), cross phase modulation (XPM),

stimulated Brillouin scattering (SBS), and stimulated Raman scattering (SRS).

Recent advances in optical signal transmission have already reached several

thousand kilometers in the Gb/s range due to the use of in- line optical amplifier

in different stages of the lightwave communication system [25]. The

theoretical and experimental results have been reported at IOGb/s with coherent

and direct detection receivers with in line amplifiers [3,21-24]. The

transmission distance in optical fibre communication has been greatly increased

by the development of Erbium doped fibre amplifier[26]. The limitations of

cascaded in-line amplifier systems are recently reported experimentally taking

in to considerations the effects oflinear ASE accumulation [27].

The main factor limiting the transmission distance in optical communication is

now chromatic dispersion, specially at high bit rate i.e. 1OGb/s transmission,

pulse broadening causes lSI and thus reduce transmission distance. A signal

transmitted very near the zero-dispersion wavelength undergoes remarkable

noise enhancement due to four-wave mixing (FWM) between the signal and the

amplified spontaneous emission (ASE) [28]. On the other hand, when the signal

wave-length is away from the zero dispersion wave-length, the combined effect

of self-phase rnodulation (SPM) and group velocity dispersion (GVD) causes

wave-form distortion and limits the allowable transmission distance [29].

Fibre loss and' chromatic dispersion in single mode optical fibres are two.

fundamental limitations in intensity modulated direct detection (IM/DD)

optical fibre communication system design. In a 131O-nmwavelength window,

standard single mode fibres have minimum chromatic dispersion but higher

loss. A 1550-nm wavelength window is suitable for high bit rate, long-haul

transmission owing to high capacities and low transmission loss of the fibre.

Unfortunately, in this wavelength region the standard single mode fibre have a
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typical chromatic dispersion of 15-20 ps/nm-km [17]. Several dispersion

compensation techniques have been proposed based on Fabry -Perot etalons,

two modes fibre and segmented core fibres [30-34]. These devices combined

with the use of EDFAs have demonstrated successful compensation of

chromatic dispersion.

An optical soliton compensate for the pulse distortion due to the nonlinear

optical Kerr effect. In a linear regime, waveform distortion due to GVD can be

removed by placing a GVD compensator in the receiver. Even in nonlinear

regime, though it can not reproduce the initial wave-form because of the

existence of SPM, GVD compensation is effective in reducing wave-form

distortion and thus lengthening the transmission distance. The limitations on the

performance of direct detection CPFSK system due to GVD is reported where

the penalty is estimated from eye pattern at the output of the receiver [35].

1.4 Objectives of The Present Study

The main objective of this research is to analyze a point to point optical data

transmission link with cascaded Erbium doped fibre amplifiers (EDFAs) with

several dispersion compensation schemes to reduce the effect of GVD. The

dispersion compensation is carried out by using compensating fibre in two

cases: viz. lump compensation and even compensation. The objectives are

• to determine analytically the statistics of the resultant phase

fluctuations due to chromatic dispersion and laser phase noise at the

receiver output for NRZ and line-coded data patterns;

• to determine the expression for the bit error rate of CPFSK direct

detection receiver using MZI as an OFD considering the effects of

chromatic dispersion, accumulated ASE, laser phase noise when

9
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diferent compensation schemes are used;

• to evaluate the Bit Error Rate (BER) performance of the point to

point optical link with NRZ data at a bit rate of 10 Gb/s with

dispersion compensating fibre in lump as well as even compensation

for different system parameters;

• to evaluate the BER performance of the system while using different

linecoding schemes viz. MC, AMI, DM with and without dispersion;

• to evaluate the power penalty suffered by the system due to above

system imperfections at BER=10'9 and to determine optimum

system parameters for a specified system penalty with NRZ data as

well as with diferent linecoded data pattern;

1.5 Brief Introduction to This Thesis

A brief introduction to communication system is presented in Chapter-l with an

emphasis on optical communication system and a review of the research works

currently going on in this field.

Chapter-2 presents performance analysis of a point to point optical link with

cascaded EDFAs with several dispersion compensation schemes viz. Lump and

even compensation with optical CPFSK modulation and Mach-Zehnder

Interferometer (MZI) based direct detection receiver in the presence of group-

velocity dispersion (GYD) and laser phase noise. The analysis is carried out for

NRZ data as well as AMI, MC and DM encoded data pattern.

The results and discussions are presented in Chapter-3.

Conclusion and future scope of works are presented in Chapter-4.
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CHAPTER-2

PERFORMANCE ANALYSIS OF A POINT TO POINT

OPTICAL CPFSK TRANSMISSION SYSTEM

2.1 Overview

There is an increasing interest in optical fibre transmission systems which operate

at and above 10 Gb/s to meet the future demand for higher transmission capacity in

the exchange networks. But fibre chromatic dispersion is the key problem for

lightwave transmission at 10 Gb/s of conventional single mode fibres which are

optimized for transmission at 1310 nm. When distributed feedback lasers are

frequency modulated for direct detection systems, producing significant

wavelength chirp as well as intensity modulation, the resulting broad optical

spectral width causes severe system degradation when fibre dispersion is present.

Nearly all of the presently deployed fibres are optimized for 1310 nm operation

and have a high dispersion of about 15 ps/nm.km in the low loss window near 1550

nm. Several theoratical and experimental works have been carried out on the effect

of GVD on optical CPFSK and DPSK transmission systems [17-20].

In this chapter, performance analysis of a point to point optical data link is

presented considering lump and even compensation. The analysis is carried out to

evaluate the impact of fibre chromatic dispersion in optical transmission with

cascaded optical amplifier system with CPFSK modulation and direct detection

reception using a Mach-Zehnder Interferometer (MZI) as an optical frequency
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discriminator (OFD). The analysis includes the effect of accumulated amplifiers

spontaneous emission (ASE) noise, signal -ASE noise, ASE-ASE beat noise, laser

phase noise and receiver noise. The statistics of the phase fluctuations due to

chromatic dispersion in the presence of filtering effect and laser phase noise are

determined analytically and the expression for the bit error probability of the direct

detection FSK receiver is developed. The analysis is first carried out for NRZ data

pattern and then extended to line-coded data patterns with three different line-

coding schemes, viz. Alternate mark inversion (AMI), Miller code or Delay

modulation (DM) and Manchester code(MC) to investigate the efficiency of the

line-coding schemes in presence of dispersion. Following the theoretical analysis

the bit error rate (BER) performance of the optical link is evaluated for NRZ and

line-coded data pattern at a bit rate of 10 Gb/s for different system parameters. The

power penalty suffered by the system due to above system imperfections at

BER=1O-9 is evaluated. The optimum system parameters for a specified system

penalty is also determined.

