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Abstract

Optical wavelength division multiplexing (WDM) system using low dispersion fibers and

erbium-doped fiber amplifiers (EDFA) is getting tremendous popularity for

communication networks due to its high information capacity, high-channel-count and

low system costs. WDM transmission systems effectively exploit the huge potential

bandwidth of an optical fiber. More than thousand channels can be multiplexed with high

bit rate if the fiber low dispersion region around 1.55 11m is fully utilized where

attenuation loss is minimum and EDFA provides gain. However, a number of nonlinear

effects arise due to low dispersion and high transmitting power, which severely degrade

the system performance. Among these nonlinear processes, four-wave mixing (FWM) is

the most serious effect that limits the allowable input power and system capacity by

generating new waves, which cause performance degradation of long-haul multi-channel

lightwave transmission systems.

In this thesis the performance of wavelength shift keying (WSK) technique in reducing

the effect of FWM in an optical WDM system is analyzed. WSK-WDM system is a

modification of the conventional WDM system that uses symmetric wavelength

assignment and balanced detection to mitigate the FWM crosstalk. Performance criteria

like probability of error, power penalty, allowable input power and bit rate-distance

product are estimated. The performance is evaluated for different types of fibers, different

number of channels, different channel spacings and different length of fibers. It is

observed that the conventional on-off WDM system suffers severe performance

degradation due to FWM interference particularly when fiber length, number of channels

or transmitting power is high. WSK- WDM is a simple scheme to reduce this effect and
i

excels conventional WDM at all signal power levels and allows higher allowable input

power and larger bit rate-distance product for a given bit error rate. The performance of

WSK-WDM is compared to that of conventional on-off WDM system and also to

unequal channel spacing and repeated unequal channel spacing schemes. New schemes

are proposed, which are the combinations of WSK technique and different dispersion

XIV



management techniques. The combined systems offer much enhanced performance like

lower error probability, much lower power penalty and higher allowable input power per

channel and greater bit rate-distance product to achieve a given bit error rate compared to

those of WSK-WDM. The results obtained from this work will be useful for designing

very high capacity long-haul optical communication systems.

xv



Chapter 1

INTRODUCTION

1.1 Communication System

Communication is the process of transferring information or message like voice,

video, text, data, picture, etc. from one distant place to another. Communication

system is a technique/method by which two or more entities exchange their

information. The basic principle of a communication system is shown in Figure 1.1,

the function of which is to convey the signal from the information source over the

transmission medium to the destination.

Message
Source

Transmitter Transmission
Medium

..- .
: Noise, :
: Interference, :
: Distortion :. .. :- .

Receiver Message
Destination

Figure 1.1: Block diagram of a general communication system

Any communication system is composed of the following basic components:

(1) Transmitter: Manipulates the information from the message source and couples it

into a transmission channel in the form of a signal, which matches the transfer

properties of the channel.

(2) Channel: Bridges the distance between the transmitter and receiver. As signal

propagates through the channel, it gets attenuated due to transmission loss and

distorted due to various nonlinear effects and interference.

(3) Receiver: Extracts the weakened and distorted signal from the channel,

demodulates it, amplifies it and restores it to its original form and then passes it into

the message destination.
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The preliminary communication systems utilized physical methods to convey

message. Use of signal fires, reflecting mirrors, signaling lamps were common forms

of communication. Also birds and people were employed to carry the message. With

the development of science, electrical methods of communication system have been

devised. Communication was build up by varying the current amplitude and passing

the current through a conductor. Then came the wireless communication.

Electromagnetic waves can carry large amount of information without the need of any

physical medium. Electromagnetic waves proved suitable carriers for information

transfer in the atmosphere, being far less affected by the atmospheric conditions.

However, their use is limited in the amount of information they can convey by their

frequencies, because the information carrying capacity is directly related to the

bandwidth or frequency extent of the modulated carrier. For this reason, radio

communication was developed to higher frequencies (I.e., VHF, UHF etc.) leading to

the introduction of the even higher frequency microwave and, latterly, millimeter

wave transmission.

1.2 Evolution of Optical Communication

The increasing demand of utilizing higher frequencies led to the development. of

optical communication as shown in Figure 1.2. Because the optical frequencies are of

the order of 1014 Hz, so optical communication has a theoretical information capacity

exceeding that of microwave communication by a factor of 105•

There is, of course, nothing new in the use of optical frequencies for transm ission of

information. Visual methods of communication are widely used in the animal

kingdom. Man has used smoke signals or reflected sunlight during day and fire

beacons at night. More recently, signaling lamps have provided successful

information transfer. As early as 1880, Alexander Graham Bell reported the

transmission of speech using a light beam. The photophone proposed by Bell, just

four years after the invention of the telephone, modulated the sunlight with a

diaphragm giving speech transmission over a distance of 200 m. However, the use of

optical communication was limited to short distance, low capacity communication

links. This was due to both the lack of suitable light sources and the problem that light
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transmission in the atmosphere is restricted to the line of sight and hence severely

affected by disturbances such as rain, snow, fog, dust and atmospheric turbulence.

The transmitted signal was subjected to being scattered or blocked entirely by

physical obstacles, and unfortunately, for those whose messages were confidential,

anyone could intercept the signal. Therefore a better lightwave communication system

would certainly need a light guided to help preserve the signal and so increase the

reliability and distances of transmission.

Radio Light X-ray Gamma
i i: Ray

1081091 o'oto'r 0'''10'''1O'''to'~or 0', 0" o'!1020

...... '.'..... Frequency (Hz)
...... ..........

..... ".

I I I I I I Wavelength

103 102 10' 10~ ; 10" 10.2 (Ilm)

:. • :j"- ~:

Infrared Ultraviole
Visible

Figure 1.2: Spectrum of electromagnetic waves.

Attempts to guide the light appear to have been as early as in 1854 by producing

reflections in a curved stream of water coming out of a hole in the side of a pail. Then

in 1910 a solid cylinder was envisaged to guide a wide range of electromagnetic

waves including the upper limits of visible light. Another light guide was developed

consisting of a hollow tube with a highly reflective metal coating on its inner surface.

However, the devices had high signal loss.

Essentially fiber optic communication system arose from a merging of two unrelated

technologies: semiconductor technology for light sources and detectors, and optical

waveguide technology for the transmission medium. The development of LASER in

1960 was a landmark for optical communication. Glass and solid state lasers were

developed for use as coherent light source. Also light emitting diodes (LED), p-i-n and
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avalanche photodetectors have made optical communication useful and efficient. And

the advent of optical amplifiers like erbium-doped fiber amplifiers (EDFA) and

praseodymium-doped fluoride fiber amplifier (PDFFA) have created a revolutionary

change in optical communication [I]. Optoelectronic amplifiers are now replaced by fiber

amplifiers.

Experiments on glass fibers were carried out in 1930s for use as light guide. Optical

fibers were used for other purposes also, such as light conduits for card readers, in

material endoscopes, in photography etc. The major breakthrough in the development

of optical fiber came with its use in telecommunications in the mid sixties.

Researchers from UK, West Germany and France proved that exceptionally pure

optical fiber was theoretically capable of guiding a light signal with very small losses.

Nippon Glass Company of Japan first developed graded index fibers in 1968. Coming

Glass Works of US produced fibers in 1970 with sufficient purity for use in

telecommunication industry, having a loss ofless than 20 dB/km [2].

O.B5iJrn 1.30,um 1.551lm
2.0 Band Band Band

1~"-"'J'1 .•. -...---, \--.,- ..-,
1.6 , 1 . 1 , 1, ., , I I

1.'
,. , , I ,

E
, .1 , , ,, 1 1 1 ,

'" 1.' 1 'I
. 1 , ,

'"
, , , , ,

~ 1.2 I , , , ,
1 <.: ., , '1

~ '. , , .:
1.0 , , , ,

~ , ., , Ig 0.6
, , I, . , , ,

~ , ., , 1

0.'
, 1 , ,., , 1" ,

0.4
. I , ,., ,

1 ,
0.2 -, ,, ,, I

0 0.9 1.0 1.1 1.2 1.3 1.' 1.5 1.7 1.6
Wavelength (microns)

Figure 1.3: Variation of attenuation with wavelength [2]

Rapid progress has been made in both lowering the attenuation loss in fiber and

increasing the wavelength it can handle. Early interest in the fiber was in the 800-900

nm wavelength region where fibers exhibited a local attenuation minimum. Later

interests extended over a wider range of wavelengths up to 1300 nm and recently to 1550

nm, which offers much lower attenuation (-0.2dB/km) [3].
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with an optical fiber communication system is more efficient, requiring lower signal

to noise ratio at the receiver than analog modulation.

Message
Source

Optical
Source

LEDor
LASER

drive circuit

LED!
LASER

Fiber cable

Amplifier
and

Equalizer

p-i-n ~
photodiodel

APD
Reconstructed
signal at
Destination

Figure 1.5: A typical optical fiber communication system

1.4 Fiber Characteristics

Signal attenuation (also known as 'fiber loss' or 'signal loss') is one of the most

important properties of an optical fiber, because it determines the maximum

repeater less separation between transmitter and receiver. Fiber attenuation is

important because a lightwave receiver requires at least a minimum amount of signal

power to detect a transmitted bit with an acceptable error rate [3]. Of equal

importance is the signal distortion in fiber, which causes optical signal pulses to

broaden as they travel along the fiber. The signal distortion limits the information-

carrying capacity of a fiber. These are the two principal factors to determine the

optical transmission characteristics of fiber, which is shown in Figure 1.6. The total

attenuation characteristics are shown in Figure 1.3.

Distortion

Radiation
I

Scattering

Transmission characteristics

I-----I---~
Attenuation

I

Absorption

Figure 1.6: Parameters of fiber transmission characteristics.
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Attenuation:

Signal attenuation in optical fiber stems from material composition, preparation and

purification technique, and waveguide structure. The basic attenuation mechanisms

can be categorized as material absorption, material scattering (linear and nonlinear

scattering), curve and microbending losses, mode coupling radiation loss and loss due

to leaky modes.

