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ABSTRACT

A detail theoretical analysis is presented for direct detection optical CPFSK and
heterodyne optical CPFSK system with Mach-zehnder Interferometer (MZI) as an
optical frequency discriminator (OFD).. The analysis is carried out taking into account
the combined effect of Self-phase Modulation and chromatic dispersion of optical
fibre. Fluctuation in signal power due to GVD causes a random phase modulation of
the signal itself due to nonlinear refractive index of fibre, The effect is termed as self-
phase-modulation (SPM) and causes spectral broadening of the transmitted signal and
higher bandwidth requirement and degrades receiver performance. The statistics of the
signal phase fluctuations at the output of the fibre caused by non-linear filtering due to
chromatic dispersion are to be determined in terms of its moments and the probability
density function (pdf) of the random phase fluctuation due to SPM and fibre chromatic
dispersion. The analysis also includes the effect of GVD and laser phase noise. The
method is based on the linear approximation of the output phase of a linearly ﬁlt;:red
angle-modulated signal such as the CPFSK signal considered in this work. An
equivalent transfer function of a single mode fibre is derived which includes the
| effects of SPM in presence of GVD. The overall degradation in signal phase is also
derived following by an analytical approach. The expfession for BER 1is then derived
considering the effects of GVD and SPM in presence of laser phase noise and receiver

noise. The analysis is carried out for both direct detection receiver and heterodyne

delay demodulation receiver.

Usiﬂg the noise statistics and moments, the bit error rate (BER) performance of the
receiver is then evaluated for different values of input power at different modulation
index at a bit rate of 10 Gbit/s. The penalty suffered by the systcfn due to dispcréion
and Self-phase modulation is then determined at a BER of 10”. For different fibre
length penalty is measured individually for direct detection and heterodyne CPFSK
system. Also for. negative dispersion coefficient the penalty is determined. Finally,

theoretical results are compared with the results obtained from simulation.
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CHAPTER-1

Introduction

1.1 Introduction to optical communication :

The last three decades have witnessed a spectacular progress in the field of optical

fibre communications, lasers, optoelectronic devices - and technology, in the

development of semiconductor laser amplifiers and Erbium doped fibre amplifiers |

(EDFA) which enabled repeaterless transmission distance of more than 1000 km at

a bit rate of 10 Gb/s.

Optical communication utilizes optical signal as the carrier. Iln 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 transmitted over long distances via
optical fibre. At the receiving end the optical signal is converted to electrical
signal by avalanche photodetector (APD) or PIN photodétector followed By a

recelver.

Optical fibre communication system has the following advantages by virtue of its

characteristics :

Low losses: It enables to reduce the number of répeaters;
High bandwidth: Low cost per channel can be achieved;
Small bulk: Requires less space;

Light weight: Lightened the cable;

Flexibility: Easy to install;

Resistant to radiation: Less costly protection is required;

UgCcCpDpoooooJ

Immunity to radio interference: Increased reliability;




a Difficuit to intercept: Security is ensured;

Q No conductor: Adequate electrical insulation is assured;

Optical communication system utilizes the infra-red portion of the frequenéy
spectrum. Since the information in the optical carrier frequency is of the order of
iOM Hz, which is 10° times higher than microwave frequency, optical
communication provides higher information capacity and hence leads to
improved system performance. Due to dielectric nature of the fibre, optical
systems are virtually immune to crosstalk and electro-magnetic interference
(EMI), unlike co-axial cables and microwave links. Due to its simplicity and
. economy in raw materials, léw cost, low loss, smaller in size, lighter in weight and
flexible in construction, it i1s considered to be the best transmission media in
‘communication field. From the mentioned advantages, research activities éround
the world was encouraged in optical fibre communications during the last three

decades.

With the invention of LASER in 1960, optical fibre transmission was immediately
recognized and efforts in dptical communication began. During the last three
decades, the increasing development in this field has made optical communication

more popular and useful one.

The period of 1965-75 was devoted to the development of graded index fibre
system which utilized wavelength of 850-900 nm and achieved information rates in
the range of 8-140 Mbit/s. In 1978, research started for single mode fibre
technology and it led to the establishment of 1300 nm range single mode fibre
system and present trends towards 1500 nm range fibre for long haul system. By
1980s, these activities had led to the development and worldwide installations of
practical and economically feasible optical fibre communication systems that carry
telephone, cable TV and other types of telecommunication traffics. The principal

~ motivations behind each new one were either to improve the transmission fidelity



and to increase the data rate, so that more information could be sent or to increase

the transmission distance between relay stations.

Main components of an optical communication system as shown in Fig. 1.2 are

Modulato .
Input T ( j ) Optical Demodulator
Signal . Detector
:(g)ptic'al Output
ource Signal

Fig. 1.2 Generalized block diagram of an optical communication system.

Optical source

- l
Modulator
Transmission Media

Optical detector

0o 0000

Demodulator

In lightwave communication system, two important detection techniques are

normally employed:

(1) Direct detection

(11} Coherent detection



In direct detection, the intensity of the received optical field is directly converted to
a current by a photodetector whereas in coherent detection, the received optical
field i1s combined with the light output from a local oscillator (LLO) laser and the
mixed optical field is converted to an intermediate frequency (IF) signal By
+ heterodyne or directly to base band by homodyne. The first optical communication
system employed intensity modulated direct detection (IM/DD) technique and in
spite of a lot of research, this scheme is still popular for commercial application
due to its low cost and simplicity. However, DD technique has limitation of data
ratc for application in power limited free-space optical channels due to relatively
low optical power output of semiconductor laser diode. To increase the data rate
throughput of all-semiconductor free space optical channels, extensive research for
bandwidth and power efficient coding and modulation schemes were carried out in
the last decade [1-6]. DD optical communication systems are very promisihg for
future deep space applications, inter-satellite links and terrestrial line-of-sight

communtcations.

Coherent optical transmission systems using heterodyne or homodyne are
attractive due to their improved receiver sensitivity compared to IM/DD systems
and enhanced frequency selectivity in optical frequency division nﬁultiplexing
(OFDM) system|[5]. In coherent optical communication system, information can be
impressed on the optical carrier in 6ne of the three ways: (1) phase shift keying
(PSK) (ii) frequency shift keying (FSK) or (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 light wave transmission. These include: binary PSK (BPSK)
quadrature PSK (QPSK), orthogonal QPSK (OQPSK), continuous phase FSK
(CPFSK), discontinuous phase FSK (DPFSK), pulse position modulation (PPM)
ctc. 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 characteristic of laser diode (LD)
through its injection current [2-4,6]. FSK is flexible enough to allow generation of
ecithcr compact spectra, which is advantageous in multi-channel OFDM or two-lobe
spectra which allows for receiver envelop 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 .

