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ABSTRACT

The optical networks are fast, robust and error-free, but there are some nonlinearity hindrances
which prevent them from being a perfect medium. The performance of wavelength division
multiplexing (WDM) is found to be intensely influenced by nonlinearity characteristics within
the fiber. Four-wave mixing (FWM) is a type of nonlinear effect which occurs in WDM systems
when light of two or more different wavelengths are launched into a fiber. FWM causes
interchannel crosstalk, intersymbolic interference, generates additional noise and degrades
system performance in WDM systems. One of the objectives of this research is to simulate the
FWM effect in WDM with optical components in optical simulation software called optisystem
in order to minimize this nonlinear effect called FWM. Previously duobinary modulation
technique was used, this research uses polarization controller, dispersion compensation fiber +
fiber bragg grating, bessel optical filter, unequal channel spacing and optical infinite impulse
response(optical IIR) filter techniques to minimize the FWM effect. The effect of polarization
controller, the FWM effect was minimized to — 80dBm with respect to the FWM sideband and
the threshold value of input power obtained was 22dBm. Effect of bessel optical filter, the FWM
effect was minimized to -84dBm with respect to the FWM sideband and the threshold value of
input power obtained was 27dBm. The effect of dispersion compensation fiber and fiber bragg
grating, the FWM effect was minimized to -85dBm with respect to the FWM sideband and the
threshold value of input power obtained was 30dBm. With the effect of unequal channel spacing,
the FWM effect was minimized to -88dBm with respect to the FWM sideband and the threshold
value of input power obtained was 30dBm. Finally, the effect of optical IIR filter, the FWM
effect was minimized to -99dBm with respect to the FWM sideband and the threshold value of
input power obtained was 40dBm. The threshold value of input power is the input power level
below which the optical signal to noise ratio (OSNR) is constant. In each of these four wave
mixing minimization methods employed, noise was eliminated in the WDM systems.

Xvii



CHAPTER ONE

INTRODUCTION
1.1 Background

The interactions between three wavelengths produce a fourth wavelength, this
phenomenon is called four-wave mixing. Four-Wave Mixing is a non-linear effect in
Wavelength Division Multiplexing (WDM) systems. Four-wave mixing (FWM) is a third-order
non-linear effect. It is caused by the dependence of refractive index on the intensity of the

optical power.

The concept of three electromagnetic fields interacting to produce a fourth field is
central to the description of all four-wave mixing processes. Physically, we may understand this
process by considering the individual interactions of the fields within a dielectric medium. The
first input field causes an oscillating polarization in the dielectric which re-radiates with some
phase shift determined by the damping of the individual dipoles. The application of a second
field will also drive the polarization of the dielectric, and the interference of the two waves will
cause harmonics in the polarization at the sum and difference frequencies. Now, application of a
third field will also drive the polarization, and this will beat with both the other input fields as
well as the sum and difference frequencies. This beating with the sum and difference
frequencies is what gives rise to the fourth field in four-wave mixing. Since each of the beat
frequencies produced can also act as new source fields, a bewildering number of interactions

and fields may be produced from this basic process (Schneider,T.,2013).

The phenomenon of interaction between two or more wavelengths to produce more
wavelengths due to scattering of photons incident on the fiber is known as four wave mixing

(FWM) also named as four photon mixing. It is one of the most crucial parameter which



determines the performance of an optical transmission system. It is observed that two or more
information carrying optical signals travelling in the same fiber interact with each other very
weakly. However over long-haul transmission, these weak interactions become very significant.
The main reason of four wave mixing in optical fiber is the change of refractive index with
optical power. Four wave mixing can also be considered as kerr effect in optical domain.
Chromatic dispersion and fiber non-linear effects pose a major restriction on maximum repeater
distance and bandwidth of fiber optic communication system. The interactions between
information carrying optical signal and optical fiber can lead to signal interference, signal
distortion, scintillations and distortion of information carrying signal which degrades system’s
performance. Four waves mixing is a third order distortion of signal in which two or more
nearby frequency travelling in the same fiber interact with each other and as a result produce
new frequencies also known as beat frequencies which travel along the original signal travelling
in the fiber. As a result of FWM in a multichannel system several impairments occur in the
transmission process such as crosstalk and inter symbolic interference (IST) which degrades the

overall performance of the system (Singh,M.,2015).

Four wave mixing leads to interchannel crosstalk in WDM systems. FWM generates
additional noise and degrades system performance. Four wave mixing also leads to

intersymbolic interference.
1.2 Motivation

The optical networks are of high speed capability and low cost, but there are some
nonlinearity hindrances which prevent them from being a perfect medium. The performance of
wavelength division multiplexing (WDM) is found to be greatly influenced by nonlinearity

characteristics within the fibers. Four-Wave Mixing (FWM) is defined as an undesirable



nonlinear effect that causes significantly degraded system performance for optical

communication systems.

In this research, the performance of WDM networks is analyzed using different
techniques. The effect of input signal power on FWM is studied. Also the threshold values of
input power is obtained and hence incorporation of polarization controller, bessel optical filter,
dispersion compensation fiber, fiber bragg grating, unequal channel spacing, optical infinite

impulse response filter are used in this research for reducing FWM effect in WDM networks.
1.3  Problem Statement

Four-wave mixing pose a major restriction on maximum repeater distance and bandwidth of
fiber optic communication system. As a result of FWM in a multichannel system several
impairments occur in the transmission process such as crosstalk and inter symbolic interference

(IST) which degrades the overall performance of the system.

Therefore there is need to reduce the four wave mixing sideband, eliminate noise in the
channels and also obtain a higher threshold value of input power in order to minimize the four

wave mixing effect in WDM optical communication systems.

Crosstalk is the power transferred from one channel to another which can occur due to the
nonlinear effect, especially the FWM effect which produces crosstalk between wavelength
channels. The crosstalk strongly depends on the channel separation, optical power and number
of sources. “Cross-talk” is when light is scattered from one fiber optic strand to another within a
jacketed fiber bundle (or light guide) consisting of several fiber optic strands. It is strongly
associated with packing fraction losses. This occurs in both coherent an incoherent fiber
bundles. “Cross-talk” can also occur when unwanted light from one unjacketed fiber optic

strand scatters to another, when they are aligned side-by-side. This is common in

3



communication applications when two fibers transmitting separate signals are in close
proximity. In an optical fiber, the exchange of optical power between the core and the cladding,
the cladding and the environment, or layers with different refractive indexes, optical fiber
crosstalk usually is undesirable because differences in path length and propagation delay usually

results in dispersion, thus reducing transmission distances.

Inter symbolic interference is a signal distortion in telecommunication. One or more symbols
can interfere with other symbols causing noise or a less reliable signal. The main causes of inter
symbolic interference are multipath propagation or non-linear frequency in channels. This has
the effect of a blur or mixture of symbols, which can reduce signal clarity. If inter symbolic
interference occurs within a system, the receiver output becomes erroneous at the decision
device. Therefore, both the crosstalk and ISI effect needs to be minimized so as to reduce signal

distortion.

14 Research Aim and Objectives

The aim of this research is to minimize four wave mixing nonlinearity effect in
wavelength division multiplexing optical communication systems. The objectives of this

research are:

1. To simulate the FWM effect in WDM system using optisystem optical library
components.
2. To evaluate the performance parameters associated with correction of four wave mixing

effect in terms of signal power, noise power, optical signal to noise ratio (OSNR), FWM
sideband and threshold value of input power.

3. To validate the results by comparing the results with existing literatures in the field.



1.5 Scope of the Work

The scope of this study is limited to simulation carried out in optisystem, optical system

simulation software developed by optiwave system Inc.
1.6 Limitation of the Work

This research is limited in some areas, for instance the study is limited to analyzing the
performance parameters such as signal power, noise power, optical signal to noise ratio

(OSNR), four wave mixing sideband, and threshold value of input power.
1.7 Organization of the Thesis:

The first chapter presents the introductory background of four-wave mixing effect, also
the problem statement, motivation, scope, aim and objectives and limitation of the project were
clearly stated in this chapter. Chapter two presents the definition and explanation of nonlinear
effects in optical fibers, major nonlinear effects in optical fibers, dynamics and advantages and
disadvantages of each of the nonlinear effects in optical fibers, and origin of four wave mixing
effect. The previous works on four wave mixing is also reviewed in this chapter. Chapter three
tagged the methodology of the thesis. The research design as well as operating principle of
minimization of FWM setup considered in this thesis was properly discussed in this chapter.
The input and output parameters used in the minimization of four wave mixing effect in this
study are also discussed in details in this chapter. Chapter four presents all the simulation results
from the optisystem software. The performance analysis through performance parameter is done
by presentation through Microsoft excel plotted graphs and spectrum obtained from the result of
the simulation for the better understanding of the analysis. The summary result of the analysis is

also contained in this chapter. Chapter five concludes the findings of this simulation research



and provides the recommendation for future studies for the further minimization of four wave

mixing effect.



CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction
This chapter introduces other types of modulation techniques, the concept of nonlinear
effects in optical fibers and its various types. The dynamics, advantages and disadvantages of
each of the nonlinear effects were also discussed. The origin of four wave mixing effect was

also discussed. Previous works of FWM are also presented.

2.2 Others Types of Modulation Techniques

1. QAM modulation

2. QPSK modulation

3. DPSK modulation

4. Hybrid modulation

2.2.1 Quadrature Amplitude Modulation (QAM)

QAM is a modulation scheme used for both digital and analog signals. QAM doubles the
effective bandwidth by combining two amplitude — modulated signals into a single channel.
This allows multiple analog signals to be placed on a single carrier. QAM is a technique used to
transmit two digital bit streams or two analog signals by modulating or changing the amplitudes
of two carrier waves so that they differ in phase by 90 degrees, a quarter of a cycle, hence the
name quadrature. One signal is called the “1” signal and the other is the “Q” signal, which can
be mathematically represented by a cosine and a sine wave respectively. QAM combines the

two carriers and sends the combined signals in a single transmission to be separated and



extracted at the destination. The signals are demodulated , and the data are then extracted from

each and combined to form the original modulating information.