2.2 System Model

The system block diagram of optical transmission system with cascaded optical

amplifier is shown in Fig. 2.1 and Fig. 2.2 for two different compensation schemes

viz. lump compensation and even compensation respectively. In the first

configuration, a GVD compensator is placed ahead of the direct detection receiver

which is known as lump compensation. In the second configuration, GVD

compensator is placed ahead of every amplifier and the receiver which is known as

even compensation.

12
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Fig. 2.1: Block diagram of optical transmission system with lump

compensation.
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Output
Data

RX

compensator
kC

Fig. 2.2: Block diagram of optical transmission system with even

compensation.
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2.3 The Receiver Model

The block diagram of the FSK direct detection receiver with MZI considered for

analysis is shown in Fig. 2.3. The MZI has two input ports, two 3dB couplers and

two wave guide arms with length difference lo.L. A thin film heater is placed in

one of the arms to act as a phase shifter, because light path length of heated wave

guide arm changes due to the change of refractive index. The phase shifter is used

for precise frequency tuning. Frequency spacing of the peak to bottom

transmittance of the OFD is set equal to peak to peak frequency deviation 2lo.f

of the FSK signal. Consequently, the 'Mark' and the 'Space' appear at the two

output ports of the OFD. These outputs are differentially detected by the balanced

photodetectors. Thus the MZI acts as an optical filter and differentially detects the

'Mark' and 'Space' of received FSK signal which are then directly fed to a pair of

photodetectors. The difference of the two photocurrents are applied to the pre-

amplifier which is followed by an equalizer. The equalizer IS required to

equalize the pulse shape distortion caused by the photodetector capacitance and

due to the input resistance and capacitance of the amplifier. After passing

through the Gaussian low pass filter, the signal is detected at the decision circuit by

comparing it with a threshold set to zero value.

2.3.1. MZI Characteristics

If E(t) represents the signal input to the MZI, then the signals received at the

output ports can be expressed as [36,37 ].

IE, (1)1 = IE(t)ISin[ k(/, 2-1,) ] 2.1

and
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2.2

where I, and I, are the length of two arms of MZI and k is the wave number

which can expressed as

k = w = 2" = 21if17'ff
v A C

17'ff' f and c are the effective refractive index of the wave guide, frequency of

optical input signal and velocity oflight in vacuum, respectively.

The transmitttance of arm II of MZI is

T. (f) = IE,(t)I' - Sin' [k(z, -I,)] = Sin'e
1/ IE(t)I' 2

and that of arm I ofMZI is

T.(f) = IE, (t)I' _ cos,[k(I, -I,)] = cos'e
I IE(t)I' 2

2.3

2.4

where e is the phase factor related to the arm path difference M = I, -I, and can

be expressed as

e = kM = 1if17'ffM

2 c

Normally M is chosen as

2.5

cM=-- 2.6
417'fft:J.f

Therefore, e = -.!fL.
. 4t:J.j

Then we get

TI/(f) = Sin'(~)
4t:J.j

and

~(f) = cos'(~)
4t:J.f
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The outputs of the MZI are therefore anti-symmetric and are shown in Fig 2.4.

For an MZI, used as an OFD, "'I

the carrier frequency of the FSK

'space' of FSK signals are

is so chosen that [36,37] N= ~ , f. is
2n + 1 '

signal and n is an integer. The 'mark' and

represented by;; and I, respectively where

Therefore when 'mark' ;; is transmitted

~ = 1 and ~I = 0

Similarly, for transmission of' space'

~ = 0 and ~l = 1
Thus, two different signals;; and I, can be extracted from two output ports of

MZI.

The MZI is used in our analysis as an OFD for a multichannel WDM/FDM

system, can be fabricated utilizing the periodicity of the transmittance versus

frequency characteristic of an MZI [36,37 ].

2.4 Theoretical Analysis for Optical Direct Detection CPFSK

2.4.1 FSK with NRZ data

where fc is the optical frequency, PT represents the transmitted optical signal

power, ~s (t) is the angle modulation, ~n (t) is the phase noise of the

transmitting laser. Here ~s (t) is given by

,

The optical FSK signal input to the fibre is given by

Ein (t) = ~2Pr exp[J{ 2;ifct + ~s (t) + ~n (t)}]

t
~s(t) = 27Cf',.j f I(t)dt

, -00
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Fig.2.2

(c)

(a)An MZI with large ilL or narrow wavelength
spacing,(b )Transmittance characteristics of an MZI and (c)
Differential output of the balanced receiver.
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2.11

where I(t) = La k p(t - kT); p(t) represents the elementary pulse shape, ak =:t I is
k

the random NRZ bit pattern and t':.f is the peak frequency deviation. For NRZ data

p(t) is a rectangular pulse of unit amplitude.

The single mode fibre transfer function due to chromatic dispersion [17] is given

by:

H fU) = exp(- jcif2)

h 7[D,LA' . h fib h . d" . hwere a = , D, IS tel re c romatlc IsperslOn, A IS t e optical
c

wavelength, c is the speed of light and L is the length of fibre. The fibre impulse

response hjt) is given by hf(t)=F-I[H(J)] where F denotes Fourier

transformation.

2.4.1.1 Lump Compensation

In this scheme, the compensation for chromatic dispersion is carried out by placing

a dispersion compensating fibre at the end of the transmission fibre. The

transmission fibre is a non-dispersion-shifted (NDS) fibre with dispersion

coefficient Dc of 15ps/nm-km and have a transfer function given by

H/ (f) = exp[ - jn-D,:",' /'] 2.12

where, L is the total length of fibre. The transfer function of the compensating fibre

is given by

2.13

where D~ is the dispersion coefficient and L' is the length of the compensating

fibre.