The enormous bandwidth of the opticél fibre can be utilized when hundreds of
channels can be multiplexed over a single fibre. Optical frequency division
" multiplexing (OFDM) networks have an ultra large transmission capacity potential
[5]. To increase the number of multiplexed channel the sighals should be spaced
densely. 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. A periodic filter that consists of an anti-symmetric Mach-
Zehnder Interferometer (MZ1) is promising because it can multiplex/demultiplex
optical carrier with channel spacing in the order of GHz [7]. An FSK scheme has a
compact spectrum. A tunable Febry-Perot filter (FPF) that functions as a channel
selective filter is useful for frequency division multiplexed FSK signals and acts as
. an optical frequency discriminator (OFD). However, a MZI that can act both as
modulator/demodulator is more promising as it is 3 dB more power efficient
compared to FPF. The periodic filter which consists of anti-symmetric MZI, also
functions as a channel selective filter and OFD. When it is used as an OFD, "mark’

and "space’ are differentially detected with two outputs from OFD.

An experiment employing 10 Gbit/s modulation using a III-IV semiconductor
MZI has been reported recently [8] and an FDM transmission experiment is also

reported with Ghz channel spacing using eight channel tunable demultiplexer [9].



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 [10-24]. |

~ (i} Stimulated Raman Scattering (SRS) |

(11) Stimulated Brillouin Scattering (SBS)

(i) Cross-phase Modulation (XPM)

(1iv) Four wave mixing (FWM)

(v) Chromatic disperston or Group velocity dispersion (GVD)

(vi) Laser phase noise

(v1i1) Optical amplifier’s spontaneous emission (ASE) noise.

(1x) Self-phase modulation (SPM)

. Stimulated Raman Scattering is an interaction between light and vibrations of silica
molecules and causes attenuation of short wavelength channels in wavelength-
multiplexed systems [10-11]. Stimulated Brillouin Scattering is an interaction
between light and sound waves in fibre and causes frequency conversion and
reversal of the propagation direction of light [11-13]. Cross-phase modulation
(XPM) 1s an interaction, via the nonlinear refractive index between the intensity of
one lightwave and the optical phase of other light waves [14]. Four wave mixing
(FWM) is analogous to third order intermodulation distortion whereby two or more
optical waves at different wavelengths mix to produce new waves at other
wavelength [10-11, 13-15]. Stimulated Brillouin Scattering (SBS) and FWM
" processes are likely to impose severe restrictions on transmitter power in FDM

system.

Fibre chromatic dispersion, laser phase noise, relative intensity noise etc. are other
limitations [16-19). 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 be distinguished from each other generates ISI
effcet, thus limiting transmission bit rate. The amount of dispersion is directly
proportional to the fibre length. Chromatic dispersion results in limiting of the ﬁbfe
~ transmussion capability, due to variation in propagation time as a function of
wavelength. This limitation may be overcome to some extent by using a narrower

spectrum laser.

Progress in the development of optical amplifiers has made rapid strides in the past
few years as thé potential advantages have become more obvious and the
technology has improved [20-23]. The particular advantages that appeals to system
planners is the promise of transparent systems using linear optical repeaters. Such
- systems can be upgraded in capacity at some future date without any modification
of the repeaters. Currently semiconductor laser amplifiers are the most developed
- and have already been demonstrated in installed optical systems. Development
programs have in hand to optimise laser structures for amplifier applications and
the initial results have been reported in the past years. The Erbium-doped amplifier
cascades provide gain but .they also introduce amplified spontaneous emission
(ASE) noisec which beats with itself, signal and other channels passing thfough the
filter [24]. The limitation of cascaded in-line amplifier systems are recently
reported - experimentally taking into considerations the effects of linear ASE

accumulation [25].
1.3  Brief review of previous works :

To meet higher transmission capacity in exchange network, there is increasing
interest in optical fibre transmission at 10 Gbit/s or more. 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 effects of optical

fibre etc. on coherent and direct detection optical transmission systems. A number



of nonlinear fibre effects are now being widely studied,; 'for"ékample, self phase
~ modulation (SPM), four wave mixing (FWM), cross phase modulation (XPM),
stimulated Brillouin scattering (SBS) and stimulated Raman Scattering (SRS).

. In many recent studies the problems have been focused regarding the detection
performance of a coherent lightwave transmission link which caused sharp degrade
by laser phase noise and chromatic dispersion. Recent advances in optical signal
transmission have already reached several thousands of kilometers in the Gigabit-
per-second range due to use of in-line amplifier in different stages of light wave
communication system [26]. The theoretical and experimental results have been
reported at 10 Gbit/s with coherent and direct detection receivers with in-line
- optical amplifiers [20-24]. The limitations of cascaded in-line amplifier systems
are reccntly reported experimentally taking into considerations the effects of linear
ASE accumulation [25]. The transmission capacity requirement for optical
commumcdtlon system is increasing to meet the future demands of multimedia
services which can be achieved by Optical Time Division Multiplexing
(OTDM)[27], Wavelength Division Multiplexing (WDM) [28] and / or their

combination.

In single-channel intensity — modulated direct  detection (IM/DD) optical

. transmission systems, the interplay between SPM and fiber dispersion is an

cspecially important nonlinear effect, since it distorts the received waveform,
degrades receiver sensitivity and limits transmission distance and/or optical
amplifier output power [22,29-30]. The performance limitation of IM/DD systems
with non-ncgligible SPM is now being widely studied using transmission
experiment and numerical solutions [31] and an analytical approach [32]. Marcuse
[22] obtained an expression for the RMS pulse width in cascaded amplifier
systems using the average optical power approximation. However, it can only be
applicable to the case of weak dispersion. Also, it can only be applicable for the

transmission system in which all system paramelers, such as fibre dispersion,



amplifier output power and the amplifier spacing, are the same all over the

transmission system.

In numerical simulations, the waveform distortion caused by SPM is obtained from
" numerical solution of the non-linear Schrodinger equation in the transmission fibre
by using mcthods such as the split step Fourier (SSF) method {31]. The numerical
approach lacks as analytical equation and physical insight into how SPM affects
system performance. That is a complicated and painstaking approach. For example,
it 1s difficult to estimate the change in transmission distance by varying system
parameters, such as the number and output power of optical amplifiers, fibre
dispersion values and length of each fibre section. Moreover, it is known from the
numerical simulation that the amount of waveform distortion to be changed when
the distribution of dispersion along the transmission line is changed, but it is
~ difficult to obtain qualitative and quantitative understanding of its mechanism by
numerical simulation. Therefore there is an urgent need for an analytical

approximation technique of SPM.

An analytical technique has recently been proposed in reference [32] which gives
an expression for the root-mean-square (RMS) pulse width of an optical pulse in
IM/DD system after non-linear fibre transmission, but it is only applicable to the
case without optical repeaters. Analytical approach to evaluate the effects of SPM
on optical CPFSK system is very much complicated and are yet to be reported. The

results reported on SPM for applying only IM/DD system.