2.2.2 Quadrature phase shift keying(QPSK)

QPSK is a modulation technique, which actually transmits two bits per symbol. In other words,
a QPSK symbol does not represent o or 1- it represents 00,01,10 or 11. This two-bits-per-
symbol performance is possible because the carrier variations are not limited to two states. In
ASK, for example, the carrier amplitude is either amplitude option A (representing a 1) or
amplitude option B (representinga O). In QPSK, the carrier varies in terms of phase, not
frequency, and there are four possible phase shifts. In a word it is a system of modulating digital
signals on to a radio-frequency carrier signal using four phase 0,90,180,270 degree states to
code two digital bits. QPSK is another modulation technique, and it is a particularly interesting
one because it actually transmits two bits per symbol. In other words, a QPSK symbol does not
represent 0 or 1- it represents 00,01,10 or 11. This two-bits-per-symbol performance is possible
because the carrier variations are not limited to two states. In ASK , the carrier amplitude is
either amplitude option A (representing a 1) or amplitude option B ( representing a 0 ). In

QPSK, the carrier varies in terms of phase, not frequency, and there four possible phase shifts.

2.2.3 Differential phase shift keying (DPSK)

DPSK is a common form of phase modulation that conveys data by changing the phase of the
carrier wave. In phase shift keying, High state contains only one cycle but DPSK contains one
and half cycle. High state is represented by a M in modulated signal and low state is represented
by a wave which appears like W in modulated signal. DPSK encodes two distinct signals of
same frequency with 180 degree phase difference between the two. The experiment requires

two 180 degree out of phase carrier and modulating signals. Sine waveform oscillator is
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selected as carrier signal. DSG converts DC input voltage into pulse trains. These pulse trains
are taken as modulating signals. In actual practice modulating signal is digital form of voice or
data. Sine wave is selected as carrier and 180 degree phase shift is obtained using Opamp.
Different methods are used to demodulate DPSK. The analog scheme is the PLL (Phase Locked
Loop ). In DPSK, during HIGH state of the modulating signal fleadsignal is allowed to pass and
during LOW state of the modulating signal flag signal is allowed to pass. The Opamp is tied in

the inverting amplifier mode.

2.2.4 Hybrid modulation

In digital communication the three basic modulation techniques are frequency-shift keying,
phase-shift keying and amplitude-shift keying. An hybrid modulation is a modulation that uses
more than one of these, the most common is Quadrature amplitude modulation (QAM) where

you modulate using both amplitude and phase.

23 Nonlinear Effects in Optical Fibers
The terms linear and nonlinear in optics mean intensity independent and intensity-
dependent phenomena respectively as shown in Figure 2.1. Nonlinear effects in optical fibers

occur due to:

1. Change in the refractive index of the medium with optical intensity and,

2. Inelastic scattering phenomenon.

The power dependence of the refractive index is responsible for the Kerr-effect.
Depending upon the type of input signal, the Kerr-nonlinearity manifests itself in three different

effects such as Self-Phase Modulation (SPM), Cross-Phase Modulation (CPM) and Four-Wave



Mixing (FWM) as shown in Figure 2.2. At high power level, the inelastic scattering
phenomenon can induce stimulated effects such as Stimulated Brillouin-Scattering (SBS) and
Stimulated Raman-Scattering (SRS). The intensity of scattered light grows exponentially if the
incident power exceeds a certain threshold value. The difference between Brillouin and Raman
scattering is that the Brillouin generated phonons (acoustic) are coherent and give rise to a
macroscopic acoustic wave in the fiber, while in Raman scattering the phonons (optical) are

incoherent and no macroscopic wave is generated.

Linear
Cutput
MNonlinear
Input :
Fig. 2.1: Linear and Nonlinear Interactions.
Nonlinear Effects in Optical Fibers
v v
Nonlinear Refractive Inelastic Scattering
Index Effects Effects

SPM CPM FWM SRS SBS

Fig. 2.2: Nonlinear Effects in Optical Fibers (Ajiya, M., 2015).

10



24 Major Nonlinear Effects

I. Stimulated Raman Scattering (SRS)
2. Stimulated Brillouin Scattering (SBS)
3. Self-Phase Modulation (SPM)

4. Cross-Phase Modulation (XPM)

5. Four-Wave Mixing (FWM)

2.4.1 Stimulated Raman Scattering
Scattering of light from vibrating silica molecules. Amorphous nature of silica turns
vibrational state into a band. Raman gain spectrum extends to 41 THz. Raman gain is maximum

near 13 THz. Scattered light red-shifted by 100 nm in the 1.5 um region.

2.4.1.1 SRS Dynamics

SRS process is governed by two coupled equations:

diy dl; _
F;_: —gRI?,IS —rx,pf?,-;— gRI?,IS—aSIS. (2.1)

If we neglect pump depletion (I;<<I,), pump power decays exponentially, and the Stokes beam

satisfies.
&= _gle—a,l—a,l 2.2
dz Hrigt apsj' iz ()

This equation has the solution
Ii(L) = 15(0) exp(gRIDLEff —ayl), L;r = [1—exp(—a,L)]/a, (2.3)

SRS acts as an amplifier if pump wavelength is chosen suitably.
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2.4.1.2 Advantages and Disadvantages of SRS

Advantages

1. Raman amplifiers are a boon for WDM system:s.
2. Can be used in the entire 1300-1650 nm range

3. Erbium-doped fiber amplifiers limited to ~40 nm.
4. Distributed nature of amplification lowers noise.

5. Likely to open new transmission bands.

Disadvantages

1. Raman gain introduces interchannel crosstalk in WDM systems.
2. Crosstalk can be reduced by lowering channel powers but it limits the number of

channels.

2.4.2Stimulated Brillouin Scattering
Scattering of light from acoustic waves. Becomes a stimulated process when input

power exceeds a threshold level. Low threshold power for long fibers (~5 mW)

2.4.2.1Brillouin Shift
Pump produces density variations through electrostriction, resulting in an index grating
which generates Stokes wave through Bragg diffraction. Energy and momentum conservation

require :

Q= w,—w_ky, = k,— k.. (2.4)

Acoustic waves satisfy the dispersion relation:
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Q; = Vi/ka/ ¥ 2V, /k, /sin(6/2) 2.5)
In a single- mode fiber 8 = 180", resulting in
vy = Qp/2n=2n,v, /A, ¥ 11 GH_ (2.6)

Where Ty, is the fiber refractive index of the medium.

V,is the speed of the sound in the medium and 4, is the pump wavelength.

If we use ¥, = 5.96km/s,n, = 1.45,and 1, = 1.55 um, the value appropriate Brillouin

shift for silica fibers is vy ~ 11 GH_

2.4.2.2Brillouin Threshold

Pump and Stokes along the fiber as

dl, dr

—2=—ggl,I,—al,, —E= —ggl I, —al, (2.7)
Ignoring pump depletion, I,(z) = Ipexp(-0z).

Solution of the Stokes equation;

I,(L) = 1,(0)exp(ggl, L s; — al). (2.8)
Brillouin threshold is obtained from

RN 3 21 - P, N L 2.9)

Brillouin gain gz ¥ 5 X 107" m /W is nearly independent of the pump wavelength.
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2.4.3 Self-Phase Modulation

Refractive index depends on optical intensity as

nlw, I) =ny(w) + nI(t). (2.10)

Leads to nonlinear Phase shift

@y, (£) = (2r/ D), I(E)L. (2.11)

An optical field modifies its own phase (SPM). Phase shift varies with time for pulses. Each
optical pulse becomes chirped. As pulse propagates along the fiber, its spectrum changes
because of SPM.

2.4.3.1 Advantages and Disadvantages of SPM

Advantages

1. Modulation instability can be used to produce ultra short pulses at high repetition rates.
2. SPM can be used for fast optical switching.

3. It has been used for passive mode locking.

4. Responsible for the formation of optical solitons.

Disadvantages

1. SPM-induced spectral broadening can degrade performance of a light wave system.

2. Modulation instability often enhances system noise.

2.4.4 Cross-Phase Modulation

Consider two optical fields propagating simultaneously. Nonlinear refractive index seen
by one wave depends on the intensity of the other wave as
Anyy, = ny (/A2 + b4, /7). (2.12)

Nonlinear phase shift:
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Dy = (2mL/)n, [1(t) + bL(£)]. (2.13)
An optical beam modifies not only its own phase but also of other copropagating beams (XPM).
XPM induces nonlinear coupling among overlapping optical pulses.

2.4.4.1 Advantages and Disadvantages of CPM

Advantages

1. Nonlinear Pulse Compression.

2 Passive mode locking.

3 Ultrafast optical switching.

4. Demultiplexing of OTDM channels.
5

Wavelength conversion of WDM channels.

Disadvantages
l. XPM leads to interchannel crosstalk in WDM systems.
2. It can produce amplitude and timing jitter.

2.5  Four-Wave Mixing (FWM)

Degenerate four-wave mixing- Four-wave mixing is also referred to as degenerate four-wave
mixing when there are three components involved and all the waves have the same frequency.
Non-degenerate FWM- is also present, if only two components interact as shown Figure 2.3.

Single Pump Dual Pump
Rl REEEEEEEEEEEEETEE -—-- <«—— Virtual Level — ----4---------------- - ---
(1)-
W+ w-
w-
A \ 4 A
A
W+ (W w
n
v W4 v
Degenerate Non-degenerate

Fig. 2.3: Four-Wave Mixing
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FWM is a nonlinear process that transfers energy of pumps to signal and idler waves. FWM
requires conservation of
(notation: E = Re [Aexp(ifiz —iwt)]) (2.14)
Energy wy + @y = wy + wy
Momentum 3y + > = iy + .
Degenerate FWM: Single pump (w; = w,).

2.5.1 Disadvantages of FWM

Disadvantages

l. FWM leads to interchannel crosstalk in WDM systems.

2. FWM generates additional noise and degrades system performance.
3. FWM leads to intersymbolic interference.

Self-Phase Modulation (SPM), Cross-Phase Modulation (CPM) and Four-Wave Mixing (FWM)
are nonlinear effects in optical fibers that occur due to change in the refractive index of the
medium with optical intensity and their comparison is shown in Table 2.1.

Table 2.1: Comparison of Nonlinear Refractive Effects.