Absorption: Absorption is related to the material composition and the fabrication

process for the fiber, which results in the dissipation of some of the transmitted

optical power as heat in the waveguide. Absorption is caused by three different

mechanisms:

(i) Absorption by atomic defects in the glass composition,

(ii) Intrinsic absorption by the basic constituent atoms of the fiber material,

(iii) Extrinsic absorption by impurity atoms in the glass material.

Scattering: Scattering phenomenon is of two types, namely, linear and nonlinear.

Linear scattering mechanisms cause the transfer of some or all of the optical power

contained within one propagating mode into a different mode. The transfer may be to

a leaky or radiative mode, which does not continue to propagate but is radiated from

the fiber. Linear scattering causes no change of frequency. There are two major types

oflinear scattering, namely, Rayleigh and Mie scattering.

Radiation: When the fiber is bent too much, the condition of total internal reflection

may not be maintained and thus some of the light may leak through the cladding. This

type of loss is known as macrobending loss where fibers are bent beyond the critical

radius of curvature. There is maximum radius, below which no significant radiation

occurs. There is another type of radiation loss termed as microbending loss, which

occurs due to flaws and other imperfections of core.

Distortion:

Signal distortion occurs from the effect that the velocity of propagation of a light

becomes frequency dependent in the fiber. This dependence is expressed by the
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following equation [4]

c
Vg = dn
n-A-

dA

(1.1)

Where vg is the groupvelocity,n is refractiveindex of fiber medium, A is wavelength

of light and c is the light velocity. Thus different frequency components of the optical

signal propagate at different velocities. The time delay between different spectral

components causes spectral broadening of the optical pulses, and at the end of the

fiber, the optical pulse broadens accordingly, as shown in Figure 1.7(a). This

phenomenon is known as dispersion. After certain overlap, the adjacent pulses can no

longer be individuallydistinguishable. This is known as intersymbol interference (lSI) as

illustrated in Figure 1.7(b). Chromatic dispersion can severely limit the information

capacity of an optical transmission system.

Input
pulses

o
Optical
fiber

(a)

Output pulses

Amplitude
Indistinguisable pulses

No zero level j
j /'~..-,,''\

I \

- --

Inter Symbol Interference (ISI)

(b)

Figure 1.7: Effect of chromatic dispersion
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Dispersion is of two types, namely, intermodal and intramodal. In multimode fiber,

intermodal dispersion is due to the difference in propagation of various modes of the

same signal. In single mode fiber, intramodal dispersion occurs within a single mode,

because of group velocity being a function of wavelength, and this is generally known

as chromatic dispersion. It has three components, namely, material dispersion,

waveguide dispersion and polarization dispersion.

In multimode fibers, multi path dispersion that causes a severe limitation to the

information capacity can be completely eliminated by reducing the core diameter to

something in the region of IOl-lm. In single-mode fiber (SMF), the total dispersion can

be determined by combining material dispersion and waveguide dispersion, which can

be added algebraically. The interaction of various contributions in the total dispersion

of a standard single-mode fiber is shown in Figure 1.8. The fact that waveguide

dispersion has opposite sign compared to the material dispersion is of considerable

practical interest, which can be utilized to develop special fibers, such as,

40

./
/

I Single-Mode Fiber (SMF) I

I 100 1200 1300 1400 1500 1600 1700

Wavelength (A.),nm

Om :Material Dispersion
ow: Waveguide Dispersion° :Chromatic Dispersion

/

~----'=:C~-------C.(~~i------------------------'-'-/ .

/ -. '-'-.,/ _.-._._~..:"._._.
/~

:i A.o:Zero-dispersion
Wavelength

Bt 30

,...::.20
S
<::
<l.) 10'u
i:S8 0
u
8

'in - I 0

~
i5 -20
u".g
a -30

]
U -40

1000

Figure 1.8: Chromatic dispersion characteristics of standard SMF [I].
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dispersion flattened fiber (OF), dispersion shifted fiber (OSF) and nonzero dispersion

shifted fiber (NZOSF) etc. The wavelength A" is termed as the zero-dispersion

wavelength, the wavelength at which dispersion is zero.

1.5 Background of this Study

Optical wavelength division multiplexing (WOM) systems using low dispersion fibers

and erbium-doped fiber amplifiers (EOFA) are very attractive for future broadband

information distribution networks. In principle, more than 1000 channels can be

multiplexed at several gigahertzes intervals if fiber low dispersion region around

1.55flm (- 12.5 THz bandwidth) is fully utilized [5]. WOM is one promising

approach to exploit the huge bandwidth of optical fiber. WOM, the use of several

distinct, separated wavelengths on a single-mode fiber, is revolutionizing the point-to-

point optical links in the telecommunication industry. However these separate

wavelengths are not truly independent but are coupled together by nonlinear

interactions in fiber material. Fiber nonlinearities, such as, stimulated Raman

scattering (SRS), stimulated Brillouin scattering (SBS), cross-phase and self-phase

modulation and FWM result in severe performance degradation of lightwave

communication systems by limiting the system capacity, maximum allowable input

power and span lengths [6]. Among these nonlinear processes, FWM is the dominant

nonlinear effect that severely degrades the performance of a long-haul multichannel

transmission system [6]-[12].

First and second generation lightwave systems used 0.85flm and 1.33flm wavelength

regions respectively where fiber attenuation loss is considerably high. By controlling

the material and waveguide dispersion, Ao can be shifted to the lowest loss wavelength

for silicate glass fiber at 1.55flm to provide both low dispersion and the lowest

attenuation loss fiber as shown in Figure 1.9. These are called OSF and are designed

to allow much higher information rates. However channels allocated near 1550 nm in

OSF are seriously affected by nonlinear effects mainly four-wave mixing (FWM).

DSF enhances the efficiency of generation of FWM waves by reducing the phase

mismatch among the copropagating channels naturally provided by the fiber

dispersion [12]. Recent trends in the design of lightwave systems are to achieve high
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data rates with long spacing between repeater amplifiers in a chain require high

optical power per channel to satisfy the signal-to-noise (SNR) requirements. Thus, for

WDM systems with long repeater spacing, the simultaneous requirements of high

launched power and low dispersion fibers lead to the generation of new waves by

FWM [13], [14]. Several methods have been proposed to mitigate the effect ofFWM

crosstalk, namely, arrangement of transmission fiber dispersion to prevent phase

matching [IS], unequal channel spacing (US) scheme [16], repeated unequal channel

spacing (RUS) scheme [17], a combination of USIRUS and dispersion compensation

schemes [18], or polarization-maintaining fiber [19] to reduce FWM crosstalk, but all

12&l 1300 1450 1550
Wavelength (nm)

16&l

Figure 1.9: Chromatic dispersion and attenuation characteristicsof

various fibers [20]

these approaches cause some complexity and increase some difficulties of upgrading

the system. Moreover, in US scheme the total bandwidth occupied by the all users

expands drastically with the increase of number of channels, in RUS scheme total

bandwidth requirement compared to US scheme is minimized but the BER

performance is deteriorated due to FWM.
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These have stimulated the development of new fiber designs, such as, NZDSF, in

which .% falls not exactly at 1550 nm but before or after 1550 nm and has low

residual dispersion in the spectral window in which WDM and DWDM systems

generally operate. These fibers are able to reduce FWM effect to some extent by

maintaining the resid.ual dispersion around 1550 nm wavelength and at the same time

permit transmission at 10 Gbits/s over long distances. The transmission fibers are

usually classified according to their dispersion characteristics. The dispersion curves

for conventional non-dispersion shifted fiber (NDSF), DSF and NZDSF are shown in

Figure 1.9. To avoid the FWM penalties in WDM systems NZDSF's are developed [21].

However, with the increase of numbcr of channels, FWM crosstalk in NZDSF also

increases and consequently system performance is again degraded.

14r--'-- -----.-----.---.--_._-----,_.._---~
1201 Equal Channel

Spacing

10cl
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Lights
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Figure 1.10: Number ofFWM products at different channel positions [18]

Wavelength Shift Keying (WSK) is a new simple technique that can cancel the FWM

crosstalk to first order [22]. It has been found that FWM spectrum is symmetric

around the zero dispersion wavelength [ 18], [22]. By assigning the channels

symmetrically around zero dispersion wavelength and using balanced detection,

FWM crosstalk can be minimized significantly. The improvement of WSK-WDM

system relative to conventional on-off WDM system has been studied without

considering degenerate case, nonuniform dispersion and channel power depletion.

The system performance may degrade at high launched power levels, because the

. ;".



13

propagating channels are depleted by power transferring to the mixing waves [23].

This problem can be solved by employing dispersion management scheme in which

phase matching condition is disturbed by using fibers of different chromatic

dispersion. The detailed performance analysis of WSK- WDM system considering

FWM effect under various system limitations is yet to be reported.

1.6 Objective of this Study

The objective of this research is to study the performance of WSK technique in

reducing the FWM effect in WDM optical network using an analytical approach. The.

effect of FWM interference on the system will be estimated. The system limitations

for both conventional on-off WDM and WSK-WDM systems considering FWM

effect will be evaluated and compared. The performance of both systems for different

fibers, different number of channels, different channel spacing and for various

transmission distances will be examined and compared. The performance of the

proposed technique will also be compared to that of US and RUS schemes. Finally

dispersion management scheme will be incorporated to the WSK system and then the

improvement in the performance of this system will be assessed. Though this

increases the system complexity, the achieved performance will compensate it

satisfactorily. The results of this work are expected to contribute in the design of high-

speed long-haul lightwave communication network with longer repeater spacing.

1. 7 Thesis Outline

The thesis dissertation is composed of seven chapters.

Chapter I gives the introduction of fiber optic communication along with historical

background. Recent developments in this field and the characteristics of optical fiber

are also discussed. The background of this study and objective of this research work

are addressed.