The overall transfer function is then given by H 0 (f) = H / (f ). He (f)
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2.14

2.4.1.2 Even Compensation

In case of even compensation, the effect of dispersion is compensated in each

section by putting a compensating fibre at the end of each section before the optical

amplifier. The transfer function of the transmission fibre is given by

Hj (f) = exp[ - jtrD,: •.,<' /' ]

where La is the length of each fibre section and La = i!Jv where L is the total fibre

length and N is the number of sections. The transfer function of the compensating

fibre can be obtained as

where L~is the length of the compensating fibre in each section.

The overall transfer function of the fibre link is given by

N
Ho(f)= TIHf(f).H~(f)

;=1

2.15

2.16

The signal at the end of the fibre section i.e. at the input to the Mach-Zehnder

interferometer is given by

Eo(t) = Ein (t) (,9 ho(t)

= ~2PsGL exp[j{21ifct + ~(t)}] (,9 ho (I)

2.17

2.18

Where ho (I) = F-11H o(!)), F-1 denotes inverse Fourier transformation, Ps is the

received optical power and ~(t) = ~s(t) + ~n(t)

The signal phase ~o(t) at the input to MZI is given by [38]

~o(t)= R{~[ho(T ).expU~(t - TldT ]+ n~nl,I mOn!n)

= e! (t) + en! (t)
where Re and 1m denotes the real and Imagmary parts respectively, e! (t)
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represents the linear filtering term and Bn, (t) represents the non-linear filtering

terms consisting of the cross-term and the intermodulation terms. The expression

for in are given in reference[38]. Assuming linear phase approximation [20] the

linearly filtered phase B, (t )can ber~written as

Bdt) = Re[lho (rh'(t - r)] 2.19

= R{ _[ho(r lPs(t - r)dr] + Re[ _[ho(rlPn (t - r)dr]
= Bs(t)+Bn(t)

where BsCt) and Bn (t) are the filtered output signal phase and phase nOIse

respectively.

2.4.1.3 The Receiver Output Signal

The photodetector output current is then obtained as

i(t) = Rd IEs (t) + Esp (t )12

= is (t)+ is-sp (t)+ isp_sp(t)+ ith(t)+ ish (t)

2.20

2.21

2.22

where is (t) represents the signal current, i,_,p (t) is the current due to signal-

spontaneous emission beat noise, i,p_,p(t) is the spontaneous- spontaneous beat

noise, ith(t)is the receiver thermal noise and i'h(t) is the photodetector shot noise.

The power spectral density of the different beat-noise components are given by :

Ss-sp = 4RdPsqG(G -1)L}NspN[t5(f)@ GFSK-PN (f)]

Ssp-sp = 2q2 N2 N~ (G-1/ L}

where 5(1) is a delta function in frequency, G is the gain of the EDFA in each
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section, Lf is the fibre loss, q is the electronic charge, N is the number of amplifiers,

Nsp spontaneous emission factor, GFSK~PN(j) represents the normalized power

spectral density (PSD) of the phase noise corrupted FSK signal.

For a 'mark' transmission, the current at output of balanced photodetector is[39]

2.23

where ~Bs(t)=Bs(t)-Bs(t-,), ' is the time delay between the two branches of

the MZI and M"(t) = B,(t)- B,,(t - c).
From (2.19)8,(t) can be expressed as

Bs(t) = rPs (t)0 ho(t)

(

=2m':,.j f!(t)0ho(t')it
-00

(

=2Jr~f f I,akp(t - kT)0 ho(t)dt
-00 k

I

= 2Jr~f fI a, g(t - kT)dt .
-~ ,

2.24

Thus the chromatic dispersion produces distortion of the optical pulse shape.

Therefore,

Ms (t) = Bs(t)-Bs (t -,)

I

= 2mif f I,a,g(t - kT)dt
(-r k

2.25

Thus the output of the balanced photodetectors is

i(t)=RdPSCOS[27ifcT+2JrN f Iakg(t-kT)dt+Mn(t)] 2.26
(-T k
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Therefore i(t) is given by

i(t) = RdPSCO{ 2Jife' + 2i'l"tlf):Og(t)dt]

/

+2m~f fIa,g(t-kT)dt+M,(t)]
t_rk~O

2.27

For 'mark' transmission (a, = +1) at any sampling instant can be expressed as

i(t) = Rd Ps COS[2:rfc T + ~ - ~ + 211:/l/Tq(t) + 211:/l/ f L akg(t - kT)dt + MJ n (I)]
l-T k:t:-O

= RdPSCOS[2n:fe' + ~ - ~ + ~ q(t) + ~ L, akg(t - kT)dt + t:>B,.(t)] 2.28
hO

where for optimum demodulation, ,,;,.!.- and h( = 2tJ.fT) is the modulation index
2h

and q(t) is defined as

I t
q(t) = - f g(t! }it!

, (-T

I

M, (t) = 2i'l" f Jl(t, )dt,
/-,

2.29

2.30

,u(t) is a zero mean Gaussian frequency noise process having two sided flat PSD

of height tJ./'ii'l"' tJ.v being the transmitting laser linewidth.

Denoting the phase noise due to chromatic dispersion by t:>Bco as

2.31

where BCD = -~ +~ q(t) ; the output current im(t) can be expressed as

im (t) = Rd Ps Cos[ 2ife' + ~ + tJ.B CD + tJ.B n (t)] 2.32

t:>BCD(t) is induced by the GVD and tJ.BJt) accounts for the phase distortion due

to laser phase noise.
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2.4.1.4 Bit Error Rate Expression

Under ideal CPFSK demodulation condition we' = (2n + 1) ~ where n IS an

integer and 2tr!1f, = ~ for NRZ data.