1.4 Objectives of the study :
The main objectives of the present research work are :

(i) to develop an analytical approach to evaluate the effects of self phase
Modulation (SPM) on optical FSK transmission system with two types of
receiver configurations, viz. direct detection receiver and heterodyne receiver;

(i) to develop a baseband equivalent transfer function of a single mode fibre to
represent the effect of Self-phase-modulation (SPM); |

(i11) to develop an expression for the amount of signal phase distortion due to SPM
and the received waveform at the fibre output;

(iv) to determined the moments and probability density function (PDF) of the
random phase fluctuation in the receiver output;

(v) to evaluate the bit error rate (BER) of the receiver by using the statistics of the
random phase fluctuations for a given input power and fibre dispersion; and
finally

(vi) to determine, for a given BER of 10°, the power 'penalty suffered by the
system due to SPM and to estimate theoretical maximum fibre length at a bit
rate of 10 Gbit/s for a specified power penalty and the maximum allowable

transmitter power input to the fibre.
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Chapter- 2
Effect of GVD and SPM on optical CPFSK system

2.1 Overview:

Optical continuous-phase FSK (CPFSK) may be an attractive modulation format

for future multichannel coherent optical systems. However, at high bit rate -

operation of such systems in conventional single-mode fiber, the major limitation
is due to the group velocity dispersion (GVD), unless a dispersion compensation
scheme is used. Further, fluctuation in signal power due to GVD causes a random
phase modulation of the signal itself due to nonlinear refractive index of fibre. The
effect is termed as self-phase-modulation (SPM) and causes spectral broadening of
the transmitted signal and higher bandwidth requirement and degrades receiver
performance. The effect of SPM is directly proportional to the signal power input
to the fibre and the fibre length. At increased signal power the effect is much more
pronounced and imposes severe restrictions on the maximum allowable signal

power input to the fibre and hence maximum repeaterless transmission distance.

Theoretical performance analysis of optical CPFSK & DPSK systems with direct
detection receiver have been carried out recently considering the effect of GVD
only [33-34]. For an intensity modulated direct detection system (IM-DD), the
pulse broadening due to group velocity dispefsion (GVD) causes intersymbol
interference (ISI) and an estimate of the dispersion penalty is theoretically reported
recently [18]. For coherent angle-modulated optical systems the analytical results
for dispersion penalty are not widely _availablc in the literature. However, the work
reported in [18] based on numerical simulation and provides useful results on
dispersion penalty in terms of the eye-penalty. The eye-closure penalty 1s an
approximate measure of the system performance degradation but not an accurate

measure because of its limitations.

11



The simulation results on the effect of SPM on optical IM/DD system are
- discusscd in Ref.[31] where the penalty estimates are made for eye-openings at the
fibre output.The analytical approach to evaluate the effect of SPM on the
performance of intensity modulated direct detection (IMDD) system is recently
reported [32] where the effect of SPM is estimated by an a-parameter cstimation of
the Gaussion pulse shape of the on-off optical pulses. The effect of SPM on anglc-
modulated system is much morc complicated and not yet reported. Because of the
inhcrent complexity in the analytical approach, the performance degradations duc
to GVD only is recported in terms of the eye-closure penalty, utilizing thc standard
simulation approach [18]. The results are mostly pattern specific and rely mostly
- on eyc-closure due to signal degradation. Therefore, the conclusions reached arc
without the consideration of accompanying noise and knowledge of the cxact
recciver output statistics. For an accurate system design an analytical cvaluation of

the system penalty is much desired.

In this chapter we provide an analytical evaluation method to cvaluate thc
performance limitations of Self-phase-modulation on an optical CPFSK system.
The analysis also includes the effect of GVD and laser phase noise. The method is
bascd on the linear approximation of the output phase of a linearly filtcred angle-
modulated signal such as the CPFSK signal considered in this thesis work. An
| cquivalent trans)fer function of a single mode fibre is derived which includes the
cffects of SPM in presence of GVD. The overall degradation in signal phasc is also
derived following by analytical approach. The expression for BER is then derived
considering the effe;:ts of GVD & SPM in presence of laser phasc noise and
recciver noisc. The analysis is carried out for both dircct detection receiver and

heterodyne delay demodulation receiver.

12



2.2 System Model ;

2.2.1 Direct Detection CPFSK :

The schematic diagram of an optical CPFSK system using direct detection receiver
. configuration is shown in Fig. 2.1. In the transmitter, non-return-to-zcro (NRZ)
data at 10 Gb/s is used to directly modulate a laser to generate the CPFSK signal
which is transmitted throilgh a single-mode fibre. At the rccciving end , the
reccived optical signal is detected by a Mach-Zehnder interferometer based direct

dctcction receiver.

In the FSK direct detection receiver with MZI the MZI acts as an optical filter and
diffcrentially detects the ‘mark’ and ‘space’ of received FSK signal which are then
dircctly fed to a pair of | photodetectors. The difference of the two photocurrents
are applied to the amplifier which is followed by an equalizer. The cqualizer is
" required to equalize the pulse shape distortion caused by the photodetector
capacitance and due to the input resistance and capacitance of amplificr. After
passing through the baseband filter, the signal is detected at the decision circuit by

comparing it with a threshold of zero value.

Onc other type of discriminator is the Fabry-Perot etalon Interferometer; a small

comparison in conncction to direct detection would reveal some relevant aspects.

{. Mach-Zehnder Interferometer and Fabry-Perot etalon Interferometer both can
act as tunable filter (for multichannel application) and optical discriminator.
2. The OFDs (MZI/FPI) are built with passive components which are Icss costly

comparcd to heterodyne system.
3. MZI providcs casy tunability in multichannel system compared to hcterodyne
systcm which requires LDs with wide tﬁning range and narrow LW.

4. Receiver design is simplc and less costly duc to the absence of the sophisticated

widcband IF circuits.
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2.2.2 Operation of MZI :

[t is a common property of the interference filters to tranémit a narrow band of
wavelength and blocking all wavelengths outside the band. In our receiver, MZI is
- employcd which is integrated with a silica waveguide. It lis a very prorﬁising device
in wavclength division multiplexing (WDM) and frequency division multiplexing
(FDM) systems. Because of their high frequency selectivity without mechanical
actuator (which is essential for an FPI), MZIs can be serics cascaded to achicve

increascd transmission capacity[7].

MZI has two input ports, two output ports, two 3 dB couplers and two waveguide
arms with length difference AL. A thin film heater is placed in one of the arms to
act as a bhase shifter, because light path length of hcated wave guide arm changes
. duc to the change of refractive index. The phase shifter is uscd for precise
frequency tuning. Frequency spacing of the peak to bottom transmittancc of the
OFD is set cqual to the peak frequency deviation 2Af of the FSK signal.
Consequently, the ‘mark’ and the ‘space’ appear at the two output ports of the

OFD. Thesc outputs are differentially detected by the photodetectors with balanced

configuration.
2.2.3 MZ] Characteristics :

El

If E(t) represents the signal input to the MZ], then the signals received at the output

ports can.be expressed as [8]

£, (|- |E(t)|sin!M] @.1)
2 2 | '
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and
- k(L — 1)
'El (z)’ = |E(0) cos{—-—z—z—l—:I 22)

where [, and |, are the length of two arms of MZI and k is the wave number which

can be expressed as

27

ner» L and ¢ are the effective refractive index of the wave guide, frequency of

optical input signal and velocity of light in vacuum, respectively.