Nonlinear
Phenomenon SPM CPM FWM
Characteristics ¢
1. Bit-rate Dependent Dependent Independent
2. Origin Nonlinear Nonlinear Nonlinear
susceptibility susceptibility susceptibility
3. Effects of Phase shift due to Phase shift is alone New waves are
pulse itself only due to copropagating | generated
signals
4. Shape of Symmetrical May be a symmetrical | -
broadening
5. Energy transfer No No No
between medium
and optical pulse
6. Channel spacing | No effect Increases on Increases on
decreasing the decreasing the
spacing spacing
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2.6 Origin of Four-Wave Mixing

The origin of FWM process lies in the nonlinear response of bound electrons of a
material to an applied optical field. In fact, the polarization induced in the medium contains not
only linear terms but also the nonlinear terms. The magnitude of these terms is governed by the
nonlinear susceptibilities of different orders. The FWM process originates from third order
nonlinear susceptibility. If three optical fields with carrier frequencies ®;, ®, and 3,
copropagate inside the fiber simultaneously, susceptibility generates a fourth field with
frequency w4, which is related to other frequencies by a relation, 4= ®; = ®; + ®3. In quantum-
mechanical context, FWM occurs when photons from one or more waves are annihilated and
new photons are created at different frequencies such that net energy and momentum are
conserved during the interaction. Self-Phase Modulation (SPM) and Cross Phase Modulation
(CPM) are significant mainly for high bit rate systems, but the FWM effect is independent of
the bit rate and is critically dependent on the channel spacing and fiber dispersion. Decreasing
the channel spacing increases the four-wave mixing effect and so does decreasing the

dispersion(Singh,S.P.,2007).

Qui-m) 0 [0y Qw_or)
Frequency (®)

Fig. 2.4: Showing mixing of Two Waves.
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Figure 2.4 shows a simple example of mixing of two waves at frequency ®; and ®,. When these
waves mixed up, they generate sidebands at (2mi-®;) and (20, -m;). Similarly, three
copropagating waves will create nine new optical sideband waves at certain frequencies. These
sidebands travel along with original waves and will grow at the expense of signal-strength
depletion. In general for N-wavelengths launched into fiber, the number of generated mixed
products M is,

M =N?% 2. (N-1) (2.15)

2.7  Previous Works on FWM

A lot of works have been reported on four-wave mixing, for instance (Saurabh Kothari
et al., 2014) showed that the FWM decreases with the increase of the channel spacing of
transmitted signals, dispersion and core effective area of the fiber. The four wave mixing side
band obtained was -40dBm. This sideband is high. The reason for this high sideband is due to
the absence of a filter. The result obtained shows that the FWM decreases with the increase of
the channel spacing of transmitted signals, dispersion and core effective area of the fiber [1].
A. Panda and D.P. Mishra, 2014 showed that the magnitude of FWM depends on channel
power, channel spacing and fiber dispersion but is independent of the bit rate. The four mixing
sideband obtained was -38dBm. This sideband is high. The reason for this high sid3eband is
because of the absence of polarization controller. The information capacity of a light wave is
ultimately limited by the nonlinear interactions between the information signals and the fiber
medium [2].
Mehtab Singh and Vishal Sharma, 2015 showed that as the transmission power is increased, the
efficiency of four wave mixing effect increases. Also if the channel spacing in a WDM system

is kept uneven, the power levels of mix frequencies produced as a result of FWM effects is
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reduced to a considerable amount. The FWM sideband obtained was -50dBm. This sideband is
high. The reason for this high sideband is because of the absence of dispersion compensation
fiber. Analysis of effect of increasing optical transmission powers and channels spacing in a

wavelength division multiplexing system was done [3].

Veerpal Kaur and Kamaljit Singh Bhatia, 2015 investigated the effect of channel spacing and
chromatic dispersion on four wave mixing in WDM system and that dominating effect of four
vgwave mixing is minimizing at maximum value of dispersion and channel spacing. Power of
FWM, Q-factor, bit error rate and output spectrum were used to measure the performance of the
system. The FWM sideband obtained was -67dBm. The FWM can be minimized here by the
incorporation of fiber bragg grating. This result shows that increasing chromatic dispersion and
channel spacing, decreases the FWM [4].

Surbhi Jain and A. Brintha Therese, 2015 analyzed the performance of WDM network using
optical filter (rectangle filter) and various external modulation schemes under FWM
nonlinearity effect. Here, the effect of input signal power on FWM was studied. The FWM
sideband obtained -69.6dBm. This sideband is slightly high. The reason for this, is because of
the absence of polarization controller, bessel optical filter, dispersion compensation fiber + fiber
bragging grating and optical IIR filter. Duobinary modulation is found to be the optimal
technique for reducing FWM effect [5].

Haider Jabber Abed, N.M. Din et al., 2014 presents a method to suppress the FWM through
system parameters optimization. The study was conducted on four different types of optical
fiber, i.e. Single- Mode Fiber (SMF), Dispersion Shifted Fiber (DSF), Non-zero Dispersion
Fiber (NZDF) and Non-zero Dispersion Shifted Fiber (NZDSF). The results proved that the
optimization of the parameters can reduce the effect of FWM in optical fiber link. It showed that

a maximum FWM power level was observed with DSF and a minimum FWM power level with
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SMF with little effect on the optical link channel. The FWM sideband obtained was -45dBm.
This sideband is high. The reason for this sideband is because of the absence of dispersion
compensation fiber and fiber bragg grating in this work. This result proved that the optimization
of the parameters can reduce the effect of FMW in optical fiber link [6].

Deven Bhalla and Monica Bhutani, 2014 discussed the effect of channel spacing, laser power
and dispersion, length of the optical fiber and the variation of input power to compensate the
effect of FWM when implemented in a short haul environment. The FWM sideband obtained
was -47dBm. This sideband is high. The reason for this is due to the absence of polarization
controller or dispersion compensation fiber + fiber bragg grating. FMW effect is resonant when
the phase matching condition is satisfied. It only occurs for particular combinations of fiber
dispersion and signal frequencies [7].

S. Esther Jenifer , K. Gokulakrishnan, 2014 showed that Hybrid Modulator technique, Return to
Zero (RZ) pulse generator and Dispersion Compensation Fiber (DCF) have proposed to reduce
the Four Wave Mixing (FWM) in equal channel spacing. The single and combined effect of
various parameters such as input power, effective area, channel spacing and fiber length were
analyzed to determine the effect of FWM power. The result showed that increasing sequentially
the effective area, fiber length, channel spacing and decreasing the input power can suppress
the FWM effect. The noise power obtained was -60.12dBm and the FMW sideband obtained
was -49dBm. Both the noise power and the FMW sideband are slightly high. This is due to the
absence of filter, fiber bragg grating and lack of the use of unequal channel spacing in this
work. The single and combined effect of various parameters such as input powers, effective
area, channel spacing and fiber length have been analyzed to determine the effect of FWM[8].
A. Panda and D.P. Mishra, 2013 investigated the FWM effect with different number of channels

at various channel spacing. The FWM sideband obtained was -35dBm. This sideband is high.
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The reason for this is due to the absence of filter, polarization controller and dispersion
compensation fiber + fiber bragg grating[9].

S. Sugumaran, Sadhana Priya Vashisht et al., 2011 numerical analysis of the nonlinear effects is
done by nonlinear Schrodinger equation. The equation was solved using an algorithm called
split-step algorithm coded in matlab. The analysis shows that FWM is independent of bit rate
but depends on fiber dispersion and channel spacing The FWM sideband obtained was -77dBm.
This result can be proved upon by the incorporation of polarization controller, bessel optical
filter, dispersion compensation fiber + fiber bragg grating, use of unequal channel spacing, or
by the use of optial IIR filter. Thus WDM systems upgrade channel capacity, transparency and
enhances wavelength switching and routing[10].

Mohammed Ali K.N, 2013 showed that FWM effects have become significant at high optical
power levels and have become even more significant when the capacity of the optical
transmission line is increased, which has been done by either increasing the channel bit rate, and
decreasing the channel spacing, or by the combination of both process. The FWM sideband
obtained was -38dBm. This sideband is high. This is due to the absence of filters, polarization
controller and dispersion compensation fiber + fiber bragg grating. The FWM effects have
become significant at high optical power levels and have become even more significant when
the capacity of the optical transmission line is increased [11].

Rupinder Kaur, Sanjeev Dewra,2014 showed that duobinary modulation is a more efficient
format for transmitting high speed optical signals over bandwidth limited channel and that the
duobinary modulation format for long haul and WDM transmission links is the one that has a
narrow spectral width , low susceptibility to fiber nonlinearity, large dispersion tolerance and

good transmission performance and has a simple and cost-effective configuration [12].

21



Habib Ullah Manzoor, Abaid Ullah Salfi et al. , 2015 introduced a method in which alternative
circular polarizers were used to change the polarization of input pulses into right and left
handed polarized pulses before multiplexer which resulted in reduction of FWM. The FWM
sideband obtained was -65dBm. This sideband is slightly high. The reason for this, is because of
the absence of filters and fiber bragg grating in the setup. With the help of this technique, FWM
can be minimized by optimizing optical network parameters [13].

Ishita Tiwari, Shreya Garg et al., 2015 simulated Wavelength Division Multiplexed (WDM)
optical transmission system with different modulation schemes that can help in enhancing the
system performance by dampening the nonlinearity effect — Four Wave Mixing (FWM). The
analysis of WDM was carried out for Carrier Suppressed Return to Zero (CSRZ), Duobinary
and Differential Phase Shift Keying (DPSK) modulation formats. The effect of variation in
system length, dispersion and bit rate was observed in terms of Q-value and BER. Variation in
output FWM power was also observed in terms of channel spacing and dispersion. It was
observed that Duobinary is the optimal technique to reduce the effect of FWM. The FWM
sideband obtained was -63dBm. This is slightly high. The reason for this is because of the
absence of dispersion compensation fiber and fiber bragg grating in the simulation setup. FWM
have vital deleterious effects in the system where it can cause cross talk between different
wavelength channels and/or an imbalance in channel power [14].

Narinder Singh, Ashok K. Goel, 2016 compared Four Wave Mixing (FWM) effect on two
channels Wavelength Division Multiplexing (WDM) optical communication system for
different values of channel spacing. The effect of variation in input power of laser array was
also been investigated. The effect of dispersion was also being considered in the optical spam of
fiber and pre-dispersion compensation technique was been employed to mitigate its effect. The

performance of optical communication system was been evaluated in terms of Q-factor, Bit
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Error Rate (BER) and output from the Optical Spectrum Analyzer. It was simulated that the
FWM effect decreases as the channel spacing increases. The FWM sideband obtained was -
80dBm. This sideband is low, but can still be minimized by the use of polarization controller,
filters such as bessel optical filter and optical IIR filter and also be the incorporation of fiber
bragg grating [16].

Fatemah Dehghani, Farzin Emami, 2016 investigated a new approach for suppressing the four-
wave mixing (FWM) crosstalk by using the pairing combinations of differently linear-polarized
optical signals. The simulation was conducted using a two-channel system. The proposed
technique was to suppress the FWM interaction using different input powers. It was been
evaluated for single-mode fiber (SMF). The FWM sideband obtained was -81dBm. This
sideband is low, but can be improved upon by the use of dispersion compensation fiber and
fiber bragg grating and also by the incorporation of filters [15].