In chapter 2, different multichannel optical communication networks are described.

The comparisons between WDM and FDM systems are also discussed.
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In chapter 3, fiber nonlinearities and their impact on fiber optic communications are

explained. The origin of FWM and its detrimental effect on multichannel transmission

systems are characterized and analyzed elaborately with necessary mathematical

models.

In chapter 4, system configuration of WSK-WDM system is presented. Estimation of

four-wave mixing noise and its reduction process by WSK technique is explained. Bit

error rate (BER), power penalty, allowable input power and the overall system

capacity are evaluated for both conventional on-offWDM and WSK-WDM systems.

Chapter 5 describes the performance of WSK-WDM system in presence of FWM.

The effects of different system parameters like number of channels, channel spacing,

different types of fiber and fiber length on the system performance are also analyzed.

The performance of WSK-WDM system is compared to that of conventional on-off

WDM system and also compared to that of other FWM reduction techniques like US

and RUS schemes.

Chapter 6 delineates the effect of chromatic dispersion on FWM efficiency. The

dispersion management scheme using different nonuniform dispersive fibers is

discussed. Then a combination of this scheme with WSK technique has been analyzed

and the improvement of performance is compared to the previous results.

A brief conclusion along with suggestions for future works is addressed in chapter 7.
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Chapter 2.

OPTICAL COMMUNICATION NETWORK

2.1 Introduction

In this chapter different optical communication networks will be characterized. With

the advance of fiber transmission techniques and optoelectronics, different optical

multichannel communication systems have been evolved. Especially, the advent of

semiconductor LASER with high gain and optical amplifier like erbium-doped fiber

amplifier (EDFA) have created a stimulation to the multichannel optical

communication networks.

2.2 Multichannel Communication Systems

The huge potential bandwidth of optical fiber can be efficiently utilized by

multiplexing a number of channels and transmitting them through the fiber

simultaneously. The transmission bandwidth of fiber is divided into a number of

nonoverlapping frequency (or wavelength) bands and each of these bands is

associated to support a single communication channel. Two principal kinds of

multichannel systems are common in practical applications, namely, frequency

division multiplexing (FDM) and wavelength division multiplexing (WDM). The

Optical Time Division Multiplexing (aTOM) and Code Division Multiplexing

(COM) techniques are in under research. The first two schemes differ from each other

in respect of transmitterl receiver configuration.

In the following subsections a short description on FDM and WDM systems will be

given. In section 2.3, a comparative discussion between these two systems will be

outlined.
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2.2.1 Frequency Division Multiplexing (FDM)

In FDM the optical channel bandwidth is divided into a number of nonoverlapping

frequency bands and each signal is assigned one of these bands of frequencies. The

individual signal can be extracted from the combined signal by appropriate electrical

filtering or optical filtering at the receiver terminal. Hence FDM is usually done

Information f,
source 1 Laser 1 Receiver 1

(LO-I)

D
M Optical fiber e

Information U M
source k X U

X
Receiver N

Information fN Frequency (LO-N)

source N Laser N selective DeM ux

Figure 2.1: Optical FDM system

done electrically at the transmit terminal prior to intensitymodulation of a single optical

source. In case of broadcast communication, tunable optical filters or local oscillators

(La) can be used, and for point-to-point communication, fixed optical filters can be

used. FDM is usually used for lowcapacity, short distancebroadcast communications.

2.2.2 Wavelength Division Multiplexing (WDM)

WDM assigns incoming optical signals to specific wavelengths within the fiber (and

EDFA) transmission bandwidth. Each of the wavelengths is launched into the fiber.

The signals are demultiplexed at the receiving end and detected by the corresponding

detector. There are different types of WDM setups, such as unidirectional and

bidirectional setups.
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Unidirectional WDM device is used to combine different signal carrier wavelengths

onto a single fiber at one end and separate them onto their corresponding detectors at

the other end.

Channell Channel I
DeteetorA I

Channel 2
Optical Detector A. 2

Channe12

MUX
Optical
Fiber

Channel N Detector A. N
Channel N

Figure 2.2: Block diagram of a unidirectional WDM network

The block diagram of a WDM network is shown in Figure 2.2. In the transmitting end

there is a multiplexer using which a number of separate channels are fed to a single

optical fiber. At the receiving end there is a demultiplexer, which separates the

different channels and directs them to different receivers.

Input
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Figure 2.3: Block diagram of a bi-directional WDM system

In bidirectional WDM system two or more waves are transmitted simultaneously over

the same fiber. It involves sending information in one direction at a wavelength A. I

and simultaneously transmitting data in the opposite direction at a wavelength A. 2.

\
'<:.--"
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WDM system can further be categorized into two groups depending upon the

wavelength separation between the adjacent channels. They are coarse WDM

(CWDM) and dense WDM (DWDM). The WDM systems having channel spacing

greater than 0.4 nm are generally known as CWDM, and those having channel

spacing less than or equal to 0.4 nm are regarded as DWDM systems.

2.2.3 Dense Wavelength Division Multiplexing (DWDM)

The demand for communication and data transmission is growing rapidly due to

increasing popularity of Internet and other multimedia applications. Optical

transmission began to be used in trunk cables about 1990; the capacity of those

systems was several hundred Mbits/s per fiber [24]. The capacity jumped to 2.5-5

Gbits/s with advent of high output semiconductor lasers and optical amplifiers in

1995. With the introduction of WDM technique for accessing the huge bandwidth of

optical fiber, the system capacity is again increased to 10-20 Gbits/s. The overall

transmission capacity now exceeds 100 Gbits/s per fiber due to improvement in fiber,

optoelectronic devices and wavelength division multiplexing techniques [25].

Usually, those techniques are called dense WDM (DWDM).

The latest generation DWDM systems are capable of transmitting quantities of

information at Tbits/s level and even higher. In DWDM system, the information

carrying capacity of fiber is more effectively and efficiently utilized by using closely

spaced channels. The channel spacing is more or less taken as equal to or less than 0.4

nm. Systems have been tested with 128 channels at 10 Gbits/s having 0.4 nm (50

GHz) channel spacing [26].

DWDM's most compelling advantages can be summarize as follows:

(I) Transparency: Because DWDM is a physical layer architecture, it can

transparently support both time division multiplexed (TDM) and data formats such as

ATM, Gigabit Ethernet, ESCON, and Fiber Channel with open interfaces over a

common physical layer.
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(2) Scalability: DWDM can leverage the abundance of dark fiber in many

metropolitan area and enterprise networks to quickly meet demand for capacity on

point-to-point links and on spans of existing SONET/SDH rings.

(3) Dynamic provisioning: Fast, simple, and dynamic provisioning of network

connections give providers the ability to provide high bandwidth services in days

rather than months.

DWDM has become the clear winner in the backbone. It was first deployed long haul

routes at the time of fiber scarcity. Then the equipment savings made it the solution of

choice for new long haul routes, even when ample fiber was available. While DWDM

can relieve fiber exhaust in the metropolitan area, its value in this market extends

beyond this single advantage. Alternatives for capacity enhancement exist, such as

pulling new cable and SONET overlays, but DWDM can do more.

DWDM will continue to provide the bandwidth for large amounts of data. In fact, the

capacity of systems will grow as technologies advance that allow closer spacing, and

hence higher number of wavelengths. But DWDM is also moving beyond transport to

become the basis of all-optical networking with wavelength provisioning and mesh-

based protection. Switching at the photonic layer will enable this evolution, as will the

routing protocols that allow light paths to traverse the network in much the same way

as virtual circuits do today.

2.3 Comparison ofWDM and FDM systems

Multiple channels are multiplexed in wavelength domain in WDM technique and in

frequency domain in FDM technique. Optical WDM or FDM systems are highly

promising for future broadband information transmission and distribution networks.

Comparison between WDM and FDM networks are mentioned below:

1. In WDM systems wavelength spacing (Ll.A.) is small, in FDM system

frequency spacing (M) is small.

2. In both cases point-to-point and broadcast communication are possible. But

FDM is costly.
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3. Both systems may have coherent or direct-detection receivers. But FOM

requires optical/electrical filters/LO and WOM may employ optical filters or

wavelength demultiplexers at the receiver. Wavelength demultiplexers can

not be used for FOM.

4. In FOM systems huge loss of power occurs in the filters. On the other hand if

wavelength demultiplexer is used in WOM receiver, then all the channels can

be separated using a single unit without such losses.

5. WOM has simpler and cheaper receiver circuit.

2.4 Conclusion

A brief overview on different optical communication networks is presented in this

chapter. Multiplexing techniques realize the great opportunity to utilize the huge

available bandwidth of an optical fiber. Recent advances in the field of optics have

created a way for practical implementation of WOM and FOM networks. Thus, these

systems can meet the recent and future demand for high information rate.
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Chapter 3

NONLINEAR PROCESSES IN FIBER

3.1 Introduction

With the increase of data rates on optical fiber, transmission lengths, number of channels,,
and optical power levels, nonlinear effects of fiber become dominant. The only worries

that plagued the optical fiber in the early days were fiber attenuation and, sometimes,

fiber dispersion; however, these issues are easily dealt with using newer fiber design

having low attenuation and a variety of dispersion avoidance and cancellation techniques.

Fiber nonlinearities present a new realm of obstacle to the high capacity, long haul

multichannel optical communication systems that must be overcome.