The output signal corresponding to the 'mark' and 'space' transmission are

im(t)= RdPAx(t)] and is(t)= -RdPs[x(t)] 2.33

where x(t) = Cos[t..1(t)] describe the phase noise induced interferometric intensity

noise and /',.rfJ(t) = M CD (t) +M, (t)
The output of the low-pass filter for 'mark' transmitted at a sampling time t is

2.34

where n(t) is total noise power consists of the filtered output noise contributed by

the photodetector quantum shot noise, the interferometric noise due to input

intensity fluctuation, receiver thermal noise and other beat noise components.

The total noise power spectral density is given by

where

Spd (J) = qRd P,

Spdi (J) = O.5Rd P, [sx(J) - x' o(J)]

and x represent the PSD and the mean value ofx(t) respectively.

The total noise power is then obtained as

B,, .

urn' = u,' = fS, (J)IHLP (J)I'df
_!1.!..,

2.35

2.36

2.37

2.38

2.39

where HLP (J) represents the transfer function of the receiver low-pass filter which
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is assumed to be Gaussian having bandwidth B = 0.75B ., ,

Let
i -iQ=_m _'_

(Fm+CYs
2.40

Then the conditional bit error rate can be expressed as

The average bit error rate of a direct detection CPFSK system is

where PM (!:>.rp) is the probability density function of !::'r/J

Using Gauss-quadrature rule, the BER can be computed as

2.41

2.42

where the weights Wi and the nodes !:>.B,iCD are evaluated from the knowledge of

moments of the random process !:>.BCD (t) and PM, (!:>.Bn) is the Gaussian pdf of

the laser phase noise at the output with zero mean and variance (}"2 ph = 2m:':> vr .

2.4.2 Self Phase Modulation (SPM)

In the presence of SPM induced by GVD, the overall phase impulse response of

fibre can be obtained by using the Split-Step-Fourier method as follows.

Utilizing PM-AM conversion induced by GVD [41] and the resulting generated

SPM, the Fourier transform of the output phase rpou,( OJ) and the output power

fluctuation ;ou,( OJ), under linear phase approximation [38], are related to the

corresponding transforms of the input quantities viz. rpin( OJ) and ;ill(OJ), through a
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transfer function matrix:

[
t/J ( w)] [t/J ( w)]
.;out (w) =BSPM(N,w) .;In (w)

out In
2.44

where, BSPM(N,w) is the transfer function ofa system ofN cascaded segments each

of length Lk• Corresponding to an input phase excitation tPin(t), the output phase

response tPou,(t) can be directly obtained from Eqn.2.44. By virtue of the validity of

linear phase approximation in a practical situation, we introduce an equivalent

phase impulse response hi (t) =FJ [BlJ SPM(N, w)] where the 2x2 matrix

BSPM(N,w)= G0N(W) .....GJAJw), Gj is a gain matrix of the i-th amplifier and FI

denotes the inverse Fourier transfrom.

The matrix Ak can be formed as: Ak = limq.roAq ...AI
, and the matrix AP is given by

COS( w 2Fk) - 2POe-paM sin( w 2Fk)

epaM. sin( w 2Fk) .A T 2. + Y=-k cos( w Fk)
Po

where, Fk = fJ ~!1Lk 12

2.45

2.46

and fJ~ is the dispersion coefficient in p/lkm in the k-th segment, y is the fibre

nonlinear coefficient, Po is the signal power input to the fibre, a is the fibre

attenuation, and !1Lk = Lk 1q.

The effect of SPM in presence of GVD can be evaluated by usmg analytical

approach presented in sec. 2.4.1 by replacing the fibre response hi (t) by hi (t)

which include the effect ofSPM and GVD.
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2.4.3 CPFSK System With Line Coding

It is known that appropiate line-coding of tye laser driving signal can overcome the

adverse effect of non-uniform FM response of the transmitting laser.Three

different line-coding schemes are considered here, viz. , Alternate-Mark-Inversion

(AMI), Delay Modulation or Miller code (DM), and Manchester or biphase code

(Me) to investigate their efficacy in presence of fibre chromatic dispersion.

AMI Encoding

This is a ternary line code. The modulator has q=2 states, say, Land L. , and the

source is binary. The modulator response to a source symbol '0' with a zero

. waveform and to a source symbol '1' with waveform set) or -set), according to

whether its state is L+ or L. respectively. Source symbols' I ' make the modulator

change its state. The tabular and state diagram represantation of this signal are

provided in Fig. 2.5(a).

It is intuitive that this encoding method has the advantage of reducing the dc

component of the signal because of a pulse of one polarity is always followed by a

pulse of opposite polarity. Moreover, a single transmission error will always give

rise to a bipolar violation, that is, the presence of a pulse that does not satisfy the

bipolar encoding rule. This property does not represent a powerful error detection

scheme. Nevertheless, it allows the monitoring of quality of the transmission link

without the need for any information on the transmitted data. Finaly, transmission

of long sequences of zeroes results in long period without timing information. The

polar code does not present good self locking capabilities, and one must report to

scrambling the transmitted sequence.
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Fig. 2.5 (a) Tabular and state diagram of Alternate Mark inversion (AMI)
line code.
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Fig. 2.5 (b) Tabular and state diagram of Delay Modulation (OM) line code.
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DM Encoding

This code is also known as Miller code. The modulator has four encoder states and

the source is binary. Four baseband signals are available. Which one is transmitted

depends on both the present digit and the previous transmitted bit. The encoding

rule can be fol1owed in accordance with the tabular and state diagram of the

encoder shown in Fig. 2.5(b) Each state is identified by the label of the previously

transmitted signal. Each transmission between two states is represented with a solid

arrow if a 'one' is to be encoded and with a dashed arrow if a 'zero' . The label on

each arrow indicates the generated signal. The possible waveform are also shown

in Fig. 2.5(b).

Manchester Encoding

It uses two antipodal signals. The encoding is fol1owed as shown on the tabular and

state diagram of the encoder shown in Fig. 2.5(c). Each state is identified by the

label of the previously transmitted signal. The power spectral density of the NRZ,

AMI, MC, and DM codes are shown in Fig. 2.6 for the case of equal1y likely

binary bit. Notice that the latter three codes show a spectral minimum at f=O. This

desirable property is an important feature and acts as a countermeasure to the effect

of nonuniform FM respon'se of laser. When comparing MC and DM , notice that

the latter has its power concentrated in a bandwidth that is less than the one-half

the symbol rate and thus presents a higher bandwidth efficiency.