The transmittance of arm II of MZI is given by

2

E_ (1) k(I, -1 '
T, ()= % = sin? {Q——lzl —sin? @ 2.4)

@) ? | |

and that of arm I of MZI is |
2 _

T(f)= ]El (I)L = cos‘?[w] =cos’ 0 (2.5)

|E(t) ? |

where, 0 is the phase factor related to the arm path difference AL =1,- 1, and can

be expressed as

ﬂfﬁ AL
g KAL_ e 2.6)
2 c

Normally AL is chosen as

AL = 4—6217 2.7)

ﬂeﬁp

Therefore,

g="7_ (2.8)

4Af
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Then we get

20 A7
TH(f)—sm [W] (2.9)
and
T,()= cos? (%J (2.10)

The outputs of the MZI are, therefore, anti-symmetric and are shown in Fig. 2.2

. . f . .
For an MZI used as an OFD, Af is so chosen that Af-= > < o f. 1s the cammer
n+

frequency of the FSK signal and n is an integer. The ‘mark’ and ‘space’ of FSK
signals are represented by f; and f; respectively where f; =fc +Af and f,=f, -Af.
Therefore, when ‘mark’ (f} ) is transmitted

T,=1and T;=0
Similarly, for transmission of ‘space’
T,=0 |
and T;;=1

Thus, two different signals f; and f, can be extracted from two output ports of

MZI.

The MZI is used in our analysis only as an OFD as our analysis is based on single
channel operation. The complete potential of an MZI can be extracted when a
multiplexer/ demultiplexer or a frequency selection switch for a multi channel
WDM/ FDM system is fabricated utilizing the periodicity of the transmittance

versus frequency characteristic of an MZI.
2.3 Theoretical analysis for DD-CPFSK :

The complex envelope of the electric field at the output of CPFSK transmitter and

input envelope of the fibre is represented as

18



E;, = 2Py expl(j,,, (1) @.11)

where P is the average transmitted power and the angle modulation b;a(t) is given

by

E app(t—kT)dt + ¢, (t) (2.12)

=—00

t
Pin(t)=27A | .

with a, = £1 répresenting the kth information bit, p(t) is a unit rectangular pulse of
duration T seconds (bit rate B=1/T), Af is the frequency deviation (h=2AfT, is the
modulation index) and ¢,(t) is the instantaneous phase noise of the transmitting

laser.

Utilizing PM-AM conversion induced by GVD [32] and the resulting generated
SPM, the Fourier transform of the output phase ¢,,(®) and the output power
fluctuation &, (@), under linear phase approximation [35], are related to the
corresponding transforms of the iﬁput quantities viz. ¢,(@) and &,(w), through a

transfer function matnx :

4 (@) ¢ (@) . -
ou =
& (w) BSPM(N’Q) ¢ (o) (2.13)
ot n . .
where, Bgpy(N, ) 1s the transfer function of a system of N cascaded segments each
of length L,. Corresponding to an input phase excitation ¢;,(?), the output phase
response @,,,(t) can be directly obtained from eqn.(2.13). By virtue of the validity
of linear phase approximation in a practical situation, we introduce an equivalent
- phase impulse response A(t)=F ’[B” sem{N, @)] where the 2x2 matnix Bgpp (N, @)=

inverse Fourier transfrom.
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The matrix A4, can be formed as Ay = limy o, A7 AP... A" and the matrix 47 is

given by
cos(w’Fy, ) - 2P0e_p“AL* sin(w’ F, )
AP =| podly oo 2 | (2.14)
e " sin(@ F) | arL, cos(w’Fy )
P,
where, Fy, = §,5AL, /2 (2.15)

and zk is the dispersion coefficient in psz/km in the k-th segment, y is the fibre

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

attenuation, and ALy =Ly /q.

The complex envelope of the electric field at the fibre output is then obtained as

Eout = Fﬂl[Ein (FIH(f)] = J2P; exp[ j® ous ()] . : (2.16)

a1 . .. . ;
where F~ denotes the inverse Fourier transform, P; is the average received power

and the output phase §,,(t) is [35]

B o ()= Rel#y, (V) + 5 —Im(" 1) =6, ()48, (0 (2.17)

where Re and Im denote the real and imaginary parts respectively, h(t) is the
complex “impulse response’ of the fibre and the explicit expressions for f(¢) can be
found in [35]. Equation (2.17) simply states that the output phase is the sum of a
linear term, ¢y,(¢) that represents linear filtering of the input phase and a nonlinear

distorsion term ¢,,(t). We define the mean-square phase error as
- - 2 2
MSE = E[p ()9, (O / ETg, (0] (2.18)

The output phase ¢,,,(2) can be closely approximated by @y.(t) if MSE<<1.0 [36].
Figure 2.3 depicts the MSE against  for CPFSK (h=1) and MSK ( h = 0.5)
obtained by simulation. As seen, the linear phase approximation is quite accurate

for practical usuable range of values of y.
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The optical field at the output of two branches of MZI can now be expressed as :

| .
and E2(1)=5[E(t-—rb)—E(t—ra)] | (2.19)
Tl E V= Bt -
E (1)= 2[E(r Tg) - E(t-7,)] (2.20)
_™
where ¢ ¢
nl,
DT

rr—rb—ra:——;—-— _ (2.21)

Without any loss of generality we can take 1,=0, then t,=1. Using equation (2.1),

(2.11) and (2.19) the output current of upper photodetector is given by [37].

2
"z(’):Rd‘Ez(’)I

Rd [] cos{ng‘”Cr+27rAf I Eakg(t]—kT)dt1+A¢n(t T} (2.22)

where, R, is the responsivity of the photodetector.

Simillarly, the output current at the lower photodetector can be expressed as

2
il(t):Rd‘El(t)l

Rd

[1+cos{27g’cr+2ﬂAf I Eakg(tl kT)dt; + Adp(t,T)}] (2.23)

The output of the balanced photodetectors is then found as

i0=il—i2

:R&Ps cos[wcr+A¢s(t,r)+A¢n(t,r)+¢0] (2.24)
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Hence, the balanced receiver output signal current when a ‘mark’ is transmitted at

a sampling time t, is

. ' T T o= z |
1’?l(t); RdPs cos[2fg”cr+—£—5+a-q(t)+Ekéoakq(t—kT) +Ag¢, (1)]

where, _ ' o | - (2.25)
. .

q(ty=— f—r glt)at,, | (2.26)
T

A, (t) =27 p(e Yt | 2.27)

i(t) is a zero-mean Gaussian frequency noise of two-sided flat power spectral

density (psd) of height Av27 Av being the transmitting laser linewidth, and
g()=Re[p(t)* h(t)]. In (2.25) the first two terms in the argument of the cosine

function provides the expected phase change for the “mark' received in an “ideal’

case, the next three terms represent the phase distortion of the signal, A¢ (1) .