3.2 Fiber Nonlinearities

The response of any dielectric material to the light becomes nonlinear for intense

electromagnetic fields. Fundamentally, the origin of nonlinear response is related to the

anharmonic motion of bound electrons under influence of an applied field. As a result, an

intense light beam propagating through a fiber will induce a nonlinear polarization given

by [27]

P = E:OlX(I) .E+ X(2) : EE + X(3) :EEE + ... j (3.1)

which gives rise to nonlinear effects. Here E:o is the vacuum permittivity and X VJ (j = I, 2,

... ) is jth order susceptibility. The linear susceptibility X(I) represents the dominant

contribution to P. The second-order susceptibility is nonzero only for media that lack

inversion symmetry at the molecular level. Since SiOz is a symmetric molecule, X(2)

vanishes and optical fibers do not exhibit second-order nonlinear effects. The lowest
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order nonlinear effects in optical fiber originate from third-order susceptibility X(3),

which is responsible for phenomena such as third-harmonic generation, four-wave

mixing (FWM) and nonlinear refraction.

3.3 Origin of Nonlinear Effects

Kerr Effects

Self
Phase
Modulation

Cross
Phase
Modulation

Scattering Effects

Four
Wave
Mixing

Stimulated
Raman
Scattering

Stimulated
Brillouin
Scattering

Figure 3.1: Nonlinear effects in fibers

Fiber nonlinearities arise from the two basic mechanisms. Firstly, most of the nonlinear

effects in optical fibers originate from nonlinear refraction, a phenomenon that refers to

the intensity dependence of refractive index of silica resulting from the contribution of

X(3) . The refractive index of fiber core can be expressed either as [27]

or as

n = no + n, P / A'!J

(3.2)

(3.3)

",
"\ I
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where no is the linear part and nz is the nonlinear-index coefficient related to X(3) by the

relation n, = ~Re(x(3». P is the power of the light wave inside the fiber and Aeffis the
8n

effective area of fiber core over which power is distributed. The intensity dependence of

refractive index of silica leads to a large number of nonlinear effects, such as, self-phase

modulation (SPM), cross-phase modulation (XPM) and FWM.

The second mechanism for generating nonlinearities in fiber is the scattering phenomena.

These mechanisms give rise to stimulated Brillouin scattering (SBS) and stimulated

Raman scattering (SRS). Fiber nonlinearities that now must be considered in designing

state-of-the-art fiber optic systems may be categorized as Kerr effects, which include

SPM, XPM, and FWM, and scattering effects that include SBS and SRS. Different fiber

nonlinear effects are briefly narrated below.

3.4 Stimulated Brillouin Scattering (SBS)

Stimulated Brillouin scattering (SBS) may be defined as light modulation through

thermal molecular vibrations within the fiber. Incident photon produces a phonon of

acoustic frequency as well as a scattered photon, and thereby produces an optical

frequency shift.

It manifests through the generation of a backward-propagating Stokes wave that carries

most of the input energy down-shifted from the frequency of incident light wave by an

amount determined by the nonlinear medium. The process of SBS can be described

classically as a parametric interaction among the pump wave, the Stokes wave, and an

acoustic wave. The phase matching condition for SBS be written as

kl+ kz+ks= 0

ks = 0, k( = -kz
(3.4)
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where k, and k2 are wave vectors of two optical fields involved and ks is the momentum

of acoustic phonon which is very small compared to the pump and Stokes waves, thus

phase matching can occur only if the Stokes wave propagates in the backward direction.

This indicates that frequency shift is a maximum in backward direction reducing to zero

in forward direction.

SBS sets an upper limit on the amount of optical power that can be usefully launched into

an optical fiber. The SBS effect has a threshold optical power (around 5 to 10mW). The

power limitation for SBS effect is also shown in Figure 3.3. SBS threshold about 2 mW is

experimentally observed at 1.52 /lm in 30 km fiber [28]. When the SBS threshold is

exceeded, a significant fraction of the transmitted light is redirected back to the

transmitter. This results in a saturation of optical power that reaches the receiver, as well

as problems associated with optical signals being reflected back into the laser. The SBS

process also introduces significant noise into the system, resulting in degraded BER

performance. As a result, controlling SBS is particularly important in high-speed

transmission systems employing external modulators and continuous wave laser sources.

It is also of vital importance to the transmission of 1550 nm-based CATV transmission,

since these transmitters often have the very characteristics that trigger the SBS effect.

The SBS threshold is strongly dependent on the linewidth of the optical source with

narrow linewidth sources having considerably lower SBS thresholds. SBS threshold

increases proportionally as the optical source linewidth increases.

3.5 Stimulated Raman Scattering (SRS)

Similar to SBS except that a high frequency optical phonon rather than acoustic phonon

is generated in the scattering process. In the interaction process, a part of incident light is

converted to another optical beam at a frequency downshifted by an amount determined

by the vibrational modes of the nonlinear medium (called Stokes frequency). The

incident light acts as pump for generating the frequency-shifted radiation called the
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Stokes wave. For intense pump waves, the Stokes wave grows rapidly inside the medium

such that most of the pump energy appears in it.

In a quantum mechanical view, a photon of the incident light is annihilated to create an

optical phonon at the Stokes frequency and another photon at a new frequency. The phase

matching condition can be written as

(3.5)

where ks is the wave vector of the optical phonon. There are virtually two directions in

fiber, so kj and k2 have either the same or opposite directions .

. ,
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Figure 3.2: SRS effect in multichannel transmission system

Stimulated Raman scattering (SRS) is much less a problem than SBS, since its threshold

(around I Watt) is nearly thousand times higher than SBS [29]. If the pump wave is

increased beyond the threshold level, the scattering becomes stimulated and the pump

wave losses its power to the Stokes wave. The pump wave is thus depleted due to SRS. In

multichannel channel system, usually the effect first seen is that the shorter wavelength

channels are robbed of power, and that power feeds the longer wavelength channels. That

is, the lower frequency channels will be amplified at the expense of the higher frequency

channels. The injected power to the lower frequency channels is not any spontaneous

noise but from the transmitting power of a higher frequency user. Thus the Raman

scattering process impairs the system performance at much lower optical powers for large
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number of channels. Figure 3.3 shows the maximum power limit imposed by SRS in a

system with the mentioned parameters.

3.6 Self-Phase Modulation (SPM)

Self-phase modulation (SPM) is due to the power dependence of the refractive index of

the fiber core. SPM refers the self-induced phase shift experienced by an optical field

during its propagation through the optical fiber; change of phase shift of an optical field

is given by [27]

(3.6)

where ko = 2JC/ A and L is fiber length. f/1£ is the linear part and r/JNL is the nonlinear part

that depends on intensity. r/JNL is the change of phase of the optical pulse due to the

nonlinear refractive index and is responsible for spectral broadening of the pulse. Thus

different parts of the pulse undergo different phase shifts, which gives rise to chirping of

the pulses. The SPM-induced chirp affects the pulse broadening effects of dispersion.

SPM interacts with the chromatic dispersion in the fiber to change the rate at which the

pulse broadens as it travels down the fiber. Whereas increasing the dispersion will reduce

the impact of FWM, it will increase the impact of SPM. As an optical pulse travels down

the fiber, the leading edge of the pulse causes the refractive index of the fiber to rise

causing a blue shift. The falling edge of the pulse decreases the refractive index of the

fiber causing a red shift. These red and blue shifts introduce a frequency chirp on each

edge, which interacts with the fiber's dispersion to broaden the pulse.

3.7 Cross Phase Modulation (XPM)

Cross phase modulation (XPM) is very similar to SPM except that it involves two pulses

of light, whereas SPM needs only one pulse. In Multi-channel WDM systems, all the

other interfering channels also modulate the refractive index of the channel under

consideration, and therefore its phase. This effect is called Cross Phase Modulation (XPM).
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XPM refers the nonlinear phase shift of an optical field induced by copropagating

channels at different wavelengths; the nonlinear phase shift be given as [27]

(3.7)

where El and E2 are the electric fields of two optical waves propagating through the same

fiber with two different frequencies.

In XPM, two pulses travel down the fiber, each changing the refractive index as the

optical power varies. If these two pulses happen to overlap, they will introduce distortion

into the other pulses through XPM. Unlike, SPM, fiber dispersion has little impact on

XPM. Increasing the fiber effective area will improve XPM and all other fiber

nonlinearities.

BRlLLOUIN"

......,-....FWM

A.=1.5 5 J-llTI -....

a.=O.2dB/km
A=5xIO-7cm2

Le=22km
total bandwidth = 21Hz

101 102

number of user channels

Figure 3.3: Maximum power per channel versus number of channels which ensures

system deformation below IdB for all channels in the case ofSRS, SBS and FWM [22]
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3.8 Four-Wave Mixing (FWM)

In the stimulated scattering processes, the optical fiber acts as a nonlinear medium and

plays an active role through the participation of molecular vibrations. In many nonlinear

phenomena the fiber plays a passive role except for mediating the interaction among

several optical waves through a nonlinear response of bound electrons. Such processes

are referred to as the parametric processes as they originate from light-induced

modulation of a medium parameter such as refractive index. Nonlinear phenomena like

harmonic generation, four-wave mixing and parametric amplification fall into this

category. Since FWM effect in optical communication system is the main concern of this

research work, the details of this effect are described in the ,following sub-sections.

3.8.1 Origin of FWM

Four-wave mixing (FWM) is caused by the nonlinear nature of the refractive index of

optical fiber itself. And nonlinear refractive index of fiber depends on the intensity of

propagating light. FWM effect is usually only observed in fiber optic communication

systems with multiple channels. FWM is a third-order parametric process in which three

waves of frequencies j;, jj and fi interact through third-order susceptibility X(3) of fiber

material and generate a fourth wave of frequency fijk = j; +jj - fi [14].