Analytical Approach

Let g(t) is the overal1 impulse response of the optical link without the use of

linecoding and g' (t) is the overal1 impulse response with line-coding. Then by

defination we can write the linecoding effect in the frequency domain as

G'(f)= G"(jT).G(f)
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Fig. 2.5 (c) Tabular and state diagram of Manchester Code (Me).
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Fig. 2.6 Power spectral density of different line codes: NRZ, AMI, OM and
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Where
K-1

G"(jT)= L g~e-j2;mfF
n=O

2.49

is the transfer function of the discrete linear system. Thus the encoder is a filter

with transfer function G" (jT) which is the Fourier transform of the pulse shaping

function g" ( t) .

For the linecoded signal, the pulse shaping function g"(t) can be obtained as [40]

2.50

where G"(f) is given by

For AMI:
G"(f) = 1- e-j2;rjT 2.51

For DM:

For MC:

G" (f) = (3+2Cosa+Cos2a-Cos3a)+ j(6Sin2a+Sina+3Sin3a+4Sin4a) 2 52
9+12Cos2a+4Cos4a .

G"(f) = 1- e-j;rjT 2.53

Where a=7ifT. For DM and MC, g(t) is a rectangular pulse of duration T/2.

The bit error rate performance of the linecoded FSK system can be evaluated

following the similar approach provided in sec. 2.4.1 by replacing the equivalent

pulse shape P(tJ by P' (t) gives as

P'(t) =r1[p'(f)j

=r1 [P(f). G" (f)j
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CHAPTER-3

RESULTS AND DISCUSSION

Following the theoretical analysis presented in chapter-2 the performance '

results for point to point optical CPFSK transmission link are evaluated at a bit

rate of 10 Gb/s for two different compensation schemes for dispersion

compensation viz. lump compensation and even compensation. The results are

evaluated for different fibre span, compensator span, number of fibre section,

different modulation index and system parameters. The parameters of the single

mode fibre used for numerical computations are: chromatic dispersion co-

efficient Dc = 15Ps/nm-km, dispersion coefficient of compensating fibre

D~ = 15Ps/nm-km, wavelength "A =1550 nm.

The bit error rate (BER) performance of point to point optical direct detection

CPFSK link with lump compensation is depicted in Fig. 3.1 in presence of

ASE noise of the cascaded EDFAs, and receiver noises considering the effect

of fibre chromatic dispersion. The BER curve for Dc=O is also plotted is the

reference receiver sensitivity. The BER is plotted as a function of the received

optical power P5 (dBm) and the receiver sensitivity is defined as the optical

power required to achieve a BER of 10-9. The BER values are computed for a

fibre length L=40km and different values of compensator length i.e. L' = 0, 20,

30, 40 and 60km for a modulation index h = 1. The figure reveals that the BER

decreases with increase in received power. For a given value of BER,. the

required . power is maximum without compensation ( L' = 0) and as the

compensator length L' increases the value of required received power
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Fig. 3.1 The bit error rate (BER) perfonnance of a point to point optical
direct detection CPFSK link with lump compensation at a bit rate of
10 Gb/s with dispersion coefficient Dc& D~ = 15ps/nm-km, fibre
length L=40 km at an wavelength of 1550 nm and modulation index
h=1 for several values of compensator length.
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decreases. The required received power is minimum for a compensator length

L' =40km i.e. when the dispersion fibre length equals the compensator length.

Further increase in compensator length causes an increase in received signal

power. This is due to over compensation which causes further increase in

penalty.

The bit error rate (BER) performance results of a point to point optical link with

lump compensation are also shown in Fig. 3.2 and Fig. 3.3 in presence of

ASE noise due to the cascaded EDFAs, and receiver noises in presence of fibre

chromatic dispersion for fibre length L=60km and 80km respectively and

modulation index h= 1. It is also observed in Fig. 3.2 and Fig. 3.3 that for a

given value of BER the required signal power decreases with the increase of

compensator length until it equals the fibre length and further increase in

compensator length causes increased signal power. Thus it is found from Fig.

3.1 through Fig. 3.3 that for lump compensation received signal power

decreases with increase of compensator length and penalty reduces to a

minimum value when the length of the compensating fibre equals the dispersive

fibre length.

The plots of penalty in signal power due to fibre chromatic dispersion without

any compensation for different fibre length is also shown in Fig. 3.4. The plots

of penalty in' signal power due to fibre chromatic dispersion with lump

compensation scheme at BER=10'9 for modulation index h = I is depicted in

Fig. 3.5. The penalty is plotted as a function of D~L' (product of D~ and L'

of compensator) for fibre length L=40, 60 and 80km. Let us compare the

penalty of Fig ..3.4 and Fig. 3.5 . Without compensation the penalty increases

continuously with the increases of fibre length. But with lump compensation

penalty decreases with increase in compensator length upto a minimum value

and then again increases. The plots of penalty in signal power due to fibre
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Fig.3.2 The bit error rate (BER) performance of a point to point optical
direct detection CPFSK link with lump compensation at a bit rate of
10 Gb/s with dispersion coefficient Dc&D~ =15ps/nm-km, fibre
length L=60 km at an wavelength of 1550 nm and modulation index
h= 1 for several values of compensator length.
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Fig. 3.3 The bit error rate (BER) perfonnance of a point to point optical
direct detection CPFSK link with lump compensation at a bit rate of
10 Gb/s with dispersion coefficient Dc&D~ =15ps/nm-km, fibre
length L=80 km at an wavelength of 1550 nm and modulation index
h= 1 for several values of compensator length.
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Fig.3.4 Plots of penalty in signal power due to fibre chromatic dispersion for
a point to point optical CPFSK link without any compensation versus
with fibre length L at BER=IO.9 and modulation index h=O.S and'
h=1.
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Fig. 3.5 Plots of penalty in signal power due to GYD in a point to point
optical CPFSK link with lump compensation at BER=10.9 versus
D~L' with fibre length L=40, 60, 80 km and modulation index h=\.
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Fig. 3.6 Plots of penalty in signal power due to GYD in a point to point
optical CPFSK link with lump compensation at BER=10.9 versus
D~ L' with .fibre length L=40, 60, 80 km and modulation index
h=0.5.
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chromatic dispe,rsion with lump compensation scheme is shown in Fig. 3.6 for

a modulation index h = 0.5. From this figure it is evident that penalty is lower

for h=0.5 than that for h=l. It is observed that the system suffers less penalty in

signal power at decreased value of modulation index. This is due to the fact that

the FSK spectrum becomes broadened at higher modulation index and the

effect of dispersion is more prominent at increased bandwidth of the signal

spectrum.