M50 =[-5+ 591 +[5 T a,q(t= D))

‘—“-AHE;”“ Ag" s | (2.28)
induced by SPM and the last term accounts for the phase distortion due to laser
phase noise. In equation (2.28) Ag, represents the mean phase error and Ag’,

represents a random phase fluctuation due to ISI for random data bit pattern caused

by the combined influence of SPM and GVD.

Under ideal- CPFSK demodulation conditions viz., 2af.r=(2n+1)7z/2; (n an
integer), and 274fr=7n/2 for NRZ data, the output signal currents corresponding to

‘mark’ and "space' transmission are then obtained as :

iy (1) = R Pox(f) and ig (1) = =R , Pox(f) (2.29)

where x(t) =cos [Ad(t)] describes interferometric intensity noise due to random

phase fluctuations,
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and Ag(t) = Ag (1) + Ag,, (1) (2.30)
Ignoring the low-pass filtering effect on the phase noise dependent signal term, for
analytical simplicity, the low-pass filter output for "mark’ transmitted, at a
sampling time ¢ is

i(t)= Ry FPgcos[ Ag(t)] +n(t) (2.3
where n(t) is the sample function of the filtered output noise contributed by the
photodetector quantum shot noise, the interferometric noise due to input intensity
fluctuation and the receiver thermal noise having respectively the spectral densities

[371:

Spd (f)=eRgPs | - (2.32)
S pai (f)=05Rg P2 [Sx(1) =5 5(f )] (2.33)
Sen =i’ | o (234

where S,(f) and x represent the psd and the mean value of x(t) respectively and

&(f) is a delta function in frequency. Denoting the total noise power spectral

density by
Su()=8 ()48 L (N+S, 2.35)
the total noise power at the receiver output can be obtained as
2 2 % 2
op =0l = [ SuNH )| & | 2.36)

where Hy(f) is the transfer function of a Gaussian low-pass filter in the receiver of
3-dB bandwidth equal t0 0.75 B.

Conditioning A¢(t)(=4¢) in (2.31) and defining Q = (i, -i; (o, 40, ), the
conditional bit error rate of direct detection CPFSK receiver is given by [37]
P(e[A$)=0.5erfe(Q/V2) ' (2.37)
The average bit error rate (BER) of a direct detection CPFSK system can then be

obtained as BER = 0.5_1 erfc(%) p A ¢(A¢)d (Ag) (2.38)
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where p A ¢(A¢) 1s the probability density function (pdf) of (A¢) .

Using the Gauss-quadrature rule [41], the BER can be numerically computed as

N o R;P.cos(Ad  si +A
BER=05Y [werfef—4-% (89" si +8fn)

where the weights ; and the nodes x; = A¢'y; are evaluated from the knowledge of

]ijn (Adn)d(Apy) (2.39)

the moments of the random process A¢'; (t). The moments of the random process

Ad'; () can be evaluated using the following recursive relation [38]

Mj, =Y5.(N) (2.40)
r : :
Yy2r)(i) = jgo(zrcg Y j(i=1)gi? 2 (241)

Here N is the actual number of interfering terms in the summation equation (2.25).

The pdf of the laser phase noise at the output is Gaussian with zero-mean and

variance czph=2nAv1: [17].
2.4 Theoretical Analysis of Heterodyne CPFSK

The block diagram of the CPFSK transmission system is shown in Fig. 2.4. The
input to the fiber is a CPFSK signal whose complex envelop is given by equation
(2.11). In the receiver the local éscillator tran'slates. the received signal to the
intermediate frequency (IF). The IF filter output can be written as

u(t) =V,a(t) cos[27g’IFt +a (1) +a, 0]+ n(t) (2.42)

where, a(t)=| Jg(t")ed ¥ ar,  glt)=p(t)* he)*hyp (1)

where Vo =2R d fPSPIO, P, is the received power, P, is the  local oscillator

power, R, is the responsivity of the photodiode, fir is the IF frequency, n(t) is the
filtered version of the receiver noise with variance Ny=2eR,P;,B,- , e represents

the electronic charge, B s is the IF filter bandwidth .
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ag(t)=¢s(th(t ) hp(t), (2.43)
ap(t)=Pu(t)h(t ) hyp(t), ' (2.44)
and ¢,(¢) 1s the combined phase noise of the signal and local oscillator lasers at the
input of the IF filter and is modelled as a nonstattonary Wienef—chy process [17]

and ¢,(t) is the angle modulation due to the signal given by

!t
Gs(t)=27A | § ay p(t- kT )dt (2.45)

—o0 K=—00
Following delay demodulation (delay time 1) and low-pass filtering (wide enough
to pass the signal uhdistorted), the low-pass filter (LPF) output is given by [39]
Vout (#) = A(t) cos[A¢(2, 7)] : (2.46) -

where A(¥) is the amplitude and the phase of V(1) can be expressed as

A¢(t,r):2fg"IFr+Aas(t,r)+Aan(t,r)+AQH(I,T) ' (2.47)

¢
Using the notation Ax(¢,7)=27x | x(t1 )dt1
t-1

and 8, (1) =arctan[n,(¢) / (¥ a(t) +n.(2))] ;

n(t) and nyt) are the in-phase and quadrature components of noise n(?)
respectively, each with zero mean and variance cnz. It is assumed that the IF filter
is a finite band-pass integrator which is symmétric around f;= with bandwidth
B;=2/T. With the demodulation tifne 1=T/2h, h<1 (narrowband CPFSK) and for
the IF filter chosen, the correlation between 0,(t) and 0,(t-1) 1s zero.For other IF
filter types such as Gaussian or second-order Butterworth, the noise correlation is
negligibly small for Bj>2 and h<1 (for NRZ) [36]. Further, the phase noise due to
the receiver shot noise is statistically independent of that due to quantum phase

noise. In the case of random NRZ data

I(f) = k:z; a, p(t—kT) (2.48)
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where g, =t1 represents the k™ information bit and p(t) is a rectangular pulse of

unit amplitude and duration T seconds.

In a delay demodulation receiver the data decisions are based on the polarity of
V,u(t). Assuming a ‘mark’ is transmitted (say a;) and under ideal CPFSK

demodulation conditions viz. 27f T (2n+Dx/2, n is an integer and
2nMfagt = / 2 for NRZ data, the phase of 7, u,(t) at the sampling instant t; can be
explicitly written as

A¢(IO):279‘IF1'+§—§ Eq( )+ [ aaliy = KT+ 8ay (1) + 40, (1)
' —(2.49)

; ,
where g(¢) = 1 [ g(t)adt
re-p 1701

Note that the first two terms in (2.49) provide the expected phase change during
the demodulation interval t corresponding to the ideal situation, the next three
terms, in fact, represent the undesired contribution to the phase due to GVD
induced SPM and the last two terms represenfs the phase distortions due to
quantum phase noise and the receiver noise respectively. Denoting the phase

distortion of the signal only due to GVD induced SPM as :
T 7 T :
=[-—+—q(t )]+ a, qg(t, —kIN=Aa_ + 2.50
n=l- 2+ 2al+ 7 T apqlty —kD)=8ay +¢ (2.50)

and by virtue of the assumptions already made above for ideal CPFSK

demodulation, it is possible to write the error probability expression conditioned on