A.M. Chadha, et al., 2017, explained the most important linear and nonlinear impairments of an
optical fiber and the effects of the interplay between them. The mathematical analysis of these
impairments were also reviewed to obtain a better idea of the behavior of the fiber in their
presence. An optical system was also simulated and observed its performance by variation in
parameters such as channel spacing and dispersion. The FWM sideband obtained was -83dBm.
This sideband is low, but can be minimized by the use of unequal channel spacing and also by
the incorporation of optical IIR filter, bessel optical filter, dispersion compensation fiber + fiber
bragg grating, or by the use of polarization controller [18].

Jaspreet Kaur, Dr. Hardeep Singh, 2017, accentuated on the emergence of four wave mixing in
WDM system at different distances and to study behavior of the system for different WDM
channels, frequency spacings, different optical fibers such as single mode fiber and dispersion

compensation fiber, SMF effective areas. Performance of the proposed system is evaluated in
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terms of Q-factor, BER and FWM is analyzed at different distances. The FWM sideband

obtained was -82dBm. This sideband is low, but can still be improved upon by the use of fiber

bragg grating, filters and polarization controller [17].

In order to show the improvement of this research over exiting works, the achievement and

limitations of the previous works needs to be marked out. This is summarized as shown in Table

2.2.

Table 2.2: Summary of Previous Works Reviewed.

S/N | Author FWM Performance Parameters Limitations
Name and Minimization
Year Method
1. | Kothari et al., | Increased Sideband (SB): -40dBm. High sideband and low
2014. channel spacing | Signal Power (SP): threshold value of input
of transmitted Noise Power (NP): power.

signals, pure
effective area
and dispersion of
fiber.

Optical Signal to Noise Ratio
OSNR: 62dB.

Threshold Value of input power
(TVIP): 10dBm.

2. Din et al., System Sideband: -45dBm. High sideband, large
2014. parameters Signal Power: -6.65dBm. noise power and low
optimization. Noise Power: -65.21dBm. threshold value of input
OSNR: 62.5dB. power.
Threshold value of input power:
10dBm.

3. Singh and Unequal channel | Sideband: -50dBm. High sideband, large
Sharma, spacing. Signal Power: -6.70dBm. noise power and low
2015. Noise Power: -67.69dBm. threshold value of input

OSNR: 63.5dB. power.
Threshold value of input power:
11dBm.
4. Kaur and Increased Sideband: -67dBm. High sideband, large
Bhatia, 2015. | chromatic Signal Power: -6. 95dBm. noise power and low
dispersion and Noise Power: -69.87dBm. threshold value of input
channel spacing. | OSNR: 65.02dB. power.
Threshold value of input power:
12dBm.

5. | Jain and Rectangle filter | Sideband: -69.6dBm. High sideband, large
Therese, and external Signal Power: -7.74dBm. noise power strong
2015. modulation Noise Power: -80.83dBm. OSNR and low threshold

scheme. OSNR: 73.08dB. value of input power.

Threshold value of input power:
12dBm.
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6. | Jenifer and Hybrid Sideband: -49dBm. High sideband, large
Gokulakrishn | modulator Signal Power: -6.65dBm. noise power and low
an, 2015. technique Noise Power: -60.12dBm. threshold value of input

dispersion OSNR: 63dB. power.
compensation Threshold value of input power:
fiber (DCF). 11dBm.
7. | Sugumaran et | Numerical Sideband: -35dBm. High sideband and low
al., 2011. analysis using Signal Power: threshold value of input
nonlinear Noise Power: power.
schrodinger OSNR: 62.1dB.
equation Threshold value of input power:
10dBm.

8. | Ali, 2013. Increased Sideband: -38dBm. High sideband, large
channel bit rate Signal Power: -6.50dBm. noise power and low
and decreased Noise Power: -58.69dBm. threshold value of input
channel spacing . | OSNR: 62.3dB. power.

Threshold value of input power:
10dBm.

9. Singh and Increased Low sideband, small
Goel, 2016. channel spacing. noise power, strong

optical signal to noise
ratio and low threshold
value of input power.

10. | Dehghani and | Linear polarized | Sideband: -81dBm. Low sideband, small
Emami, 2016. | optical signals. Signal Power: -8.12dBm. noise power, strong

Noise Power: -74.69dBm. OSNR and high
OSNR: 70dB. threshold value of input
Threshold value of input power: | power.

21dBm.

11. | Chadha et al., | Increased Sideband: -83dBm. Low sideband, small

2017. channel spacing | Signal Power: -15.40dBm. noise powers and low
and dispersion. Noise Power: -84.43dBm. threshold value of input
OSNR: 67dB. power.
Threshold value of input power:
20dBm.

12. | Kaur and Dispersion Sideband: -82dBm. Low sideband, small
Singh, 2017. | compensation Signal Power: -18.40dBm. noise power and low

fiber. Noise Power: -98.01dBm. threshold value of input

OSNR: 64dB.

Threshold value of input power:

20dBm.

power.
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Summary

Therefore, in most of the previous works reviewed, there are limitations specifically, high four-
wave mixing sideband, large noise power and low threshold value of input power as can be
clearly seen in Table 2.2 and these performance parameters need to be improved in order to
minimize the FWM effect in WDM optical communication systems. Therefore in this research,
duobinary modulation with incorporation of polarization controller, bessel optical filter,
dispersion compensation fiber and fiber bragg grating, unequal channel spacing, and optical
infinite impulse response (optical IIR) filter is used to reduce the FWM sideband, the noise
power and to obtain a higher threshold value of input power in order to minimize the FWM

effect in WDM optical communication systems.
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CHAPTER THREE
METHODOLOGY

3.1 Introduction

This chapter presents the methodology of this research. The experimental setup and
principle of operation of duobinary modulation configuration employed in this research were
discussed in details. Lastly, minimization of FWM parameters under study (design parameters
and performance parameters) were explained in order to have a better understanding of the
research.
3.2 Principle of Operation of the Simulation Set Up

The simulation set-up consists of a sine wave generator, duobinary pulse generator,
pseudo-random bit sequence generator, continuous wave laser, mach-zehnder modulator, WDM
multiplexer, optical fiber CWDM, Polarization Controller (PC), Bessel Optical Filter (BOF),
Dispersion Compensation Fiber (DCF), Fiber Bragg Grating (FBG), optical infinite impulse
response (optical IIR) filter, optical spectrum analyzer, WDM analyzer, and optical power
meter. The setup consists of signals with sine wave generator in analog form and the random bit
sequence in digital form. The sine wave generator generates an electrical sine waveform signal.
It excellently generates the waves. It allows both frequency and amplitude of the sine wave
output to be varied. Both fine and coarse frequency control are included. The pseudorandom bit
sequence generator generates a stream of O’s and 1°’s at a rate of 2.5Gbps.

The duobinary pulse generator functions to combine both sine wave and bit sequence.
The duobinary pulse generator convert the sine analog waveform into binary pulse and also
converts these O’s and I’s in form of electric pulses having duobinary format. These electrical
pulses from output of duobinary pulse generator are directed to input of mach-zehnder

modulator which modulates information with a continuous wave (CW) laser. The CW laser
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produces the light. Laser is a device that emits light through a process of optical amplification.
The mach-zehnder modulator also function for the balancing of optical paths (optical power
output) of light produced by CW laser. The setup consists of two such channels separated at
some frequency interval. These two WDM channels are multiplexed and directed into an optical
fiber of length 25km. The optical signal from the output of the optical fiber is directed to filter
which eliminates all the high frequency noise present in the received electrical signal. At the last
stage, the received signal is analyzed using optical spectrum analyzer and WDM analyzer. The
block diagram of this setup is shown in Figure 3.1, where the filters (BOF, Optical IIR), PC,
DCF + FBG and UCS are the correction of four-wave mixing compensators. The optisystem
simulation setup is shown in Figure 3.2, were each WDM channel comprises of a sine-wave
generator, pseudorandom bit sequence generator, CW laser, duobinary pulse generator and a

mach-zehnder modulator.

28



Sine wave
Generator

\ 4

Pseudorandom
bit sequence
Generator

Duobinary
Pulse
Generator

A

Continuous

wave Laser |

Sine wave

\ 4

—

Generator

\ 4

Pseudorando
m bit
sequence
Generator

Continuous
wave Laser

A 4

Optical
Spectrum
analyzer

WDM
Multiple
xer 2 x1

—

Optical
fiber

Mach-
zehnder
_ modulator
Duobinary
Pulse | »
Generator
v
Mach-
zehnder
modulator
4_

Fig.3.1 Block diagram of setup.

29

Filters
PC
DCF +
FBG
UCS

WDM
Analyz




Layout: Layout 1 Aut

1Sine Gensrator
:Fre:Lar:v =25 GHz !
WFhase =20 deg '

-

Ducbinary Pylse Generator H

0id.. :

\Pesudo-Random Bit Sequence Generator

1Bit rate = Bit rate Bits/s @E '
: S . . :

; E ! Optical Spectrum Anahyzer_Z @E E

*"E. l : R | s H
L — : : Cptical Spactrum Anslyzs

! e ' piical Spectrum Anafyzer

W Laser | —
\Frequency = 1550 n . ] I
"Power =0 -:?':lrr @: Mach-Zehnder Modulstor ' !

ey S " , :
] I
Optical Spectrum Anshyzer 4 ' !
% ! e = '
iSinz Ganarator 1 = Cptical Fibel CWOM :
\Frequency = 2.5 GHz - Length = 25! km |
\Phase =50 deg Dwobinary Pulsg Generator_1 : !
' WDM Mux 241 i '
: ! . i
v ' ==l
' ! H
: =
: ! WM Anaivzer
‘Psevdo-Random Bit Sequence Gererator_1 1 ! Lower frequency limit = 185 THz
1Bit rate = Bit rate Bits/s ' 1 Upper frequency limit = 200 THz
' ! ! i
' I
A : !
;'E. - ! 4
I o e : e i
CW Laser 1, ; E _______ +>‘_@: .......... e
‘Freguency = 1551 nm Mach-Zehnder Modulztor_1 Optical Powsr Meter
Power =0 48m ! l_'l Optical Spectrum Anshyzer 3 N
| — ' o 1%

<
Main Layout ,’r

 Ellayout [DResor | & st

Fig. 3.2: FWM Simulation Set Up in Optisystem.