The bit error nite (BER) performance of the point to point optical link with

even compensation is depicted in Fig. 3.7 . The dispersive fibre length is taken

as L = 100km , compensator length in each section L~ = 10km, fibre length in

each section La = LIN, where N is the number of sections and BER

performance is plotted for N = I, 2, 3, 4, 5 . As the number of sections in the

even compensation scheme increases, the required signal power decreases for a

given value of HER. This is due to the fact that as the number of fibre section

increases the effect of dispersion becomes less dominant as the length of fibre

in each section decreases. The BER performance for same parameters with

L~ = 20kmand L~ = 40km are also provided in Fig. 3.8 and Fig. 3.9

respectively.

The plots of penalty in signal power due to fibre chromatic dispersion with

even compensation scheme at BER=10'9 for modulation index h = 1 is depicted

in Fig. 3.10. The penalty is plotted as a function of number of fibre sections

with compensator length L~ as a parameter. The penalties are calculated from

Fig. 3.7 throug~ Fig. 3.9. It is found that penalty decreases as the number of

section increases for lower value of compensator length. For higher values of

compensator length penalty decreases upto certain number of section then again

increases. This. is a minimum penalty which is found to be less for lower

compensator length with higher number of sections. This is due to lower value
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Fig.3.7 The bit error rate (BER) performance of a point to point optical link
with even compensation for direct detection FSK system at a bit rate
of 10 Gb/s with dispersion coefficient Dc&D~ =ISps/nm-km, fibre
length L=100 km, compensator length in each section L~ = IOkm,
modulation index h=1 at an wavelength of 1550 nm, for several
number of fibre sections N.
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Fig. 3.8 The bit error rate (BER) performance of a point to point optical link
with even compensation for direct detection FSK system at a bit rate
of 10 Gb/s with dispersion coefficient Dc&D~ = ISps/nm-km fibre
length L= 100 km, compensator length in each section L~ = 20km ,
modulation index h=j at an wavelength of I SSO nm, for several
number of fibre sections N.
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Fig. 3.9 The bit error rate (BER) perfonnance of a point to point optical link
with even compensation for direct detection FSK system at a bit rate
of 10 Gb/s with dispersion coefficient Dc&D~ =15ps/nm-km, fibre
length L= 100 km, compensator length in each section L ~ = 40km,
modulation index h=] at an wavelength of 1550 nm, for several
number of fibre sections N.
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of ASE noise corresponding to lower value of amplifier gain.

The plots of penalty in signal power due to fibre chromatic dispersion with

even compensation scheme at BER=10'9 for total fibre length L=300km with

modulation index h = I is depicted in Fig. 3.11. Observations found from this

plot are similar to that observed in Fig. 3.10.

The plots of minimum penalty in signal power as a function of number of fibre

sections is depicted in Fig. 3.12. The penalty values are obtained from Fig. 3.10

and Fig. 3.11. for two fibre length L =IOOkmand 300km. It is found that

penalty is less for smaller length of the dispersive fibre.

Including the effect of self-phase-modulation (SPM), the bit error rate (BER)

performance of 'point to point optical link with lump compensation is depicted

in Fig. 3.13 in presence of ASE noise due to the cascaded EDFAs and receiver

noises. The BER values are obtained for a fibre length L=50km with input

power Pin=OdBmand different values of compensator length i.e. L' = 10, 30,

50, 70 and 90km for a modulation index h = I. It is found from this figure that

for a given input power the BER decreases with increase in compensator

length L~ upto full compensation and agam mcreases with increased

compensator length.

Similar performance results including the effect of SPM are depicted in Fig.

3.14 and Fig. 3.15 for two different input power levels, viz. Pin=5dBm and

Pin=8dBm respectively. Comparison of the results show that BER is higher in

spite of full compensation in case of Pin=8dBm. This is because the effect of

SPM is more predominate at higher input power level., /
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Fig.3.IO Plots of penalty in signal power due to GYD in a point to point
optical'link with even compensation at of BER=] 0.9 versus number
of fibre section with fibre length L=] 00 km compensator length in
each section L~ = 10,20,40 km and modulation index h=1.
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Fig.3.11 Plots of penalty in signal power due to GVD in a point to point
optical link with even compensation at of BER=1 0-9 versus number
of fibre section with fibre length L=300 km compensator length in
each section L~ = 40,60,80 km and modulation index h=l.
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Fig. 3.12 Plots of minimum penalty in signal power of a point to point optical
link with even compensation at BER=10.<) versus number of fibre
section with fibre length L=100km and 300km and modulation
index h=l.
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Fig. 3.13 The bit error rate (BER) perfomlance of a point to point optical link
with lump compensation in presence of GVD and SPM for direct
detection FSK system at a bit rate of 10 Gb/s with dispersion
coefficient Dc&D~ =15ps/nm-km, fibre length L=50 km, P",=OdBm
at an wavelength of 1550 nm and modulation index h=l for several
values of compensator length L'.
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Fig. 3.14 The bit error rate (BER) performance ofa point to point optical link
with lump compensation in presence of GYD and SPM for direct
detection FSK system at a bit rate of 10 Gb/s with dispersion
cocfficient Dc&D~ =15ps/nm-km, fibre length L=50 km, P",=5dBm
at an wavelength of 1550 nm and modulation index h= 1 for several
values of compensator length L'.
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Fig.3.15 The bit error rate (BER) perfonnance of a point to point optical link
with lump compensation in presence of GYD and SPM for direct
detection FSK system at a bit rate of 10 Gb/s with dispersion
coefficient Dc&D~ =15ps/nm-km, fibre length L=50 km, P",=8dBm
at an wavelength of 1550 nm and modulation index h= 1 for several
values of compensator length L'.
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The plots of penalty in signal power due to the combined effect of SPM and