& as [39]

- P(e|£) = P(-m < Ag(t) mod 27 < 0¢  (2.51a)
L z&u 1 (2312 expl—(2n + 1) mAve] x cos[(2n + (A, + &)]
B 2 2 pe Ty n+l"»9 P . 0

—-(2.51b)
—_— ] )
”—Z—_F(AQO’@ | (2.51¢)
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where p=V¥,° /20,’ is the IF SNR, I(x) is the modified Bessel function of

first kind and order @, o’ is the variance of n(t). The second term of implicitly

defines F(Aa,&) in (2.51b). The average error probability can be evaluated as [41]

e 0}

@)= _| PEDp, (& 2:52)

Eqgn. (2.52) can be evaluated by ﬁsing the method of Gauss quadrature rule [41] .
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Chapter-3

Results and Discussions

Following the theoretical analysis presented in chapter-2, the performance resuits

for direct detection optical CPFSK system and heterodyne CPFSK system, are
evaluated at a bit rate of 10 Gbit/s with different sets of receiver and system
paramcters. The parameters of the single-mode fibre used for numerical
computations are : chromatic dispersion coefficient Dc=15 and -15 for wavelength

A=1550nm.

The bit error rate (BER) performance of direct detection CPFSK system is depicted
. in fig. 3.1 in presence of laser phase noise and receiver noise for L=40 km; The
BER curve is plotted as a function of the received power, Ps(dBm) and the receiver
sensitivity is defined as the optical power required to achieve a BER of 10°. In this

figure, results are given for several values of input power when the modulation

index h=1.0. In the same figure the reference curve has been shown for chromatic

dispersion, Dc=0.0. The figure reveals that the BER decreases with increase in the
input power. When the value of Dc=0, the receiver sensitivity is found to be -29.7
dBm. For a given BER (10°). to achieve more received power input power should
be increased. From the plot it is observed that the BER performance decreases with

the increase of received power, Ps.

For modulation index h=0.5 and length L=40km, the BER performance results are
plottéd in fig. 3.2 for Dc=15 ps/km-nm. Compared to fig. 3.1 it becomes evident
that the performance decades more sharply at higher value of h. The power penalty
for h=1.0 is more compared to h=0.5. This is due to the fact that as h increases the
difference between the ‘mark’ and ‘space’ frequencies in the CPFSK signal
spectrum increases. As a consequence intersymbol interference caused by GVD &

SPM increases at increased values of modulation index h.
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F'ig.3.] The bit error rate (BER) performance of direct detection optical CPFSK

System at a bit rate 10 Gb/s with fibre chromatic  dispersion
D= 15 ps/km-nm, band width B=0.75, fibre length L=40 km,
wavelength of 1550 nm and modulation index h=1.0 for different

values of received power P, (dBm) at the receiver terminal.
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Fig.3.2  The bit error rate (BER) performance of direct detection optical CPFSK
system at a bit rate 10 Gb/s with fibre chromatic dispersion D =15 ps/km-
nm, band width B=0.75, fibre length L=40 km, wavelength of 1550 nm and

modulation index h=0.5 for different values of received power P; (dBm) at

the receiver terminal.
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In the presence of fibre chromatic dispersion and self-phase-modulation, the BER
performance of CPFSK direct detection transmission system is shown in fig. 3.3
for fibre length L=80km and modulation index h=1.0. Same figure has been pIotted
for L=120km and h=1.0 in fig. 3.4. We notice that the performance of the system is
- more degraded due to the effect of fibre chromatic dispersion and self-phasc

modulation at longer fibre length.

When dispersion coefficient Dc is negative with fibre length L=120km, the results
are shown in fig. 3.5. Compared to fig. 3.4 it is evident that negative dispersion

factor causes the system performance improved at BER=10".

The penalty in signal power suffered by the system due to the combined effect of
Self-phase-modulation and fibre chromatic dispersion in direct detection CPFSK
system, are determined from bit error rate (BER) curves at BER=10" . The plots of
© power penalty versus input power P, (dBm) are shown in fig. 3.6 and 3.7 for
modulation index h=1.0 and h=0.5 respectively. For both the cases four figures
have been plotted for fibre span L=40 km, 60 km, 80 km and 120 km in the same
graph with Dc=15 ps/km-nm. The figure depicts the variation of power penalty
with input power and it is revealed that up to 7.5 dBm power penalty is almost
constant and then increaseé almost linearly with inereasing input power. Further
the power penalty is found to be more for higher fibre length. For h=0.5 penalty
incrcases abruptly after 12.5 dBm. Comparing fig. 3.6 and fig. 3.7 we note that
power penalty is more for h=1.0 for same set of parameters. But for h=0.5 power
penalty increases abruptly compared to h=1 shown in fig. 3.6. It is also revealed
that the allowable input power for a given power penalty is higher for h=0.5

compared to h=1.
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Fig.3.3 The bit error rate (BER) performance of direct detection optical CPFSK
system at a bit rate 10 Gb/s with fibre chromatic dispersion D~=15 ps/km-
nm, band width B=0.75, fibre length L=80 km, wavelength of 1550 nm and

modulation index h=1.0 for different values of received power P, (dBm) at

the receiver terminal.
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Fig.3.5 The bit error rate (BER) performance of direct detection optical CPFSK
system at a bit rate 10 Gb/s with fibre chromatic dispersion D.=-15 ps/km-
nm, band width B=0.75, fibre length L=120 km, wavelength of 1550 nm and

modulation index h=1.0 for different values of received power P, (dBm) at
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Fig.3.6  Plots of penalty in signal power due to Se]f—pﬁase—modu]ation & fibre
chromatic dispersion at BER=10" versus power input with bit rate Br=10
Gb/s, dispersion co-efficient Dc=15 ps/km-nm, band width B=0.75 and
modulation index h=1.0 for different lengths L=40km, 60km, 80km, 120km

at a Direct detection CPFSK receiver.
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Fig.3.7  Plots of ‘penalty in"signal power due to Self-phase-modulation & fibre
chromatic dispersion at BER=10" versus power input with bit rate Br=10
Gb/s, dispersion coefficient Dc=15 ps/klm-nm, band width B=0.75 and
modulation index h=0.5 for different lengths L=40km, 60km, 80km, 120km

at a Direct detection CPFSK receiver.
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Similar plots of penalty versus input power are also shown in fig. 3.8 and 3.9 for
negative dispersion coefficient De=-15 ps/km-nm. Fig. 3.8 and 3.9 have been
drawn for h=1.0 and h=0.5 respectively. For negative Dc, variation of powér

penalty is less compared to positive dispersion.

~ As seen from the figures that penalty remains almost constant up to 12.5 dBm
when De=-15 where it is up to 7.5 dBm for Dc=15 for L=40 km. This negative
dispersion allows more input power for a given power penalty. This is due to the
fact that for negative dispersion, the effect of SPM is opposite to that of GVD. As a
conscquence, the penalty remains constant up to higher value of input power.