3.3  Optisystem Library Components Used in Minimization of FWM Design

The components used in this research includes sine wave generator, duobinary pulse
generator, pseudorandom bit sequence generator, continuous wave laser, mach-zehnder
modulator, polarization controller, Bessel optical filter, dispersion compensation fiber, fiber
bragg grating, optical infinite impulse response filter, optical fiber CWDM, WDM multiplexer,
optical spectrum analyzer(OSA), optical power meter, WDM analyzer. All the components used
here are picked from the components library of optisystem software. The details of the

components are individually discussed here.
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3.3.1 Sine wave Generator

The sine wave generator is a type of electronic equipment that generates an oscillating
frequency in a sinusoidal pattern. There are a couple of different reasons why the sine generator
is important, but most have to do with measuring either sound or electric frequency, both of
which typically take on a sine pattern. In this research the sine generator generates an electrical
sine waveform signal. Sine wave generator is an excellent tool for generating waves. It allows
both frequency and amplitude of the sine wave output to be varied. Both fine and coarse
frequency control are included. It masters the fundamental frequency for a particular
configuration.
3.3.2 Duobinary Pulse Generator

The Duobinary pulse generator is used for duobinary modulation schemes. It is
equivalent to a subsystem based on an electrical delay and adder. It can be used together with
any electrical pulse generator. The duobinary pulse generator is used to generate the duobinary
sequence which will then be further modulated using the mach-zehnder modulator as shown in

Figure 3.3.
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"Fig. 3.3: Duobinary Pulse Generator Subsystem (OPTIWAVE, version 13, 2014).
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3.3.3 Pseudorandom Bit Sequence Generator

Pseudo-random data generator has three properties that reflect the data’s randomness.
Firstly, the number of marks and spaces (or “0s” and “1s”) in a sequence differ by 1. Secondly,
the probability of a continuous string of marks or spaces is inversely proportional to the length
of the string. This means that among the number of runs of marks of spaces in the pseudo-
random binary sequence (PRBS), one-half the funds of each kind are of length one, one-fourth
are length two, one-eighth are length three and so on. At last, the autocorrelation of the pseudo
random binary sequence is approximately zero everywhere except at the origin. The production
of a pseudo random binary sequence is implemented by using a shift register with feedback has
three properties that reflect the data’s randomness. The pseudorandom bit sequence generator

generates a sequence of N bits, where

N = TwB, (3.1)

NG = N-Il] - N¢ (32)

Where Ty is the global parameter time window and B; is the parameter Bit rate. The number of
bits generated in Ngand n; and n; are the number of leading zeros and the number of trailing

zeros respectively (Flannery, B., 2003).

In this research th6e pseudo random bit sequence generator generates a pseudo random binary
sequence (PRBS) according to different operation modes. The operation modes controls the
algorithm used to generate the bit sequence. The bit sequence is designed to approximate the

characteristics of random data.
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3.3.4 Mach-Zehnder Modulator

The Mach-Zehnder modulator is an intensity modulator based on an interferometric
principle. It consists of two 3 dB couplers which are connected by two waveguides of equal
length. By means of an electro-optic effect, an externally applied voltage can be used to vary the
refractive indices in the waveguides branches. The different paths can lead to constructive and
destructive interference at the output, depending on the applied voltage. Then the output

intensity can be modulated according to the voltage as shown in Figure 3.4.

¥

Fig. 3.4: Mach-Zehnder Modulator (OPTIWAVE, version 13, 2014).

3.3.5 Continuous Wave Laser

Lasers are used for converting electrical current into light. Laser is commonly used in
optical communication because it has several advantages. Some important features of the CW
laser includes small size, long life and can be modulated easily. Light emitting diode (LED) is

also useful but laser has the following advantages on LED diodes. The speed of laser is faster
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and provides high bandwidth and also spectral width provided by the laser is narrow as

compared to LED. In this research the CW laser generates a continuous wave optical signal.

3.3.6 Polarization Controller

The polarization controller is a device which allows one to control the state of
polarization of light within the fiber (core). The polarization controller sets the input signal in an
arbitrary polarization state. The azimuth and ellipticity parameters define the polarization state
of the output signal. In this case, the output polarization is independent of the input signal

polarization.

3.3.7 Bessel Optical Filter

Bessel optical filter is an optical filter with a Bessel frequency transfer function. Bessel

filters have a transfer function of the form (Agrawal,2011):

—_ d|:l
H(s) = er‘;rsﬂ_ (3.3)

WA

a is the parameter Insertion loss, N is the parameter Order, and

dl} — ':2:":'-}-3 (34)

is a normalizing constant and B,;( =) is an nth-order Bessel polynomial of the form

By(s) = Xy=pd,S* 3:3)
(2N-K)!
Where d, = P B ——
— II'-'!l:'
H(s) = s (3.6)
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1
dg+d,S

. H(s) =a [H; _{J
H(s) a[l—is ]
H(s) =a E,% J (3.7)

The transfer function of first order bessel optical filter is a rational function whose denominator

H(s) =«

is a reverse bessel polynomial, such H(s) = i and this has been derived above.

And s = j (B (3.3)

Where f is the filter center frequency defined by the parameter frequency, B is the parameter

Bandwidth, and Wy, denotes the normalized 3 dB bandwidth.
Where f= 1553nm(193THz),B=2nm(0.25THz), N = 1

and Depth = 100dB.

3.3.8 Dispersion Compensation Fiber

The optical fiber component simulates the propagation of an optical field in a single-
mode fiber with the dispersive and nonlinear effects taken into account by a direct numerical
integration of the modified nonlinear Schrodinger (NLS) equation (when the scalar case is
considered) and a system of two, coupled NLS equations when the polarization state of the
signal is arbitrary. The optical sampled signals reside in a single frequency band, hence the

name total field. The parameterized signals and noise bins are only attenuated.
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3.3.9 Fiber Bragg Grating (FBG)

The non-uniform (chirped and apodized) grating is divided into Number of Segments
uniform gratings. The coupled mode theory is used to calculate the scattering matrix of each
uniform segment, and the spectral response of the whole grating is found by connecting the
uniform segments using the transfer matrix theory. The apodization functions Gaussian and

Hyperbolic tangent are defined with the following parameters:

Gaussian

A(z) = exp{—In2. [%]2} (3.9)
Hyperbolic tangent

A(z) = tanh (s.z/L). tanh [s.(1-z/L)] +1 —tanh? (s/2). (3.10)

3.3.10 Optical Infinite Impulse Response Filter

The optical infinite impulse response filter is a recursive digital filter. The transfer

function can be expressed in the z domain as.

E:E‘;::D a,z "

) ——
EJ."I‘I.=I:I b ."I"I.z m

H(z) = (3.11)

Where H(z) is the filter transfer function in the Z domain, o is the parameter for
Additional loss, N is the parameter number of Numerator coefficients, o, are the coefficients for
the numerator, M is the parameter number of Denominator coefficients, and by, are the

coefficients for the denominator.

Also,
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jzmif—F,
Z = exp (%} (3.12)

Where f; is the filter center frequency defined by the parameter frequency, fs is the parameter

Filter sample rate, and f is the frequency. Where f = 1552.5nm(193THz), f; = S00GH,, a, =2,
N =0.0355083, b, =2 and M = 0.96449.

According to the parameter Filter coefficients type, the filter transfer function can be given in
the z(z domain) or in the frequency domain. In the second case, the filter is determined by the
numerator and the denominator polynomial, which can be expressed by their roots (poles and

zeros) or by the polynomial coefficients (in frequency domain).
Note: Individual samples require that the filter coefficients are given in the z domain.
34 Minimization Of Four Wave Mixing Parameters

In this study, the parameters of the minimization of four wave mixing are studied. The
parameters referred to includes the input and output parameters. The input parameters referred
to as the design parameters that can be adjusted, so that the best performance of the
minimization of FWM system can be obtained. The input parameters considered in this
simulation research includes Input power (CW laser power), CW laser wavelength, frequency,
effective area, channel spacing, dispersion, and fiber length (Iength of optical fiber). The output
parameters can be defined as the performance measure parameters obtained as a result of
variation in design parameters. The performance parameters considered in this study includes

signal power, noise power, OSNR, FWM sideband, and threshold value of input power.
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3.4.1 Design Parameters

The design parameters referred to as input parameters of the four wave mixing that alter
for the purpose of the FWM minimization. The deign parameters considered in this study
includes Input power (CW laser power), CW laser wavelength, frequency, effective area,

channel spacing, dispersion, and fiber length (length of optical fiber).
The details about these parameters are discussed as follows.
3.4.1.1 Input Power (CW laser power)

The power of a laser is measured in watts and often reported in terms of nW, mW, W
etc. This is referring to the optical power output of the laser beam, which is the continuous
power output of continuous wave (CW) lasers, or the average power of a pulsed or modulated

laser.

In this research the input power level was varied for 41dBm to — 10 dBm because at
40dBm the threshold value of input power for Optical IIR filter was obtained, below which the

OSNR is constant.
3.4.1.2 Frequency

The optical frequency, for example of a quasi — monochromatic laser beam is the
oscillation frequency of the corresponding electromagnetic wave. For visible light, optical
frequencies are roughly between 400THz (terahertz = 10'?Hz) and 700THz, corresponding to
vacuum wavelengths between 700nm and 400nm. In this research frequency value of 2.4GHz

was utilized because it falls within the microwave range of frequencies.
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3.4.1.3 Channel Spacing

The amount of bandwidth allotted to each channel in a communication system that
transmits multiple frequencies such as fiber optics. It is measured as the spacing between center

frequencies (or wavelengths) of adjacent channels.

In this research channel spacing of Inm was used so as to differentiate the allocated
frequencies and also because an increase in channel spacing from 1550nm to 1551nm reduces
the FWM effect and for the unequal channel spacing wavelengths of 1550nm, 1550.3nm,

1550.2nm and 1550.4nm were used.
3.4.1.4 Effective Cross-sectional Area

The effect of nonlinearity grows with intensity in fiber and the intensity is inversely
proportional to area of the core. Since the power is not uniformly distributed within the cross-
section of the fiber, it is reasonable to use effective cross-sectional area (A4.y). The A,y is related

to the actual area (4)and the cross-sectional distribution of intensity /(7, o) in following way,

j j rdrd 01 (r,0)

A, =
N [[rarder (r.0)
"o (3.13)
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Where r and e denote the polar coordinates. Figure 3.5 provides definition of effective area

(A Eﬁ’) :

Launched power (P;,)

Power

Real power distribution

/

\';Aaff.fﬁ Radius
Fig. 3.5: Definition of Effective Core Area. (Maxim Integrated, 2016).