The origin of FWM can be understood by considering the third order polarization term

given as [27]

(3.8)

where E is the electric field, PNL is the induced nonlinear polarization and <Q) is the

vacuum permittivity. Let us consider four optical waves oscillating at frequencies CUI,

tlil, ~ and Ui4 respectively linearly polarized along the same axis x. The total electric field
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can be written as

(3.9)

where ~=njC0lc,nj is the refractive index and all four waves are assumed to be

propagated in the same direction z. If we substitute (3.9) in (3.8) and express PNL in the

form

(3.10)

we find that Pj for j = 1- 4 consists of a large number of terms involving the products of

three electric fields. For example P4 can be expressed as

P
4
= 3:0 x~{[IE412 +2(IE,I' +IE,I' +IE,I']E4 +2E,E,E, exp(iB+)+ 2E,E,E, exp(iB_)+ }

(3.11 )

where

B+ = (k, +k, +k, - k,)z - (w, +w, +w3 - (4)t

B_=(k, +k, -k, -k,)z-(w, +w, -w, -(4)t

(3.12)

(3.13)

The term proportional to E4 is responsible for SPM and XPM effects. The remaining

terms are responsible for FWM. How many of these are responsible for a parametric

coupling depends on the relative phase between E4 and P 4 given by B+ and B. or a similar

angle. FWM process becomes significant only if the relative phase nearly vanishes. This

requires matching of the frequencies as well as the wave vectors. The latter requirement

is often referred to as phase matching. In quantum mechanical terms FWM occurs when

photons from one or more waves are annihilated and new waves are created at new

frequencies such that the net energy and momentum are conserved during the parametric

interaction. The main difference between the parametric processes and the scattering
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processes is that phase matching condition is automatically satisfied for the scattering

processes as a result of the active participation of the nonlinear medium. By contrast the

phase matching condition requires a specific choice of frequencies and the refractive

indices for a parametric process like FWM to occur.

There are two types ofFWM terms in Equation (3.11). The second term of the right hand

side corresponds to the case in which three photons transfer energy to a single photon at

the frequency ill, = ill, + ill, + ill,. This term is responsible for phenomenon such as third

harmonic generation when ill, = ill, = ill, or frequency conversion to the wave at 2ll!J+t2JJ

when ill, = ill, '" ill,. In general it is difficult to satisfY the phase matching condition for

such processes to occur in optical fibers with high efficiencies. The last term in Equation

(3.11) corresponds to the case in which two photons at frequencies ll!J and t2Jl are

armihilated with a simultaneous creation of two photons at frequencies t2JJand CUt such

that

The phase matching requirement for this process to occur is that ;:"k = 0, where

;:"k= k, + k, - k, - k,
= (n,ill, +n,ill4 -n,ill, -n,ill,)/c

(3.14)

(3.15)

It is relatively easy to satisfY;:"k = ° for the FWM process described by (3.14) and (3.15)

in the particular case in which ll!J = t2Jl. This partially degenerate case has been studied

almost exclusively in optical fibers. Physically it manifests in a way similar to stimulated

Raman scattering (SRS). A strong pump wave at ll!J create two sidebands located

symmetrically at the frequencies ill3 and ())4with a frequency shift given by

(3.16)

where for definiteness it is assumed that t2JJ<ill4 .
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As can be seen from Equation (3.16) that the effect of FWM resembles SRS. In fact the

low frequency sideband at C0 and the high frequency sideband at CV4 are referred to as

Stokes and anti-Stokes bands in direct analogy with SRS. The partially degenerate FWM

is also known as three-wave mixing as only three distinct frequencies are involved in the

nonlinear process. But generally it is referred to as four-wave mixing, reserving the term

three-wave mixing for the processes mediated by X(2).

3.8.2 Phase-Matching Condition

As mentioned in the previous section the parametric gain for FWM peaks when the net

wave vector mismatch is close to zero. The wave vector mismatch k can be expressed in

the form

(3.17)

where !'>.kM, !'>.kw and !'>.kNL represent mismatching occurrmg as a result of material

dispersion, waveguide dispersion and the nonlinear effects. For standard single mode

fiber (SMF), significant amount of FWM can occur even when phase matching is not

perfect to produce k = O. The amount of tolerable wave vector mismatch depends on the

relative magnitude of th~ fiber length L and the coherence length Leah. Assuming that the

contribution !'>.kM dominates in Equation (3.17), the coherence length can be related to the

frequency shift Qs and is given by [27]

(3.18)

In the visible range typically fJ2 = 50-60 ps2/km resulting in Leah <: Ikm for frequency

shifts v, = n,. /2" S; 100 GHz. Such large coherence lengths indicate that FWM can

occur m SMF for frequency shifts such that
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3.8.3 Impact ofFWM

FWM process can be a serious limiting factor for long haul multichannel communication

systems. Its effect increases with the increase of number of channels, power per channel

and fiber length. FWM process becomes stronger when channel spacing is smaller and

chromatic dispersion of fiber is low. With increase of demand for very high information

rates, more and more number of channels have to be provided by WDMIDWDM systems

with larger bandwidth and lower spacing, and all these channels have to be placed within

the lowest attenuation window using DSFINZDSF, consequently the FWM effect

,becomes the main concern oflightwave communication systems.

FWM process can degrade the system performance in two ways:

1) Because of the FWM process a large number of new signals are generated. The total

number ofFWM products because of the interaction of N number of channels is

Total no. ofFWM Products = Ji (NJ
- N') (3.19)

Some of these FWM waves may occupy the same position as the original signals and

may degrade system performance by interference.

''-1 ~

~ ,

f213 f231"
f123 f312 f321 '"

f113 f112 f223 f132 f221 f332~ f331~

Figure 3.4: Interference caused by FWM products with original signals
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Let us consider three channels as shown in Figure 3.4. Nine FWM products are generated

here of which three falls on the original signal positions and interfere with them. With the

increase of number of channels, the number of interfering products increases as shown in

Figure 3.5.
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Figure 3.5: Number of FWM products as a function of number oftransmitting channels

2) The second problem is that the new generated signals by FWM process take power from

the original signals for their generation. As a result the original signals are depleted of

power and becomes weaker [23]. Moreover, the distortion on the "I" bits is enhanced by

the parametric gain provided by the channel power to the FWM waves at the detector

[30].

3.8.4 Numerical Calculation of FWM

We have already mentioned that FWM is a third-order nonlinear parametric process in

silica (glass), which is analogous to third-order intermodulation of radio systems [31], so
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that in a multichannel system, three optical frequencies mix through the third-order electric

susceptibility of optical fiber to generate a fourth signal with frequency lijk = fi + Jj - fi ,
wherefi,Jj, andfi (k* i,j) are the frequencies of three of the channels.

Thus, three copropagating waves give rise to nine new optical waves by FWM and in

WDM system, this happens for every possible choice of three channels. In conventional

WDM systems, the channels are typically equally spaced. and this choice causes huge

number of FWM products in the bandwidth of the system that may fall at the channel

frequencies. The total number of FWM products can be calculated from Equation (3.19).

If we assume that the input signals are not depleted by the generation of mixing products,

the power of the new optical signal generated at frequency lijk exiting the fiber is given by

[12]

P = 10241Z"' (D XIIIIL'if J2 PPP -al.
"' 412 2 A ' j k

e '7n /I. e ,IJ
(3.20)

where n is refractive index, ..1.is the wavelength of light, Pi, Pj and Pk are the input

powers of three waves, D is the degeneracy factor, D = 3 for two-tone products if; =Jj)

and D = 6 for three-tone products if; * Jj), XII II is nonlinear susceptibility and XII II =

4xlO-15 esu and '7 is the mixing efficiency, Aeffis the effective area of the fiber and Leffis

the effective length of fiber, given by

(3.21 )

with a as fiber attenuation loss. The third-order nonlinear susceptibility can be expressed

in terms of nonlinear index of refraction n2, in case of a single polarization, as

2en 2
XlIII [esu] = 2 n,[m IW]

4801Z"
(3.22)

.r-
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The mixing efficiency 1) is given by [12]

1) = a' (1 + 4e-aL Sin'(f',fJL/2»)
a' +f',fJ' (l-e-aL)'

where f',fJ is the propagation constant difference and be written as

(3.23)

(3.24)

Here fJ indicates the propagation constant. Efficiency 1) takes the maximum value of 1 for

f',fJ = O. In this situation the phase matching condition is satisfied. After expanding the

propagation constant in a Tailor's series about zero-dispersion wavelength AQ and retain

terms up to third order in W-OJo, the propagation constant difference f',fJ representing the

phase mismatch may be expressed as

Here Dc is the fiber chromatic dispersion andfo is zero-dispersion frequency. For DSF, Dc

ifo) = O.

To calculate the FWM crosstalk in a multichannel system, we assume N channels with

same input p for each wavelength. The optical power generated by FWM at wavelength A

is given by

PF(A)=d'C I,P(2;)P(2)P(Ak)

A=~+;'r..tk

(3.26)

where peA,), P(Af) and peAk) are the fiber input power of three of the channels and if the input
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powers are equal, i.e. P(A;) = ptA i) = P(A, ) = P , then Equation (3.26) can be written as

Pp(A) = d'C LP3

..l.=A.i+,tj-Ak

and C is given by

C -aLL 2= 7]Ke ,If

(3.27)

(3.28)

which is derived from Equation (3.19), where d is the degeneracy factor and d =1 or 2 for

fi =jj or fi # jj respectively, K is fiber nonlinearity and is given as

(3.29)

3.9 Conclusion

In this chapter, different fiber nonlinearities including scattering processes and parametric

processes have been discussed. In last subsection we have illustrated the FWM effect in

details, which is the main topic of this thesis. It has been observed that of all

nonlinearities FWM is the most sensitive nonlinear effect that limits performance of

multichannel lightwave communication systems. It is also found that many factors

influence the FWM process, such as, number of channels, channel spacing, chromatic

dispersion, fiber length, and core area.

With an increasing number of channels, the number of FWM waves generated grows

rapidly. In addition, the decreased channel spacing results in more combinations having

high mixing efficiency. Thus the FWM crosstalk increases as N2
• The critical power

curve for a IdB crosstalk limit from four-wave mixing is also drawn in Figure 3.3.
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It can be seen from the figure that four-wave mixing imposes the most strict power limit

upon the multichannel system with the given parameters. Furthermore, the nature of the

FWM crosstalk (power depleted in bit Is and noise generated in both bit Is and as)

results in an extremely high bit error rate (BER) in digital systems. Several FWM

experiments have supported the theoretical predictions [9], [10], [32]. Thus four-wave

mixing is the most sensitive to system parameters.