Further increase in input power causes the effect of SPM to be increased more.

When the modulation index h is increased from 0.6 to 0.8, the receiver
performance results are given in fig. 3.10 for length L=40km and chromatic
dispersion coefficient Dc=15. The effect of increased modulation index on the
system performance is noticed when these curves are compared to fig. 3.1 to 3.5. It
becomes clear that the BER increases with increase in the value of modulation
index h for a given value of received power. As a consequence the system suffers
more penalty in signal power at increased modulation index. This is due to
broadened spectrum at higher modulation index and the effect of dispersion is

more prominent at increased bandwidth of the signal spectrum.

The variation of power penalty with modulation index h is plotted in fig. 3.11 and
fig. 3.12 for direct detection CPFSK at fibre length L=40 km and 80 km
. respectively. It i1s observed that penalty increases almost linearly with increasing
value of modulation index . However, as mentioned before, the penalty is found to
be higher at higher values of modulation index. For different values of input power
threc different curves have been plotted in same plot. When input power is 15 dBm

penalty versus modulation index curve (fig. 3.11) shows nonlinear characteristics.
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Fig.3.8  Plots of penalty in signal power due to Self-phase-modulation & fibre
chromatic dispersion at BER=10" versus power input with bit rate Br=10
Gb/s, dispersion coefficient Dc=-15 ps’km-nm, band width B=0.75 and

modu]atlon index h=1.0 for different lengths L=40km, 60km, 80km, 120km
at a direct detection CPFSK receiver.
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Fig.3.9  Plots of penalty in signal power due to Self-phase-modulation & fibre
chromatic dispersion at BER=10" versus power input with bit rate Br=10
Gb/s, dispersion coefficient Dc=-15 ps/km-nm, band width B=0.75 and
modulation index h=0.5 for different lengths L=40km, 60km, 80km, 120km

at a direct detection CPFSK receiver.
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In this casc penalty increases with higher slope up to h=0.8 and then degrades
slowly. But in case of greater fibre length (L=80 km) the penalty increases almost

lincarly with modulation index for different input power (fig. 3.12).

In fig. 3.13 the BER performance has been shown for heterodyne CPFSK receiver.
For specified length L=40km at modulation index h=1.0 and dispersion coefficient
Dc=-15 ps/kin-nm BER performance curves have been plotted for different values
of input power. At the same plot, the reference curve for Dc=0 has been shown.
Received power at BER=10" for heterodyne CPFSK receiver is found -45 dBm.
Similar curves have been plotted in 'ﬁg. 3.14 for h=0.5. From comparison with the
previous curve it is observed that BER performance improves for lower

modulation index as in the case of direct detection.

In fig. 3.15 BER performance curve has been plotted for length L=80km and Dc=-
15 ps/km-nm. With the increased fibre length BER performance increases. For
same length and same modulation index fig. 3.16 has been plotted at dispersion
- De=+15 ps/km-nm. Fig. 3.17 has been plotted for length L=120km and setting all
parameters as before but changing Dc as negative. For higher length BER is more

at certain received power.

Power penalty versus input power curves have been plotted for heterodyne CPFSK
recciver for different fibre length viz. L=120 km, 80 km, 60 km and 40 km in
figurc 3.18 and fig. 3.19 for h=1.0 and h=0.5 respectively at D¢=-15 ps/km-nm.
Pcnalty is constant up to input power P;, =7.5 dBm in both case. Comparing to fig.

3.18 and fig. 3.19 it is observed that penalty is slightly higher for h=1.0 than h=0.5.

Again, comparing to fig. 3.6 to fig. 3.9 for h=1.0, it is found that penalty curve

increases after 7.5 dBm in fig. 3.6 but in fig. 3.18 penalty slightly decreases at 7.5
dBm and then increases again. Penalty is more in heterodyne CPFSK system than
direct detection CPFSK system for specified fibre length. Same variation we also

observed i fig. 3.7 and fig. 3.19 for h=0.5. But for heterodyne CPFSK system
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Fig.3.13 The bit error rate (BER) performance of a heterodyne optica.l CPFSK
system at a bit rate 10 Gb/s with fibre chromatic dispersion D.=-15 ps/km-
nm, band width B,=2, fibre length L=40 km, wavelength of 1550 nm and

modulation index h=1.0 for different values of received power P, (dBm) at

the receiver terminal.
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Fig.3.14 The bit error rate (BER) performance of a heterodyne optical CPFSK system
at a bit rate 10 Gb/s with fibre chromatic dispersion D.=-15 ps/km-nm, band
width Bip=2, fibre length L=40 km, wavelength of 1550 nm and modulation

index h=0.5 for different values of received power P; (dBm) at the receiver

terminal.
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Fig.3.15 The bit error rate (BER) performance of a heterodyne optical CPFSK System

at a bit rate 10 Gb/s with fibre chromatic dispersion D
width Bj=
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2, fibre length L=80 km, wavelength of 1550 nm and modulation
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Fig.3.16 The bit error rate (BER) performance of a heterodyne optical CPFSK system

at a bit rate 10 Gb/s with fibre chromatic dispersion D,
band width B;

=+15 ps/km-nm,
=2, fibre length L=80 km, wavelength of 1550 nm and

modulation index h=1.0 for different values of received power P, (dBm) at

the receiver terminal.
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Fig.3.17 The bit error rate (BER) performance of a heterodyne optical CPFSK system
at a bit rate 10 Gb/s with fibre chromatic dispersion D_=-15 ps/km-nm, band
width B=2, fibre length L=120 km, wavelength of 1550 nm and

modulation index h=1.0 for different values of received power P, (dBm) at

the recéiver terminal.
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Fig.3..18 Plots of penalty in signal power due to Self-phase-modulation & fibre
chromatic dispersion at BER=10" versus power input with bit rate Br=10
Gb/s, dispersion co-efficient De=-15 ps’km-nm, band width B=2 and
modulation index h=1.0 for different lengths L=40km, 60km, 80km, 120km
at a heter odyne CPFSK receiver.
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Fig.3.19 Plots of penalty in signal power due to’ Self-phase-modulation & fibre
chromatic dispersion at BER=10" versus power input with bit rate Br=10
Gb/s, dispersion co-efficient De=-15 ps’km-nm, band width B,=2 and

modulation index h=0.5 for different lengths L=40km, 60km, 80km, 120km
at a heterodyne CPFSK receiver.
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penalty rises gradually where in direct detection CPFSK system 1t rises abruptly
after 10.0 dBm and 12.5 dBm respectively. Penalty is higher for higher fibre length

in all cases.

. Similar plots of penalty versus input power are also shown in fig. 3.20 and fig. 3.21
for positive dispersion coefficient Dc=15 ps/km-nm at h=1.0 and h=0.5
respectively. Comparing to fig. 3.20 and fig. 3.21 it is found that penalty is less for
h=0.5 than h=1.0 at positive dispersion coefficient. Again, it is observed that
penalty remains constant up to a higher value of input power. For example, for
L=120 km when Dc=+15 the penalty starts to increase after 0 dBm as in fig. 3.20,
where as for De=-15, in fig. 3.18 penalty gradually decreases and starts to increase

at or above 10 dBm.