»
»

3.4.1.5 Effective Transmission Length

The nonlinear effects depend on transmission length. The longer the fiber link length,
the more the light interaction and greater the nonlinear effect. As the optical beam propagates
along the link length, its power decreases because of fiber attenuation. The effective length
(Legr) 1s that length, up to which power is assumed to be constant. The optical power at a

distance z along link is given as,
Pz) = Pj,exp(-az) (3.14)

Where P;,is the input power (power at z = 0) and o is coefficient of attenuation. For actual link

length (L), effective length is defined as.

PoLyr= [ P(2)dz (3.15)
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Using the two equations above, effective link length is obtained as,

N
L= =) (3.16)

o

Since communication fibers are long enough so that L > 1/a. Thisresults in L .. % 1/a.

3.4.2 Performance Parameter

The performance parameters as discussed earlier are the output parameters used to
measure the performance of the minimization of four wave mixing effect. In this thesis various
performance parameters were considered to evaluate and represent the working conditions of
the minimization of FWM effect. The performance parameter are: signal power, noise power,
optical signal to noise ratio (OSNR),four wave mixing sideband, and threshold value of input

power.
3.4.2.1 Signal Power

The power in an optical signal can be defined as the magnitude of the vector cross

product of an electric and magnetic fields, which can be written and simplified as follows:

JE@)] _IE@)/
7 (3.17)

P.(6)=1 E(t)x H(¢) /=IE (t) | =

-
Where the notation 1x1 represents the magnitude of X, and n = |'%is the optical impedance of

the fiber (u = permeability and € = permittivity)

Recognizing that there are only two discrete power levels leads to the optical equivalent , i.e.,
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SoL = (3.18)

Where So represents optical signal power and the subscripts L and H represent the low and high

power or low and high electric field strengths associated with a binary zero or one respectively.
3.4.2.2 Noise Power

Noise can be defined as any unwanted or interfering signal other than the one that is
intended or expected. In general, the noises associated with the high and low signal levels in
binary optical digital communications each have a different value. The mean — square average

electrical and optical noise powers can be computed mathematically using the following

equations.
1T,z — 2
Ny = -Efo ix(t)Rdt = ofR (3.19)
=12 igr= 421
= J,ve(t) dt = ] (3.20)

1 ,,T — 21 A
N, = [,/Ey (t)/*-dt = of

: (3.21)

Where N is the noise power, T is the integration period, ¢ is the mean-square average power,

and the subscript N signifies that the associated current, voltage or electric field is classified as

noise.

3.4.2.3 Optical Signal-to-Noise Ratio (OSNR)

Knowledge of the ratio of the signal power to the noise power (signal-to-noise ratio or
SNR) is important because it is directly related to the bit error ratio (BER) in digital

communication systems, and the BER is a major indicator of the quality of the overall system.
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We can mathematically express the electrical SNR as

SNR, = E= LB _ ¥ (3.22)

LR _ & (3.23)

.'E'.':'a; z
Ly !/ : I-'IE_:'I
SNR,= = 1= = (3.24)
a".'l:, 53; L

In practice, optical powers are rarely measured directly. Instead, the optical power is
converted to a proportional electric current using a device such as a PIN photodiode, and then
the current is measured. The ratio between the output current and the incident optical power is
called the responsively (mathematically represented using the symbol R) which has the units of
Amperes per Watt (A/W). It is important to note that the conversion between optical power
(units of Watts) and electrical current (units of Amperes) essentially results in a square root
operation. Electrical power is related to the square of the voltage or current. Optical power is
related to the square of the magnitude of the electric field. The result is that the conversion

between optical signal or noise power, (S, or N, — both related to /E/?) and electrical current

results in what is essentially a square root relationship, i.e.

i — S_Randi, .. = N,R (3.25)

sigral noisg o

Also, the optical SNR, when converted to an electrical SNR, is equal to the square root of the
equivalent electrical SNR. This is illustrated mathematically by combining equations above as

follows:
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NRE = | = fsma_ SR _ snp (3.26)
A E J‘Jl‘ll'l-E o3 N, e ’

m

3.5 Conclusion

The design of minimization of four wave mixing (MFWM) are based on simulation
carried out in simulation environment of optisystem optical simulation software. The principle
of operation of MFWM was properly discussed. Brief explanations on the MFWM parameters
and components have been given in order to have a better understanding of the construction of

the MFWM effects.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter presents the results of the simulation of minimization of FWM effect
through optisystem optical simulation software. The results of the effect of input parameters
such as input power(CW laser power), CW laser wavelength, frequency, effective area, channel
spacing, dispersion, fiber length(length of optical fiber) on performance parameters are properly
analyzed where necessary. The performance parameters considered in this study includes signal
power, noise power, optical signal to noise ratio (OSNR), four wave mixing sideband, and the
threshold value of input power. The measuring tools used in this simulation includes optical

spectrum analyzer, WDM analyzer and optical power meter.

4.2 Effect of Polarization Controller on Four Wave Mixing Effect.

The spectrums in Figures 4.1, 4.2, 4.3, and 4.4 shows the four wave mixing sidebands. The
channel spacing was set at Inm (1550nm to 1551nm) so as to differentiate the allocated
frequencies and also because an increase in channel spacing from 1550nm to 155Inm reduces
the FWM effect, with input powers of 0dBm, -4dBm, -8dBm and -10dBm respectively. The
performance at0OdBm shows maximum FWM sideband of -80dBm.This shows improvement
over (Jain and Therese) because at 0dBm the maximum FWM sideband obtained was -
69.6dBmwhich is higher as compared to -80dBm FWM sideband realized in this work. The
figure 4.5 shows clearly the result of the work of (Jain and Therese). The reason for this
performance is because of the incorporation of polarization controller in this work unlike in
(Jain and Therese). This is due to the fact that the polarization controller(PC) controls the state

of polarization of light within the fiber core and then sets the input signal in an arbitrary
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polarization state. The polarization controller adjusts the first two incident waves to linear
polarization. The PC controls the polarization angle between the pump light and the signal light.
With the polarization controller most of the FWM frequencies were cancelled because the
interaction between multiple optical channels that pass through the same fiber reduced, which
suppressed the FWM. The interfering wavelengths generated around the original two
wavelength system are 1549nm and 1552nm. Further when we decreased the power level from
24dBm to -10dBm, the input power level was compared with the noise power and signal to
noise ratio to find the threshold power level. Table 4.1 below shows the output of the WDM
analyzer giving the value of the noise power and the OSNR with respect to the input signal
power, as the input power level increases, the signal power also increases. Figure 4.6 below
shows the graph of the input power and noise power, as the input power level decreases, the
noise power also decreases. Figure 4.7 below shows the graph of the input power level and

OSNR, the threshold value of input power is found to be 22dBm below which the OSNR is

constant.
= INPUT POWER=0 dBm
g '
g
:. ]
£ T
=1 4‘|H ‘ M

1.959 1.551
Wavelength (m})

Figure 4.1: The optical spectrums at the output when the two wavelengths are transmitted
at 0dBm.
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Figure 4.2: The optical spectrums at the output when the two wavelengths are transmitted

at -4dBm.
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Figure 4.3: The optical spectrums at the output when the two wavelengths are transmitted

at -8dBm.
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Figures 4.5: The optical spectrums at the output when the two wavelengths are

transmitted at 0)dBm. (a) (Jain and Therese). (b) Proposed work.
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Table 4.1: Comparison of Parameters for Different Input Power

Input Power Signal Power (In | Noise Power (In | OSNR
(In dBm) dBm) dBm) (dB)
24 15.80 -43.30 59.10
22 13.80 -50.22 78.30
20 11.80 -56.89 78.30
10 1.80 -80.71 78.30
0 -8.20 -82.03 78.30
-4 -12.20 -92.37 78.29
-8 -16.20 -98.32 78.29
-10 -18.20 -100 78.29
0
24 22 20 10 0 -4 -8 -10
20
é -40
'E' \
E 60
u
£ -80
z
-100 —
-120
Input Signal Power (dBm)

Fig. 4.6: Graph of Input Signal power and Noise Power
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Further decrease in power level from 24dBm to 10dBm, the sideband of FWM is increasing due
to the pronounced effect of the signal degradation of FWM as a result of low noise in the
channel. This is clearly shown in Figure 4.6. The effect of the input power on OSNR, signal
power and noise power is compared and comprehensively shown in Table 4.1,as the input
power level increases, the signal power also increases. Figure 4.6, as the input power decreases,
the noise power also decreases and Figure 4.7 where the threshold value of the input power is

found to be 22dBm below which the optical signal to noise ratio (OSNR) is constant.

4.3 Effect of Bessel Optical Filter on Four Wave Mixing Effect

The spectrums in Figures 4.8, 4.9, 4.10 show the four wave mixing sidebands. The
channel spacing was set at Inm (1550nm to 1551nm) so as to differentiate the allocated
frequencies and also because an increase in channel spacing from 1550nm to 1551nm reduces

the FWM effect, with input powers of 0dBm, -4dBm and -8dBm respectively. The performance
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at 0dBm shows maximum FWM sideband of -84dBm. This shows improvement over (Jain and
Therese) because at 0dBm the maximum FWM sideband obtained was -69.6dBm which is
higher as compared to -84dBm FWM sideband realized in this work. The figure 4.11 shows
clearly the result of the work of (Jain and Therese). The reason for this performance is because
of the incorporation of bessel optical filter (BOF) in this work unlike in (Jain and Therese). This
is due to the fact that the bessel optical filter is an optical filter with a Bessel frequency transfer
function and also due to the self-healing property of the bessel beam, the extended depth and
tight focusing features of the bessel beam. Also the bessel optical filter can automatically
distinguish between the active wavelength and the newly generated wavelength by the
algorithm programmed inside the filter which leads to a dramatic reduction in FWM. Also BOF
drops multiple undesired frequencies that appear with the optical channels and BOF damp all
FWM wavelengths in parallel that may appear with the main signals in the WDM system. When
we decreased the power level from 29dBm to -10dBm, the input power level was compared
with the noise power and the optical signal to noise ratio (OSNR) to find the threshold power
level. Table 4.2 shows the output of the WDM analyzer giving the value of the noise power and
optical signal to noise ratio (OSNR) with respect to the input signal power, as the input power
level increases, the signal power also increases. Figure 4.12 shows the graph of the input power
level with the noise power, as the input power level decreases, the noise power also decreases.
Figure 4.13 shows the graph of the input power level and optical signal to noise ratio (OSNR),

the threshold value of input power is found to be 27dBm below which the OSNR is constant.
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Table 4.2: Comparison of Parameters for Different Input Power

Input power Signal power Noise power OSNR
(in dBm) (in dBm) (in dBm) (dB)
29 13.56 -30.77 44.33
27 11.74 -37.59 68.20
25 9.78 -44.69 68.20
20 4.80 -61.32 68.20
10 -5.20 -78.09 68.20
0 -15.20 -93.55 68.20
-4 -19.20 -100 68.20
-8 -23.20 -100 68.17
-10 -25.20 -100 68.17
0 T T T T T T
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Fig.4.12: Graph of Input Signal Power and Noise Power
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Further decrease in power level from 29dBm to 10dBm, the sideband of FWM is
increasing due to the pronounced effect of the signal degradation of FWM as a result of low
noise in the channel. This is clearly shown in Figure 4.12. The effect of the input power on
OSNR, signal power and noise power is compared and comprehensively shown in Table 4.2, as
the input power level increases, the signal power also increases. Figure 4.12, as the input power
level decreases, the noise power also decreases and Figure 4.13 where the threshold value of
input power is found to be 27dBm below which the optical signal to noise ratio (OSNR) is

constant.