Simultaneous transmission of multiple wavelengths, increased signal powers and lower

dispersion fibers all lead to the increased influence of four-wave mixing in present optical

communication systems. To reduce the effect of FWM one has to consider many factors

simultaneously. In the following chapter the characteristics of FWM crosstalk in WDM

are studied and the reduction technique of FWM crosstalk will be investigated in details.

'" . .',
I
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Chapter 4

WAVELENGTH SHIFT KEYING WDM SYSTEM

4.1 Introduction

Wavelength division multiplexing is recognized as the leading technology enabling a

very large number of simultaneous connections within the large available bandwidth of a

single fiber. In WDM systems that utilize low dispersion fibers and fiber amplifiers, the

transmission performance is severely restricted by four-wave mixing. Different ways of

mitigating the FWM effects have been proposed, including allocating unequally spaced

channels, repeated unequal spaced channels, deploying dispersion managed fibers to

prevent phase matching [15]-[18], or using polarization-maintaining fiber where

polarization allocation schemes are employed to reduce FWM crosstalk [19]. All of these

approaches increase system complexity. Wavelength shift keying technique is a simple

scheme to depress FWM crosstalk. This technique is readily incorporated into the already

existing WDM structure, and is especially advantageous to the systems that deploy low

dispersion fibers.

4.2 Conventional on-off WDM system

In a conventional WDM system, each channel is assigned a particular wavelength, and N

channels transmit their signals simultaneously on a same fiber. The system configuration

is shown in Figure 4.1.

Narrow band optical sources provide power input for each channel, and they are

modulated by on-off keying (OOK), that is, a certain amount of power is sent for bit I

and no power is sent for bit 0 in the wavelength of that channel. An optical multiplexer

couples the light from individual sources into a single fiber, where attenuation and

spectrum deformation due to four-wave mixing occurs. At the receiving end, an optical

demultiplexer separates the mixed signal into N receivers. Erbium-doped fiber amplifiers
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Figure 4.1: Diagram ofa conventional on-offWDM system with N channels. XMT-

transmitter, RCV - receiver, AMP -amplifier, DSF- dispersion shifted fiber.

are sometimes used as power amplifier and to pre-amplifY the signals to compensate for

the splitting loss. The received signal at the receiver in channel i is

z, ={ RP,
o

bit "l"
bit "011

(4.1)

where R is the photodiode's responsitivity: the ratio of the output current to its optical

input power. P, is the effective signal power received and be expressed as

P =L Pe-aL, , (4.2)

where P is the power output from the transmitter, or the input power to the fiber, and L, is

the insertion loss, a is attenuation constant and L is fiber length.

4.2.1 Evaluation of the Effects of FWM of Conventional WDM System

Evaluation of Bit Error Rate, Power Penalty and Allowable input power

The numerical calculation of four-wave mixing noise and hence performance evaluation

of repeaterless conventional on-off WDM system is presented in this subsection. Three
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types of noises, such as, thermal noise, shot noise, and FWM noise are considered and

also assumed that all these noises have Gaussian distribution. It is assumed that lights

from all optical sources have an identical state of polarization, which corresponds to

considering the worst case situation for system degradation. The effect of laser phase

noise can be ignored assuming the laser spectrum linewidth is narrow enough compared

to modulation frequency and for simplicity polarization mode dispersion is ignored.

The probability of error or bit error rate (BER) is given by [33]

_ [(sm) -(S,) ]P,-Q----
am +o-s

(4.3)

where cr IS square root of noise power for bit 'I' and bit '0' respectively; Q IS

complementary error function or co-error function and is expressed as

I ~ (t'l
Q(X) = .J21r fexp -""""it (4.4)

where x is signal to noise ratio (SNR) and for conventional on-off WDM system the x is

given by [32]

(4.5)

where Nth, Nsh and NFWM are thermal noise, shot noise and FWM noise respectively, Pijk is

the FWM power and be given in Equation (3.19) and the thermal noise and shot noise are

given as

N = 4KTB,
,h R

L

N,h = 2qB,RP,

(4.6)
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where Be is the electrical bandwidth of the receiver, K is Bo!tzman's constant, T is

temperature in Kelvin, RL is the terminating load resistance of the receiver, and R is

photodetector's responsivity and be given as R = ~; where 77q be quantum efficiency, q

is the electron charge, h is the Planck's constant, f is operating frequency. The FWM

noise is given by [32]

(4.7)

Where Pijk is FWM power which is given by the Equation (3.19), summations I and II

denote summation for i "'i",k and i =i"'krespectively; P, is received power.

Now, the expression for power penalty for conventional IM/DD WDM system is derived.

From Equation (4.5) and (4.7), using some approximation, the expression for received

signal to achieve a given BER under FWM influence is deduced as (appendix A)

P =~ ks +2JNlh Ix
'R I__ 2cm

2 1m
X

. hem. _ I " PUk I " PUk
WIt -- L,-+- L,-

,m 81P, 4/lP,

(4.8)

(4.9)

where Nsh = ksRP, with k, = 2qB,. and C:: is called the effective FWM crosstalk. The

signal power to achieve a given BER without FWM is obtained from Equation (4.8) with

(4.10)
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Now, the powerpenalty PI' = P,I P,o at a givenvalueofxQ can be derived as (Appendix A)

P = 1
" 1-2 'Cm

Xo /fll

(4.11 )

To determine the allowable input power, the above Equation is used and the expression is

derived as

I

[(
I J pP ]2p= 1-- r

Pp 2x5C::;f'

h pI' -PIP d C"''' - P,. C"'were r - r an im - p3 im

4.3 Wavelength Shift Keying WDM System

(4.12)

It has been found that FWM spectrum is symmetric around the zero dispersion

wavelength [18]. By assigning the channels symmetrically around the zero

dispersion wavelength and using balanced detection at the receiver, FWM crosstalk can

be minimized significantly. In WSK-WDM system, each user is assigned two specific

wavelengths symmetric with respect to zero dispersion wavelength. One wavelength is

used to transmit the bit '1' and the other is used to transmit the bit '0'. The

modulated signals of all users are multiplexed and transmitted through the long haul

low dispersion fibers and experience attenuation and spectral deformation due to

four-wave mixing. At the receiver, two narrow band filters of each user select the two

wavelengths and finally, they are demodulated by balanced receiver. The received signal

of one wavelength of a user is positive for bit' l' and of other wavelength is negative for

bit '0'. Erbium doped fiber amplifiers may be used as power amplifier and to pre-amplify
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the signals to compensate for the splitting loss. The received signal at the receiver in

channel i is

z, ={ RP,

-Rp'.

bit !ll"

bit itO"
(4.13)

~User 1{
~'

I..

{to .• I.

User N Lll..I.

DSF

'I's 'O's

JLJ1!LlL
user N ... user I user 1 ... user N

~~,bit'l'

~3-RP,bit'0'

~~,bit'l'

[>-~3-RP,bit '0'
Nxl COUPLER IxN COUPLER

Figure 4.2: Schematic diagram of WSK- WDM system with N users

WSK requires twice as many wavelengths as conventional WDM to support a given

number of users. But it has several advantages over on-off keying technique. The

balanced detection yields 3 dB signal to noise advantage over single detection of on-off

keying; higher data rates and higher allowable launched power can be achieved. For N

users, 2N wavelengths are required for WSK model and N wavelengths are needed for

WDM system. The schematic diagram ofWSK-WDM system is shown in Figure 4.2.

4.3.1 Evaluation of the Effects ofFWM ofWSK-WDM System

Evaluation of Bit Error Rate, Power Penalty and Allowable input power

In WSK- WDM system, two lasers of each user are intensity modulated at two different

wavelengths, which are symmetric around Ao and these are multiplexed with other

channels and transmitted through the same fiber. At the balanced receiver, two

wavelengths of each user are selected by two filters; one will select the wavelength that
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corresponds to bit' l' and the other for bit '0'. At the output of one filter, the field

intensity of the optical signal is [34]

(4.14)

where P, IS the received power of selected light, the summation term

L=L+L contains the summations I and II that denote summation for i ;t j ;t k and i
ijk I II

= j;t k respectively, PUk and BUkare power and phase of those FWM lights generated from

a channel combination of i-,j-, and kth channels that satisfy IUk = J; + I) - I, and Bp = I

or 0 when pth channel is at the mark or space (p = i, j,k) respectively. Bm = I or 0 for

mark or space, respectively. The output light of other filter is

(4.15)

where Bs = 0 or 1 for mark or space, respectively.
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0" Error

Filter 2 Pre- Detector
AMP

Figure 4.3: Balanced receiver configuration for single user in WSK-WDM system

The output from the two filters is detected by dual p-i-n photodiodes, and the signal

current from the detectors, S, is written as [34]
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S = R[P, (Bm -B,) + 2{BmIBiBjB,)P, P,j' cos(B, -Bij.)-B, IB,BjB,)P, Pij' cos(B, -Bij}]
ljk 'ik J

+R[t,:BiBjB,)pij,ejO" 2 _ t,:BiB}B,)pij,e
j
O" 2]+n'h +n,h

(4.16)

where R = ~;, Bijk= Bj + fb - Bk and nth and n,h are thermal noise and shot noise

respectively. The detected signal level can be written as

s=

{

sm = RJ nm + pm + 2 {pmpm os(Bm _ Bm)} for "mark"ttr F 'VrFc r F

S' =_RJn, +P' +2)rr cos(B" -B")} for "space"trr F rF r F

(4.17)

(4.18)

here PF and BF are same as Pijk and Bijk; 'm' denotes "mark" and's' denotes "space". It

can be assumed that P/' = P;' and PFm= p;, . Then Equation (4.16) can be written as

S=R[P, (Bm -B,)+2{Bm~BiBjB,~P, PF cos(B, -BFJ-B,~BiBA~P, PF cos(B, -BFJ}]

+R(PF -PF)+n'h +n,h

(4.19)

It is evident that the average FWM power becomes nil, i.e. first order FWM crosstalk is

cancelled out. So, in WSK- WDM system there is no first order FWM interference, higher

order FWM products may exist.