GVD with lump compensation scheme at BER=10-9 for modulation index h =

I is depicted in Fig. 3.16. The penalty is plotted as a function of compensating

fibre length L' with input power Pin as a parameter. The penalties are

determined from Fig. 3.13 through Fig. 3.15. It is found that penalty decreases

with increase in compensator length and again increases after attaining a

minimum penalty which corresponds to full dispersion compensation. At higher

input power level, the minimum penalty corresponding to full GVD

compensation occurs at a small value of the compensating fibre length. This is

due to the fact that the effect of SPM opposes the effect of GVD and the effect

of SPM is more dominant at higher input power. Thus after full compensation

of GVD, effect of SPM increases more rapidly with compensator length.

However, as the compensator length increases, the effect of GVD in the

compensating fibre increases and tends to nullify the effect of SPM and

consequently the penalty after attaining a peak gradually decreases to its

minimum value at some higher value of compensator length. It is also observed

that the peak value of the penalty is higher for higher input power level due to

enhanced effect of SPM. Similar behavior is also observed in Fig. 3.17 for

h=O.5.

The plot of penalty in signal power due to GVD and SPM is depicted in Fig.

3.18. The penalty in signal power is plotted as a function of input power Pin

(dBm) with compensator length as a parameter. It is depicted from the figure

that penalty increases rapidly when the effect of GVD is fully compensated and

the penalty is only due to SPM. At any other value of the compensator length

GVD and SPM works in opposite and the penalty increases gradually with fibre

length.

Similar observations are also found in the plot of penalty in signal power due to

GVD and SPM for h=O.5 is shown in Fig. 3.19. Comparing Fig. 3.18 and Fig.
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Fig.3.16 Plots of penalty in signal power due to GYD and SPM in a point to
point optical link with lump compensation at of BER=1 0.9 versus
compensator length L' with dispersion coefficient Dc& D~
=15ps/nm-km, fibrc lcngth L=50km, Pin = 0, 5, 8 dBm and
modulation index h=l.
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Fig. 3.17 Plots of penalty in signal power due to GYD and SPM in a point to
point optical link with lump compensation at of BER=l 0.9 versus
compensator length L' with dispersion coefficient Dc &D~
=15ps/nm-km, fibre length L=50km, Pin = 0, 5, 8 dBm and
modulation index h=O.5.
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Fig. 3.18 Plots of penalty in signal power due to GYD and SPM in a point to
point optical link with lump compensation at of BER = 10''1 versus
fibre input power for fibre length L=50km and modulation index
h= 1 with compensator length as parameter.
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Fig.3.19 Plots of penalty in signal power due to GVD and SPM in a point to
point optical link with lump compensation at BER= I0.9 versus fibre
input power for fibre length L=50km and modulation index h=0.5
with compensator length as parameter.
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3.19 it is found that for h=0.5 penalty increases less rapidly with input signal

than that of for h=1. This may due to the fact that the FSK spectrum becomes

broadened at higher modulation index and the effect of SPM is more

prominent at increased bandwidth of the signal spectrum.

The bit error rate (BER) performance of AMI coded optical CPFSK system

without compensation is depicted in Fig. 3.20 in the presence of GVD

,accumulated ASE and receiver noise. The BER values are obtained for

different fibre length L and for a modulation index h = I. It is observed that

required signal power for a given BER increases with the increase in fibre

length. Similar performance results are plotted for AMI encoded bit pattern

with h=0.5 in Fig. 3.21.

The penalty due to GVD for AMI coded CPFSK system at BER=1O-9 is plotted

in Fig. 3.22 for h=0.5 and h=1. It is observed that penalty is less for h=0.5 and

increases more sharply with increasing fibre length for h= I.

The bit error rate (BER) performance results for DM coded CPFSK system

without compensation is depicted for h=1 and h=0.5 in Fig. 3.23 and Fig. 3.24

respectively with fibre length as a parameter. The plot of penalty at BER=1O-9

is shown in Fig: 3.25 for h=0.5 and h=1. The penalty reduces with increasing

value ofL and attains a minimum value and then again increases. However, the

minimum penalty is less for h=1 than for h=0.5.

The bit error rate (BER) performance results for MC coded CPFSK system

without compensation is depicted in Fig. 3.26. It is observed that required

signal power for a given BER first decreases with increase of fibre length then

again increases. Similar BER performance results for h=O.5 is depicted in Fig.

3.27. The penalty is found to be higher for h=1 compared to h=O.5. The penalty
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Fig. 3.20 The bit error rate (BER) performance of an optical CPFSK link
without any compensation with AMI line coded bit pattern at a bit
rate of 10 of Gb/s with fibre chromatic dispersion Dc=15ps/nm-km,
modulation index h=I at an wavelength of 1550 nm, with fibre
length L as parameter.
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Fig.3.21 The bit error rate (BER) performance of an optical CPFSK link
without any compensation with AMI line coded bit pattern at a bit
rate of 10 of Gb/s with fibre chromatic dispersion Dc=15ps/nm-km,
modulation index h=0.5 at an wavelength of 1550 nm, with fibre
length L as parameter.
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Fig.3.22 Plots of penalty in signal power due to GVD in a point to point
optical CPFSK link without any compensation versus fibre length
with AMI line coded bit pattern at a bit rate of 10 Gb/s at BER=IO.9