4.4 Effect of Dispersion Compensation Fiber and Fiber Bragg Grating on Four Wave
Mixing Effect.
The spectrums in Figures 4.14, 4.15 and 4.16 show the four wave mixing sidebands. The

channel spacing was set at Inm with input powers of 0dBm, -4dBm and -8dBm respectively.
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The performance at 0dBm shows maximum FWM sideband of -85dBm. This shows
improvement over (Jain and Therese) because at 0dBm the maximum FWM sideband obtained
was -69.6dBm which is higher as compared to -85dBm FWM sideband realized in this work.
The figure 4.17 shows clearly the result of the work of (Jain and Therese). The reason for this
performance is because of the incorporation of dispersion compensation fiber and fiber bragg
grating in this work unlike in (Jain and Therese). This is due to the fact that in the dispersion
compensation fiber the optical fiber component simulates the propagation of an optical field in a
single mode fiber with the dispersive and nonlinear effects taken into account by a direct
numerical integration of the modified nonlinear Schrodinger (NLS) equation and in the fiber
bragg grating, the non-uniform grating is divided into number of segments uniform gratings.
Also the apodized FBGs given better system performance than the conventional FBGs and
FBGs have low insertion loss. The apodized grating play a very important role to suppress
FWM sideband and maintaining the reflectivity and narrow bandwidth. According to fiber
specification the chirp characteristics is readily chosen. To tolerate high optical power without
any loss due to non-linear effect is prominent characteristics that separate the DCF and FBG
from DCF. At low optical power the DCF show non-linearity effect, but at high power DCF and
FBG would not introduce such effect in optical network. The interfering wavelengths generated
around the original two wavelength system are 1549nm and 1552nm. When we decreased the
power level from 31dBm to -10dBm, the input power level was compared with the noise power
and the optical signal to noise ratio (OSNR) to find the threshold power level. Table 4.3 shows
the output of the WDM analyzer giving the value of the noise power and OSNR with respect to
the input signal power, as the input power level increases, the signal power also increases.
Figure 4.18 shows the graph of the input power level with the noise power, as the input power

level decreases, the noise power also decreases. Figure 4.19 shows the graph of the input power
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level and OSNR, the threshold value of input power is found to e 30dBm below which the

OSNR is constant.
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Figure 4.14: The optical spectrums at the output when the two wavelengths are

transmitted at 0dBm.
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Figure 4.15: The optical spectrums at the output when the two wavelengths are
transmitted at -4dBm.
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Table 4.3: Comparison of Parameters for Different Input Power

Input Power Signal Power Noise Power OSNR
(in dBm) (in dBm) (in dBm) (in dB)
31 12.60 -24.45 37.01
30 11.70 -29.59 65.00
25 6.78 -45.12 65.00
20 1.79 -58.56 65.00
10 -8.21 -73.40 65.00
0 -18.21 -94.00 65.00
-4 -22.21 -100 64.73
-8 -26.21 -100 64.73
-10 -28.21 -100 64.73
0
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Fig. 4.18: Graph of

Input Signal Power and Noise Power
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Further decrease in power level from 31dBm to 10dBm, the sideband of FWM is increasing due
to the pronounced effect of the signal degradation of FWM as a result of low noise in the
channel. This is clearly shown in Figure 4.18. The effect of the input power on OSNR, signal
power and noise power is compared and comprehensively shown in Table 4.3, as the input
power level increases, the signal power level also increases. Figure 4.18, as the input power
level decreases, the noise power also decreases and Figure 4.19 where the threshold value of
input power is found to be 30dBm below which the optical signal to noise ratio (OSNR) is

constant.

4.5  Effect of Unequal Channel Spacing on Four Wave Mixing Effect

The spectrums in Figures 4.20, 4.21 and 4.22 show the four wave mixing sidebands. The
channel spacing was set at an unequal channel spacing of 1550nm, 1550.3nm, 1550.2nm and
1550.4nm with input powers of 0dBm, -4dBm and -8dBm respectively. The performance at

0dBm shows maximum FWM sideband of -88dBm. The reason for this performance is because
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of the use of unequal channel spacing in this work. This is due to the fact that in the unequal
channel spacing the unequal-spaced channel allocation design begins with the division of the
available optical bandwidth into equal frequency slots of width and also since the difference
between any two numbers is distinct, the new FWM frequencies generated would not fall into
the one already assigned for the carrier channels. When we decreased the power level from
31dBm to -10dBm, the input power level was compared with the noise power and signal to
noise ratio to find the threshold power level. Table 4.4 shows the output of the WDM analyzer
giving the value of the noise power and optical signal to noise ratio (OSNR) with respect to the
input signal power, as the input power level increases, the signal power also increases. Figure
4.23 shows the graph of the input power level with the noise power, as the input power level
decreases, the noise power also decreases. Figure 4.24 shows the graph of the input power level

with the OSNR, the threshold value of input power is found to be 30dBm below which OSNR is

constant.
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Figure 4.20: The optical spectrums at the output when the wavelengths are transmitted at

0dBm
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Figure 4.22: The optical spectrums at the output when the wavelengths are transmitted at

-8dBm.
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Table 4.4: Comparison of Parameters for Different Input Power

Input power Signal power Noise power OSNR
(in dBm) (in dBm) (in dBm) (dB)
31 20.66 13.85 6.82
30 19.84 12.58 51.11
25 16.61 -9.25 51.11
20 12.72 -23.58 51.11
10 1.81 -52.07 51.11
0 -8.20 -81.09 51.11
-4 -12.20 -80.26 51.11
-8 -16.20 -90.02 51.11
-10 -18.20 -90.59 51.11
20
0 N\
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Fig.4.23: Graph of Input Signal Power and Noise Power
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Further decrease in power level from 31dBm to 10dBm, the sideband of FWM is
increasing due to the pronounced effect of the signal degradation of FWM as a result of low
noise in the channel. This is clearly shown in Figure 4.23. The effect of the input power on
OSNR, signal power and noise power is compared and comprehensively shown in Table 4.4
where, as the input power level increases, the signal power also increases. Figure 4.23, as the
input power level decreases, the noise power also decreases and Figure 4.24 where the threshold
value of input power is found to be 30dBm below which the optical signal to noise ratio

(OSNR) is constant.

4.6  Effect of Optical Infinite Impulse Response (Optical IIR) Filter on Four Wave

Mixing Effect.

The spectrums in Figures 4.25, 4.26, and 4.27 shows the four wave mixing sidebands. The

channel spacing was set at I1nm with input powers of 10dBm, 0dBm and -4dBm respectively.
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The performance at 0dBm shows maximum FWM sideband of -99dBm. This shows
improvement over (Jain and Therese) because at 0dBm the maximum FWM sideband obtained
was -69.6dBm which is higher as compared to -99dBm FWM sideband realized in this work.
The figure 4.28 shows clearly the result of the work of (Jain and Therese). The reason for this
performance is because of the incorporation of optical infinite impulse response (optical IIR)
filter in this work unlike in (Jain and Therese). This is due to the fact that the optical IIR filter is
a recursive digital filter and also due to its efficiency and tolerance for loss. The optical IR
filter decomposes the desired filter response into a sum or difference of two all-pass filters. The
filter responses are periodic, which is advantageous for WDM systems with more than one
channel since the same filter can be used in different bands. The filter multichannel frequency
selector has substantially better pass band flatness and stop band rejection than is possible with
other filters having the same number of stages. The interfering wavelengths generated around
the original two wavelength system are 1549nm and 1552nm. When we decreased the power
level from 41dBm to -10dBm, the input power level was compared with the noise power and
signal to noise ratio to find the threshold power level. Table 4.5 shows the output of the WDM
analyzer giving the value of the noise power and optical signal to noise ratio (OSNR) with
respect to the input signal power, as the input power level increases, the signal power also
increases. Figure 4.29 shows the graph of the input power level with the noise power, as the
input power level decreases, the noise power also decreases Figure 4.30 shows the graph of the
input power level with the OSNR, the threshold value of input power is found to be 40dBm

below which the OSNR is constant.
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Figure 4.26: The optical spectrums at the output when the two wavelengths are
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Figure 4.27: The optical spectrums at the output when the two wavelengths are
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Table 4.5: Comparison of Parameters for Different Input Power

Input power (dBm) | Signal Power (dBm) | Noise Power (dBm) | OSNR (dB)
41 12.28 -14.02 26.30
40 11.16 -14.52 70.00
35 7.79 -27.03 70.00
30 8.81 -51.10 70.00
25 3.64 -68.96 70.00
20 -1.42 -85.88 70.00
10 -11.37 -100 70.00
0 -21.37 -100 70.00
-4 -25.37 -100 70.00
-8 -29.37 -100 70.00
-10 -31.37 -100 70.00
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Fig. 4.29: Graph ofInput Signal Power and Noise Power
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Further decrease in power level from 41dBm to 20dBm, the sideband of FWM is increasing due
to the pronounced effect of the signal degradation of FWM as a result of low noise in the
channel. This is clearly shown in Figure 4.29. The effect of the input power on OSNR, signal
power and noise power is compared and comprehensively shown in Table 4.5 where, as the
input power level increases, the signal power also increases. Figure 4.29 where, as the input
power level decreases, the noise power also decreases and Figure 4.30 where the threshold
value of input power is found to be 40dBm below which the optical signal to noise ratio

(OSNR) is constant.