Signal levels S" and S' can take vanous random values. In general, the probability

distribution of a variable composed of independent random variables can be considered to

have a Gaussian profile whose mean value and variance are the summation of the mean
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values and variance of the individual random variables. That is, the signal level has

Gaussian probability distribution, the mean values are

(s m ) = RP, for "mark"

and

(s.') = - RP, for "space"

The variances are

2 (m)2 N Nam = (J'F + III + sh for "mark"

(4.20)

(4.21)

(4.22)

d 2 - (.,)2 N Nan a.~- O"F + Ih + .\"h for "space" (4.23)

. h (.,)2 _ R2p {I "p I "p }WIt (J'F - 2 r - L. ijk + - L. ijk
8/ 411

(4.24)

where 0"}m)2 and 0"~,)2 are variances of FWM signal. Thus, the total signal variation has a

Gaussian profile and the error probability Pe can be ascertained using Equation (4.3) and

(4.4), but the SNR for this system is (Appendix B)

(J"m + a,l'

RP,=~=======
~NFWM +N'h +N,h

h N = ~(m)2 = ~(,)2were FWM VI' VI'

(4.25)

In WSK-WDM system, the decision statistic conforms to that of an antipodal system,

Whereas, WDM system has a decision statistic of an orthogonal system. The bit error rate
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(BER) ofWSK-WDM system is then expressed as

Probability

(4.26)

20"s

Conventional
WDM

WSK-WDM Probability

s

20"s

-RP, o S

Figure 4.4: Decision statistic for conventional WDM and WSK- WDM systems

From Equations (4.24) and (4.25), the expression for received signal to achieve a given

BER under FWM influence is

p = b :t .Jb 2 + 4ac
, 2a

(4.27)

where a = R
2
-2R2 p2 emp

2 pp ,m
X ,

b=k R,

c=N,,,

emp - ~em 'th em -.!.""p .!. ""pand 1m - 3 im WI im - LJ ijk + L.J ijkP 8{ 4/1

•
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The signal power to attain a given BER without influence ofFWM is

p = b:t.Jb' +4aPe
,0 2aP

R'
where aP = -,. and b, e are as usual.

x

(4.28)

The power penalty of a system is already defined as the ratio of received power with

FWM noise to the received power without the influence of FWM. Hence, The expression

for power penalty for WSK- WDM system is derived as (Appendix C)

p = P, = (b+.Jb' +4ae)aP

P P,o (b+.Jb' +4aPe)a
(4.29)

The allowable input power is evaluated from the above formula and the expression for

maximum allowable input power per channel for this system is deduced as (Appendix C)

p=

[(b+.Jb' +4a
p
e{ ;pa)_b r -b'

aP --------------
4e

y,

(4.30)

where PP = P, = L e-aL, P ,

4.4 Conclusion

A detailed analysis of conventional on-off WDM and WSK- WDM systems in context of

FWM process is presented in this chapter. The impact of FWM on the system

performance is described both qualitatively and quantitatively.
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Chapter 5

PERFORMANCE OF WSK-WDM SYSTEM

5.1 Introduction

The performance of a multichannel WSK-WDM transmission system in presence of

FWM has been evaluated in this chapter. A repeaterless network with uniform chromatic

dispersion is considered. The system performance dependence on various system

parameters such as transmitting power per channel, number of channels, fiber length will

be examined. Finally, the performance of WSK- WDM system is compared to that of

other FWM reduction schemes like unequal channel spacing (US) and repeated unequal

channel spacing (RUS).

5.2 Results

5.2.1 Bit Error Rate

The bit error rate (BER) performance of WSK-WDM and conventional on-off WDM

systems using DSF is shown in Figure 5.1. The error probability of both systems is

compared for 8-channel as a function of the signal power. The BER for both systems has

been calculated considering only thermal noise, shot noise and FWM noise, all of which

are assumed to have Gaussian distribution. The fiber and system parameters used in the

calculations are listed in Table-l. The parameters are chosen for comparing a

conventional equally spaced WDM system performance measuring with 8 channels [35].

The FWM power is proportional to the cube of transmitting power. At low signal power,

the FWM noise is small compared to the shot noise and thermal noise and the

performance is limited by these noises. As the signal power increases, the BER decreases.

As signal power increases further, the FWM noise becomes dominant and the BER starts

to increase. That is, the system is impaired by FWM interference and the performance is
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degraded for large power levels. For all power levels, the performance of WSK-WDM

excels the conventional WDM system. The BER of conventional WDM is higher than 10'

6 whereas for WSK-WDM system there is a signal power range within which BER is

lower than 10,12 [22], [36]. In the calculation, 8 and 16 wavelengths are required for

conventional WDM and WSK technique respectively to support 8 users. The channel

spacing is 200 GHz (1.6 nm) in both cases.

Figure 5.2 shows the BER performance of both systems for 16 users. The channel

spacing is 200 GHz. Figure 5.3 and 5.4 show the BER performance for both systems for

the same data as mentioned above but for NZDSF. The effect of channel spacing on BER

of WSK- WDM is illustrated in Figure 5.5. It's apparent that BER decreases with the

increase of channel spacing.

Table-I: The fiber and system parameters used in the numerical calculations

Number of users N 8, 16
Fiber Length L 137 km
Attenuation a 0.24 dB/km
Wavelength A- 1.55 etm
Channel spacing !1f 100 GHz, 200 GHz
Power penalty Pp 0.7 dB
Fiber nonlinearity K 5.84x10'6 m-2W-2

Responsivity R 0.85 AJW
Bit Rate B, 10 Gbps
Dispersion (DSF) Dc o ps/nm-km
Dispersion slope dD, 0.055 ps/nmL-km
(DSF) dA-
Dispersion D, -2.0 ps/nm-km
(NZDSF)
Dispersion slope dD, 0.07 ps/nmL-km
(NZDSF) dJ.
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5.2.2 Power Penalty

The power penalty suffered by both systems to achieve a BER of 10.9 is calculated and

shown in Figure 5.6. Power penalty increases with input power per channel. From figure,

it is obvious that for a given input power, WSK offers lower power penalty compared to

conventional WDM counterpart [36].

5.2.3 Allowable Input Power

The allowable input power for a given power penalty of 0.7 dB at BER of 10,9 is

estimated and shown in Figure 5.7 for various number of channels. WSK-WDM permits

much higher allowable input power compared to that of conventional on-off WDM

system even considering equal bandwidth [36].

5.2.4 Bit Rate-Distance Product

Allowable input power is determined for various transmission distances to achieve a BER

of 10.9 for the bit rate of 2 Gbps limiting each system to the same total bandwidth, which

is illustrated in Figure 5.8. It indicates that for a given BER of 10.9, WSK- WDM gives

longer repeater spacing.

Bit rate-distance product, which is the product of bit rate and transmission distances that

allows a given BER i.e. a certain degree of signal clarity without signal regeneration, is

another criterion for evaluating the performance of a communication system [37]. Setting

the BER performance to 10.9, certain number of channels is chosen and then fiber length

is calculated the system can support. That is, we increase the fiber length until the lowest

point on its performance curve lies exactly on the 10.9 BER line. We choose a bit rate of

2 Gbps, because for this bit rate, the maximum unrepeatered link length is limited by

attenuation rather than dispersion. Using the parameters mentioned in Table 1 and in

Table 2, for DSF the overall capacity is predicted to be 10.752 THz-km for WSK-WDM

system, whereas for WDM system it is 4.96 THz-km, the improvement is 2.168 times.
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The comparison is done considering that each system occupy the same total bandwidth.

Figure 5.8 also reveals that WSK technique yields more bit rate-distance product.

Table-2: System parameters and Bit rate-distance comparison.

Parameters Conventional WSK-WDM Improvement
WDM in capacity

Bit Rate 2 Gbps 2 Gbps 2.168

BER ro:g- IO-~
Channel spacing 100 GHz 50GHz

No. of Channels 16 32

Maximum repeater 155 km 168 km
spacing

Bit ratexdistance 4.96 THz-km 10.752 THz-km

5.3 Comparison with other FWM Reduction Schemes

In WDM system with equally spaced channels, a lot of product terms produced by the

FWM process fall at the existing channel frequencies, giving rise to channel crosstalk and

thereby severely degrade the system performance [10], [11]. Unequally spaced channel

allocation (US or USCA) is one of the most attractive solutions, which can greatly reduce

the FWM effect [16], [38]. In US scheme, the frequency separation between any two

channels is different from that of any other pair of channels. If all the channel frequencies

are allocated appropriately, no FWM lights will be generated at any of the existing

channel frequencies, thereby suppressing the FWM crosstalk. The use of proper unequal

channel spacing keeps FWM waves from coherently interfering with the signals.

However, in US scheme, the total bandwidth occupied by all the signals, expands

drastically with the increase of number channels. Thus, it is difficult to have a lot of

channels in US scheme. But it is important to keep the total bandwidth as narrow as

possible, as because, the frequency range of optical amplifier is limited. To overcome this

problem, repeated unequally spaced (RUS) channels have been proposed and their

effectiveness has been investigated [17]. RUS scheme is a periodic allocation of
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unequally spaced (US) channels, where a narrow bandwidth can be achieved even for a

large number of users but at the cost of a few FWM lights, which coincident with the

signal frequencies.

Wavelength shift keying is a new technique that can suppress the FWM products

generated in the bandwidth of the system. The system configuration is already described.