For heterodyne CPFSK receiver, if the length L is increased from 40 km to 80 km
~ the BER performance curve shifts to the right i.e. for same input power and

reccived power BER is more, which is shown in fig. 3.22.

The variation of power penalty with modulation index h is plotted in fig. 3.23 and
fig. 3.24 for heterodyne CPFSK receiver at fibre length L=40 km and 80 km
respectively. It is observed that penalty increases almost linearly with increasing
valuc of modulation index. For different vajues of input power three different
curves have been plotted in same plot. When iﬁput power 1s 15 dBm penalty versus
modulation index curve (fig. 3:23, 3.24) shows nonlinear characteristics. In this

case penalty increases with higher slope up to h=0.8 and then degrades slowly.

A comparison of our analytical results is made in fig. 3.25 with the penalty
measured from the eye-opening by simulation [40]. It is found that the analytical
results are very close to those obtained by computer simulation and thus validates

the approximations made in the analysis.
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Fig.3.20 Plots of penalty in signal power due to Self-phase-modulation & fibre

chromatic dispersion at BER=10" versus power input with bit rate Br—10

Gb/s, dispersion co-efficient Dc¢=]35 ps/km-nm, band width Bir=2 and

modulation index h=1.0 for different lengths L=40km, 60km, 80km, 120km
at a heterodyne CPFSK recejver.
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Plots of penalty in signal power due to Self-phase-modulation & fibre

chromatic dispersion at BER=10" versus power input with bit rate Br=10
Gb/s, dispersion co-efficient Dc=15 ps/km-nm, band width B=2 and
modulation index h=0.5 for different lengths L=40 km, 60 km, 80 km,
120km at a heterodyne CPFSK receiver.
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Length (say, L=40,80km) of a heterodyne CPFSK receiver at a bit rate 10
Gb/s with fibre chromatic dispersion Dc=15 ps’km-nm, band width B=2,

for several values of received power P,.
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Fig.3.23 Variation of power penalty in signal power due to combined effect of Self-
phase-modulation & fibre chromatic dispersion at BER=10" versus
modulation index (h) with fibre length L=40km, Br=10 Gb/s, dispersion co-
cfficient Dc=15 and band width B=2 for different values of input power

Pin=-10, 0, 15 dBm for a heterodyne CPFSK receiver.
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Fig.3.24 Variation of po@er penalty in signal power due to combined cffect of Self-
phase-modulation & fibre chromatic dispersion at BER=10" wversus
modulation. index (h) with fibre length L=80km, Br=10 Gb/s, dispersion co-
efficient Dc=15 and band width By=2 for different values of Input power
Pin=-10, 0, 15 dB for a heterodyne CPFSK r¢ceiver.
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Fig.3.25 Comparison between analytical results with the penalty measured from cyc-
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Chapter-4
Conclusions and Suggestions for future works

4.1 Conclusions :

A theorctical analysis is provided for optical CPFSK transmission system with
direct detection receiver and heterodyne CPFSK receiver using Mach-Zehnder
Interfcrometer (MZI) as an optical frequency discriminator. The analysis is carricd
out to evaluate the combined effect of fibre chromatic dispersion and sclf phasc
modulation on the system performance. The probability density function (pdf) of
the random phase fluctuation due to the effect of fibre chromati(; dispersion and
self phase modulation is determined from its moments and the expression for bit

error probability is developed.

Following, the theoretical analysis the bit error rate performance results are
evaluated at a bit rate of 10 Gb/s with single mode fibre at an wavelength of 1550
nm for diffcrent sets of values input power, modulation index, chromatic

dispersion etc.

The rcsults show that the performance of direct detection and heterodyne CPFSK
. system is highly degraded due to the effect of fibre dispersion and sclf phase
modulation. For small values of dispersion coefficient Dec, the system suffers
pecnalty in signal power at a specified BER of 10” compared to the case of no
dispersion. In the presence of self phase modulation, the system performance is
morc dcgraded and the penalty is higher. For cxample, in presence of SPM the
penaity suffered by the system at BER=10" is approximatély 2.2 dB for Dc=15,
P..=5 dBm, fibre span L=80 km and modulation index h=I.0, for dircct detection
receiver. [t is further notice that the penalty is higher for higher values of

modulation index. For example, when L=40 km, Dc=15, P;;=5 dBm; the penalty 1s
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0.3 dB for h=0.5. Whereas the penalty is 1.0 dB for h=1.0. Similarly for

heterodyne CPFSK receiver, penalty increases with increasing modulation index.

The power penalty increases with the increase of input power. The powcr. penalty
remains constant up to certain input power for a specified fibrc length. But with
the further increment of input power power penalty increases rapidly. For example,
" in direct detection CPFSK receiver up to input power P;;=5 dBm, h=1.0 and fibrc
length L=40 km, power penalty femains constant at 1.0 dBm but it starts to
increasc aftcr 5 dBm and reaches to infinity after 15 dBm. Again it is obscrved that
powcer penalty i1s comparatively lower for direct detection CPFSK rccciver for
h=0.5 but it shows infinite penalty quickly and sharply. For other cases with the
variation of length penalty varies clearly i.e. for higher length higher penalty is

observed.

Similarly for heterodyne CPFSK receiver, penalty versus input power curves
. shows similar variations. For higher distances rate of increment of penalty is
higher. So we can conclude that penalty increases with increase in input power as
well as length of fibre. The effect of SPM in presence of GVD thus imposes
-restrictions on the maximum allowable input power that can be launched into the
fibre for a given fibre length and modulation index. For longer fibre span the cffect

of SPM is more and the allowable input power is highly restricted.
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4.2  Suggestions for Future Works:

Further research related to this work can be carried out to investigate the influence
of SPM on optical heterodyne FSK system with envelope detection reccivers. The
work can be extended to optical intensity modulation (IM) and differential phase
shift keying (DPSK)} transmission system with direct/ 'hctcrodync detection
. receivers. Further investigations can also be initiated to analyze the pérformance of
optical FSK/ DPSK systems with fibre having non-uniform chromatic dispersion

along the fibre length.

Further works of importance are to determine dispersion compensation tcchniqucs
to rcduce the power penalty due to fibre chromatic dispersion so as to incrcasc the
rcpeaterless transmission distance in single/ multi channel transmission systems

with single-mode fibres.

Further research related to this work can be carried out tb investigatc the influence
of SPM on the performance of optical bi-direction ring network. The maximum
number of channels, optimum channel separation, maximum fibre span limited by
the combined cffect of fibre chromatic dispersion and laser phase noisc at a bit rate

10 Gb/s or higher are to be determine.
Further research works can also be carried out to evaluate the impact of fibre non-

lincar cffcct such as fibre Cross-phase-modulation (XPM) and Scif-phasc-

modulation (SPM) on the performance of a WDM optical transmission systems,
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