with modulation index h as parameter.
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Fig. 3.23 The bit error rate (BER) performance of an optical CPFSK link
without any compensation with DM line coded bit pattern at a bit rate
of 10 of Gb/s with fibre chromatic dispersion Dc=15ps/nm-km,
modulation index h=1 at an wavelength of 1550 nm, with fibre
length L as parameter.
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Fig. 3.24 The bit error rate (BER) performance of an optical CPFSK link
without any compensation with AMI line coded bit pattern at a bit
rate of 10 of Gb/s with fibre chromatic dispersion Dc"=15ps/nm-km,
modulation index h=0.5 at an wavelength of 1550 nm, with fibre
length I.; as parameter.
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Fig. 3.25 Plots of penalty in signal power due to GYD in a point to point
optical CPFSK link without any compensation versus fibre length
with DM line coded bit pattern at a bit rate of 10 Gb/s at BER=lO.9
with modulation index h as parameter.
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Fig. 3.26 The bit error rate (BER) performance of an optical CPFSK link
without any compensation with MC line coded bit pattern at a bit rate
of 10 of Obis with fibre chromatic dispersion Dc=15ps/nm-km,
modulation index h= I at an wavelength of 1550 nm, with fibre
length L as parameter.
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in signal power is plotted in Fig. 3.28 as a function of fibre length L with

modulation index h as a parameter. It is depicted from the figure that penalty

first decrease then again increases.

Finally, plots of the minimum penalty in signal power for three linecoding

systems i.e. AMI, DM, MC with full compensation are depicted in Fig. 3.29

considering only the effect of fibre chromatic dispersion as a function of fibre

length L. The penalties are constant since signals are fully compensated for any

fibre length. The minimum value corresponding to h=O.5 for MC encoding is

O.38dB. The next higher value is for AMI which is O.4dB and DM shows a

higher penalty of O.6dB.T~u) among the three linecoding schemes, least

penalty occurs in case ofMC compared to the other two.
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Fig. 3.27 The bit error rate (BER) performance of an optical CPFSK link
without any compensation with MC line coded bit pattern at a bit rate
of Ia. of Gb/s with fibre chromatic dispersion Dc=15ps/nm-km,
modulation index h=0.5 at an wavelength of 1550 nm, with fibre
length L as parameter.
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Fig.3.28 Plots of penalty in signal power due to GVD in a point to point
optical CPFSK link without any compensation versus fibre length
with MC line coded bit pattern at a bit rate of 10 Gb/s at BER=] 0-9
with modulation index h as parameter.
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Fig.3.29 Plots of penalty in signal power due to GVD in an optical direct
detection CPFSK system with full compensation versus fibre length
for different line-coding data pattern at a bit rate of 10 Gb/s at
BER=1Q-9 with modulation index h as parameter.

67



CHAPTER-4

CONCLUSIONS AND SU??~TIONFO"RFUTURE
WO~

4.1 Conclusions

A theoretical analysis is carried out to evaluate the efficacy of two different
, ~

dispersion compensation schemes, viz. lump compensation and even

compensation to minimize the effect of group velocity dispersion (GVD ) on

the performance of an optical CPFSK point to point transmission system using

MZI based direct detection receiver. The analysis is extended to linecoded

CPFSK system with three line-coding schemes, viz. AMI, DM, MC. Following

the theoretical analysis the performance results are evaluated at a bit rate of

lOGb/s. The analysis is also carried out to find out the impact of SPM on the

system performance with GVD compensation.

From the computed results it is observed that the effect of GVD can be

compensated b~ using the above two different compensation schemes. The

penalty suffered by the system due to GVD and accumulated ASE can be

reduced to a minimum value corresponding to an optimum length of the

compensating fibre. For example, the penalty for h=I and L=40km is 1.5dB

when there is no compensation. When lump compensation is used the minimum

penalty is found to be 0.5dB. Further, when'modulation index is reduced to 0.5,

the above penalty values are found to be 0.8 dB and 0.4 dB respectively. When

even compensation is used the minimum penalty is found to be 0.4 dB. Further,

when modulation index is reduced to 0.5, the above penalty value is found to be
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0.25 dB. From these values it is found that even compensation can compensate

more effectively than lump compensation. Further, the lump compensation

requires a larger length of compensator for long-distance transmission. In even

compensation it is also observed that penalty decreases with increased number

of fibre sections. But it is not a good practice to use a large number of

compensator in transmission link. Thus a number of compensator is first

selected for even compensation then other parameters are determined for

transmission over a desired distance.

The computed results also reveal that the performance of an optical CPFSK

system is highly degraded due to the influence of self-phase-modulation (SPM)

induced by GVD . The impact of SPM highly degrades the performance at

larger input power level. The penalty corresponding to BER=10'9 is 0.75dB

when the power' input to the fibre is Pin=OdBmwhereas the penalty is found to

be 2.2 dBm when Pin=8dBm. It is found that penalty decreases with increase in

compensator length and again increases after attaining a minimum penalty

which corresponds to full dispersion compensation. At higher input power

level, the minimum penalty corresponding to full GVD compensation occurs at

a small value of the compensating fibre length. This is due to the fact that the

e~of~~=~~of~~~e~ofS~is=

dominant at higher input power. Thus after full compensation of GVD, effect of

SPM increases more rapidly with compensator length. It is further observed that

penalty increases less rapidly in case ofh=0.5 than h=1. .

When linecoding schemes are used, the performance of the system is improved

to some extent. For example, the penalty for h=0.5 is 0.38dB for AMI encoded

data, OAdB for 1'1Cencoded data and 0.8 dB for DM encoded data. The penalty

for h=l is OA4dB, 0.58dB and 0.64dB respectively. From these values it is

observed that AMI encoding system suffers minimum penalty.
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4.2 Future workl

The present research work can be easily extended to evaluate the relative

efficiency of the dispersion compensation schemes in wavelength division

multiplexing (WDM) optical transmission system with casc(lded EDFAs. The

approach can further be extended to linecoded CPFSK system.

Further study can be made to determine the impact of SPM and GVD on the

performance of IMIDD system with single channel as well as WDM

transmission when dispersion compensation schemes are employed with NRZ

and linecoded data pattern.

Further research in this respect can also be initiated considering WDM

transmission with a fibre ring network architecture. The impact of SPM on the

channel separation requirements, required optical bandwidth of Fabry-Perot

filter(FPF) to reduce the effect of accumulated ASE of EDFAs and the

maximum number of nodes and ring diameter in terms of the length of the fibre

sections etc. needs further investigation.
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