4.7 Validation of the research work

1. Optical Infinite Impulse Response (Optical IIR) Filter
The Figure 4.31 a, shows the result of the work of Jain and Therese and fig. 4.31b, the proposed

work. The four wave mixing sideband obtained by (Jain and Therese) was -69.6dBm and that
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obtained in the proposed work is -99dBm. The performance of proposed work shows

improvement over (Jain and Therese) because the FWM sideband obtained by (Jain and

Therese) was -69.6Bm which is higher as compared to -99dBm, FWM sideband realized in this

work (fig 4.31b). The reason of this performance is because of the incorporation of optical

infinite impulse response (Optical IIR) filter in this work unlike in (Jain and Therese). This is

due to the fact that the optical IIR filter is a recursive digital filter and also due to its efficiency

and tolerance for loss. The optical IIR filter decomposes the desired filter response into a sum or

difference of two all-pass filters. The filter responses are periodic, which is advantageous for

WDM systems with more than one channel since the same filter can be used in different bands.

The filter multichannel frequency selector has substantially better pass band flatness and stop

band rejection than is possible with other filters having the same number of stages.
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2. Dispersion Compensation Fiber and Fiber Bragg Grating (DCF+FBG)

The fig. 4.32a shows the result of the work of Jain and Therese and fig. 4.32b, the proposed
work, the four wave mixing sideband obtained by (Jain and Therese) was -69.6dBm and that
obtained in the proposed work is -85dBm. The performance of proposed work shows
improvement over (Jain and Therese) because the FWM sideband obtained by (Jain and
Therese) was -69.6Bm which is higher as compared to -85dBm FWM sideband realized in
this work (fig 4.32b). The reason for this performance is because of the incorporation of
dispersion compensation fiber and fiber bragg grating in this work unlike in (Jain and
Therese). This is due to the fact that in the dispersion compensation fiber, the optical fiber
component simulates the propagation of an optical field in a single mode fiber with the
dispersive and nonlinear effects taken into account by a direct numerical integration of the
modified nonlinear Schrodinger (NLS) equation and in the fiber bragg grating, the non-
uniform grating is divided into number of segments uniform gratings. Also the apodized
FBGs given better system performance than the conventional FBGs and FBGs have low
insertion loss. The apodized grating play a very important role to suppress FWM sideband
and maintaining the reflectivity and narrow bandwidth. According to fiber specification the
chirp characteristics is readily chosen. To tolerate high optical power without any loss due
to non-linear effect is prominent characteristics that separate the DCF and FBG from DCF.
At low optical power the DCF show non-linearity effect, but at high power DCF and FBG

would not introduce such effect in optical network.
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3. Bessel Optical Filter (BOF)

The fig. 4.33a shows the result of the work of Jain and Therese and fig. 4.33b, the proposed
work. The four wave mixing sideband obtained by (Jain and Therese) was -69.6dBm and that
obtained in the proposed work is -84dBm. The performance of proposed work shows
improvement over (Jain and Therese) because the FWM sideband obtained by (Jain and
Therese) was -69.6Bm which is higher as compared to -84dBmFWM sideband realized in this
work (fig 4.33b).The reason for this performance is because of the incorporation of bessel
optical filter (BOF) in this work unlike in (Jain and Therese). This is due to the fact that the
bessel optical filter is an optical filter with a bessel frequency transfer function and also due to

the self-healing property of the bessel beam, the extended depth and tight focusing features of
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the bessel beam. Also the bessel optical filter can automatically distinguish between the active
wavelength and the newly generated wavelength by the algorithm programmed inside the filter
which leads to a dramatic reduction in FWM. Also BOF drops multiple undesired frequencies
that appear with the optical channels and BOF damp all FWM wavelengths in parallel that may

appear with the main signals in the WDM system.
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4. Polarization Controller (PC)

The fig. 4.34a shows the result of the work of Jain and Therese and fig. 4.34b, the proposed
work. The four wave mixing sideband obtained by (Jain and Therese) was -69.6dBm and

that obtained in the proposed work is -80dBm. The performance of proposed work shows
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improvement over (Jain and Therese) because the FWM sideband obtained by (Jain and
Therese) was -69.6dBm which is higher as compared to -80dBm FWM sideband realized in
this work (fig 4.34b). The reason for this performance is because of the incorporation of
polarization controller in this work unlike in (Jain and Therese). This is due to the fact that
the polarization controller (PC) controls the state of polarization of light within the fiber
core and then sets the input signal in an arbitrary polarization state. The polarization
controller adjusts the first two incident waves to linear polarization. The PC controls the
polarization angle between the pump light and the signal light. With the polarization
controller most of the FWM frequencies were cancelled because the interaction between

multiple optical channels that pass through the same fiber reduced, which suppressed the

FWM.
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1. Optical infinite impulse response (optical IIR) filter.

In the optical IIR filter, fig 4.35, the graphs of input signal power and noise power shows
how large amount of noise was minimized from the system in the proposed work, -63dBm
to -100dBm compared to the work of Jain and Therese, -60dBm to -92dBm, since FWM
generates additional noise and degrades system performance and also, fig 4.36, the graphs of
input signal power and OSNR, the optical signal to noise ratio for Jain and Therese (76dB)

is slightly higher than that of the proposed work (70dB).
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Fig. 4.35: Graphs of Input Signal Power and Noise power
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Fig. 4.36: Graphs of Input Signal Power and OSNR

2. Dispersion compensation fiber and Fiber bragg grating (DCF+FBG)

In the case of DCF+FBG, fig 4.37, the graphs of input signal power and noise power shows
how large amount of noise was minimized from the system in the proposed work, -59dBm
to -100dBm compared to the work of Jain and Therese, -18dBm to -88dBm, since FWM
generates additional noise and degrades system performance and also, fig 4.38, the graphs of
input signal power and OSNR, the optical signal to noise ratio for Jain and Therese (70dB)

is slightly higher than that of the proposed work (65dB).
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79




3. Bessel optical filter (BOF)

In the BOF, fig 4.39, the graphs of input signal power and noise power shows how large
amount of noise was minimized from the system in the proposed work, -61dBm to -100dBm
compared to the work of Jain and Therese, -18dBm to -88dBm, since FWM generates
additional noise and degrades system performance and also, fig 4.40, the graphs of input

signal power and OSNR, the optical signal to noise ratio for Jain and Therese (72dB) is

slightly higher than that of the proposed work (68.20dB).
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4. Polarization controller (PC)

In the case of PC, fig 4.41, the graphs of input signal power and noise power shows how
large amount of noise was minimized from the system in the proposed work, -42dBm to -
100dBm compared to the work of Jain and Therese, -17dBm to -85dBm, since FWM
generates additional noise and degrades system performance and also, fig 4.42, the graphs of
input signal power and OSNR, the optical signal to noise ratio of proposed work (78.3dB) is

higher than that of Jain and Therese (72dB).
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4.8 Major Contributions

Previously the best result obtained using duobinary modulation technique was that the

four wave mixing sideband was reduced to -69.6dBm and the threshold value of input power

obtained was 20 dBm.
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In this research, after the simulation was performed the FWM effect has been minimized

tremendously.

1.

In the reduction of four wave nonlinearity effect in WDM systems using polarization
controller. The FWM sideband was reduced to -80 dBm and the threshold value of input
power obtained was 22dBm. A contribution of 15% when compared with the work of
(Jain and Therese)

Also in the suppression of FWM effect in WDM systems using Bessel optical filter, the
FWM sideband obtained was -84dBm and the threshold value of input power obtained
was 27dBm. A contribution of 21% when compared with the work of (Jain and Therese)

The minimization of FWM effect using dispersion compensation fiber and fiber bragg
grating the FWM sideband reduced to -85dBm and the threshold value of input power
obtained was 30dBm. A contribution of 22% when compared with the work of (Jain and
Therese)

Decreasing FWM nonlinearity effect in WDM systems using unequal channel spacing
the FWM sideband was reduced to -88dBm and the threshold value of input power
obtained was 30dBm. A contribution of 26% when compared with the work of (Jain and
Therese).

Finally, the impact of optical infinite impulse response filter on the minimization of
FWM effect resulted in reducing the FWM sideband to -99dBm and the threshold value
of input power obtained was 40dBm which is the best result obtained. A contribution of

42% when compared with the work of (Jain and Therese).
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CHAPTER FIVE
SUMMARY, CONCLUSION AND RECOMMENDATION

5.1 Summary

The future generation optical communication networks demand higher data rates. To
achieve this, the nonlinear effect specifically four wave mixing need to be minimized if not
completely corrected. In this research the incorporation of polarization controller, Bessel optical
filter, dispersion compensation fiber and fiber bragg grating, unequal channel spacing technique
and optical infinite impulse response filter in WDM system proved a better result in
counteracting the effect of four wave mixing. The simulation was performed using optisystem,

optical simulation software.

Reduction of four wave mixing nonlinearity effect in WDM system using polarization
controller, the FWM sideband was reduced to -80dBm and the threshold value of input power
obtained was 22dBm,suppression FWM in WDM system using Bessel optical filter, the four
wave mixing sideband was reduced to -84dBm and the threshold value of input power obtained
was 27dBm, minimization of FWM effect using dispersion compensation fiber and fiber bragg
grating the FWM sideband was reduced to -85dBm and the threshold value of input power
obtained was 30dBm,decreasing FWM nonlinearity effect in WDM system using unequal
channel spacing the FWM sideband was reduced to -88dBm and the threshold value of input
power obtained was 30dBm,finally, the impact of optical IIR filter (optical infinite impulse
response filter) in correction of four wave mixing effect resulted in reduction of the FWM
sideband to -99dBm and the threshold value of input power obtained is 40dBm,the threshold
value of input power is the input power level below which the optical signal to noise ratio is

constant.
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5.2 Conclusion

In conclusion, not like the linear effects which can be replaced, the nonlinear effects
become more and degrade the system performance. The capacity of information of a light wave
is majorly limited by the nonlinear interactions between the information signals and the fiber
medium. Four-Wave Mixing (FWM) is a type of nonlinear effect which occurs in wavelength
division multiplexing (WDM) when light of two or more different wavelengths are launched
into a fiber. FWM is a main source of nonlinear crosstalk since they interfere with the desired
signals. The effect of four wave mixing (FWM) as one of the key factors in the WDM has been
studied here using optisystem. The investigation of FWM effect for various parameters has been
done. The four wave mixing effect has been minimized.

5.3 Recommendation
Further work can be done to reduce the four wave mixing (FWM) effect at high input

power levels.
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