The BER performance of US scheme is much better than RUS or WSK scheme, since

proper unequal channel allocation can eliminate all the FWM components that would

interfere with the existing channels i.e. FWM crosstalk is nil. WSK- WDM system yields

the lower error probability than that of RUS scheme, but the total bandwidth occupied by

all the channels in WSK-WDM system to support the same number of users, is relatively

large. These are illustrated in Table-3, Figure 5.9 and 5.10. WSK- WDM system yields

BER of 10-13 and 10.11 for 8 and 10 users respectively using DSF, whereas RUS scheme

provides 10-10 and 10-9 respectively. The US system does not suffer from FWM crosstalk.

In this scheme, with the increase of signal power, BER decreases, i.e. probability of error

keeps decreasing which is noted in Figures 5.9 and 5.10, and at a certain point it becomes

zero (Pe = 0) for the reason that input power is sufficient to overcome the thermal noise

and shot noise and there is no FWM crosstalk.

US channel allocation technique requires huge bandwidth for large number of channels,

which is not desirable and feasible. There is hardly any other US channel slots for more

than 10 users. Now, if we compare RUS channel allocation technique in WDM with

WSK- WDM system, it is evident that the latter provides lower BER within a particular

range of signal power but at the cost of increased bandwidth. If we limit the both schemes

to the same total bandwidth, WSK-WDM gives BER of 10-7 for 10 users, which is 10,9

for RUS scheme, it is shown in Figure 5.11. From this figure, it is also noted that RUS

scheme provides lower BER in the high power levels, but after a certain level WSK-

WDM gives lower BER. On the other hand, at low power levels, WSK-WDM always

provides lower error probability where thermal noise and shot noise dominate and FWM

noise is comparatively small. So it is obvious that WSK- WDM is more noise tolerant

than any of other two schemes.
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Table 3: Parameters used in the calculations and the results obtained for comparison

among US, RUS and WSK-WDM schemes

Parameters WSK-WDM RUS scheme US scheme

Minimum channel
separation in no. of --- 5 5

slots, n
Channel spacing, t;fc 125 GHz 125 GHz 125 GHz

Bit rate, Br 10 Gbps 10 Gbps 10 Gbps

No. of channels 16 20 8 10 8 10

BW required
2000 2500 1025 1350 1400 2025
GHz GHz GHz GHz GHz GHz

MinimumBER 10-13 10-11 10-10 10-9 Pe= 0 Pe= 0

2
-10

-40
---1':"":":"":

-35 -30 -25 -20 -15 -10 -5

Received Power Per Channel (dBm)

Fig 5.1: Error probability of WSK- WDM and conventional WDM systems as a function

of received power per channel after transmission through 137 km of DSF supporting 8

users [22], [36]
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5.4 Limitations of Different FWM Reduction Schemes

Limitations of US scheme:

(i) The main problem of US channel allocation technique is the expansion of total

bandwidth with the increase of number of users. This scheme requires much

wider bandwidth compared to equal channel spacing scheme. The optimized

total bandwidth of US system is given by [16]

( NI2-1)B,m = 1+ n B,q (5.1)

where B,q = (N -1)6f is total optical bandwidth of a conventional WDM

system with the channels equally spaced by 6fc.

(ii) In US scheme, it can be ensured that no FWM product terms will fall on to

any signal frequencies by appropriate unequal channel spacing. But the newly

generated FWM products can mix with channel frequencies or themselves to

produce higher-order FWM products, which can overlap with existing

channels and result in FWM crosstalk [39].

(iii) Although the FWM lights do not coherently interfere with the signals, the

FWM waves are still generated at the expense of the transmitted power,

giving rise to pattern-dependent depletion of the channels. The system

performance is limited by the channel power depletion and it may cause

serious performance degradation especially when the signal power .level is

high or number of users is large.

Limitations of RUS scheme:

(i) RUS channel allocation technique gives much better performance than equally

spaced conventional WDM system, but the performance is somewhat worse

than US scheme. Because, there are some FWM products interfering with the

signal frequencies.
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(ii) Like US scheme, channel power depletion causes serious performance

deterioration when power density and number of channels are high.

(iii) Higher-order FWM products also impair the system performance.

Limitations ofWSK-WDM scheme:

(i) The total optical bandwidth increases linearly with number of channels.

(ii) Channel power depletion degrades the system performance.

(iii) Higher-order FWM crosstalks also deteriorate the performance.

5.5 Evaluation of Power Depletion for Equally Spaced Channels

Signal power depletion due to FWM process is unavoidable for both equal and unequal

channel spacing systems in case of sufficiently large input powers. Consider three

copropagating channels with powers PI, P2 and P3, and if the energy is coupled from PI

to Pz and P3, the solutions of coupled-mode equations can be written as [40]

Q, = ?,(O)y
Q, = 0.5?, (0)(1- y) + P, (0)

Q3 = 0.5?, (0)(1- y) + 1;(0) (5.2)

where y is a function of z to be determined. For the initial condition of P3 (0) = 0 which

corresponds to the cases of maximum energy coupling y is given by

r +1y=------
r cosh' (.,r,:+1j + 1)

(5.3)
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where r=2P,(0)IP.,(0) and f=yP'(O)[I-exp(-az)]ja, here yis the nonlinearity

coefficient of fiber. For multichannel communication systems, PJ (0) cannot be

ignored and for this case y is given as

-, -
4r exp( 2r f) -, ( )'y = -------------- + ro rJ - r,

ro' exp( 4r f) + 2(2 + r, + rJ) exp(2r f)

with

r, = 2 Pi (0)1 p, (0)

rJ = 2 P, (0)1p, (0)

~ =~(l +r,)(l +r3)

ro =.JrJ(r, +1) +.Jr,(rJ +1)

(5.4)

Depending on the relative phase of the three waves, either PI is a decreasing function ofz

i.e. energy is transferred from PI to P2 and P3, or energy is transferred from P2 and P3 to

PI. The power depletion of the channel can be determined by solving the above

equations. The above equations can be used for both equally spaced and unequally spaced

channels. It has been found that signal power depletion in equal channel spacing system

is more severe compared to unequal channel spacing system.

5.6 Evaluation of Power Depletion for Unequally Spaced Channels

For intensity-modulated repeaterless WDM systems with unequal channel spacings, a

more accurate expression for channel power depletion due to generation of FWM waves

considering nondegenerate case only, which is the worst one, can be deduced as [38]

k E (0, 1..., N-2) (5.5)
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with probability

(
N - 2J( 1)(N-21

PD(k) = -
k 2

327Z'3
where K = 2 D XIII1

n A.cA'if
and maximum depletion can be computed as

(5.6)

The probability of error for a particular channel m is given by

(5.7)

(5.8)

where I,,, is the threshold level of the decision circuit at the receIver, ~IO is the

probability of error when a "0" is transmitted, ~II.O is the probability of error when a "1"

has been transmitted on m channel and a "0" on channel m+ 1, and ~I[.I.D is the probability

of error when a "1" has been transmitted both on channel m and on channel m+ I.

5.7 Conclusion

In this chapter, the performance of WSK- WDM system is investigated and demonstrated

theoretically. The system performance of WSK-WDM is compared to that of

conventional on-off WDM and also to other FWM reduction schemes. Both conventional

WDM and WSK-WDM systems employ equal channel spacing, which is simple and can

be easily upgraded or modified, whereas US and RUS schemes use unequally spaced

channel allocation technique, which is complex. If we compare WSK- WDM with RUS

channel allocation technique, it may be concluded that WSK- WDM is a simpler scheme

and can provide improved performance than RUS scheme, but it requires more

bandwidth to support the same number users. In addition to this, WSK-WDM is more

noise resistant.
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Chapter 6

FWM REDUCTION BY A COMBINATION OF

WSK TECHNIQUE AND DISPERSION

MANAGEMENT

6.1 Introduction

Conventional WDM or WSK-WDM system assumes uniform dispersion throughout the

entire length and employ low dispersion fibers to keep minimum chromatic dispersion.

Consequently, these systems suffer performance degradation due to FWM effect.

Although US scheme, RUS scheme or WSK technique improve the system performance,

there is still some effect, such as, channel power depletion or interference that may impair

the performance severely at large power levels. A combination of unequal channel

spacing or repeated unequal channel spacing with dispersion compensation has been

examined and shown that the overall performance is much improved [18]. In this chapter,

a combination of WSK technique with dispersion management will be investigated and

the performance attained will be compared to that of other systems already discussed in

the previous chapters.

6.2 FWM Reduction by Dispersion Management

Phase matching among the copropagating channels is one of the conditions for

occurrence of sufficient FWM effect. In case of zero or low dispersion fibers, phase

matching is created as the difference in group velocity among different signals is low. So

by keeping high chromatic dispersion, effect of FWM can be reduced. But high

chromatic dispersion causes pulse broadening as group velocity of copropagating signals

increases, thereby creating inter symbol interference (lSI) and ultimately degrades the

system performance. Even when the nonlinear effects are not important, dispersion-
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induced pulse broadening can be detrimental for optical fiber communication systems.

Therefore, this problem can be solved by using different types of fibers with different

chromatic dispersions for the transmission span. One type of fibers will have a positive

chromatic dispersion, while other type will have negative dispersion such that overall

dispersion for the entire transmission length will be minimum to ensure that system

performance is not degraded much.

System Description: Consider an actual WDM transmission system III which the

transmission line is composed of short lengths of fiber with different zero dispersion

wavelengths. The general expression for FWM power generated in a WDM system with

nonuniform chromatic dispersion is given as [41]

M

P. = l024Jr6 (D ), PpP,/), e-aL ~

fWM n').,'c' X A'
(I cfJ

exr[i~Ll9{k)JXt, exp[~(-a+iLljri)LoJx'
1- exp[(-a + iLljr" )La]

a-iLljr"
(6.1)

where A'!f is effective mode area in core, Pp' Pq and p, are the input powers of channels

p, q and r respectively, D is the degeneracy factor, La is the length of one fiber, N is

number of fiber in one section, L =NLo is the length of one section, a is the attenuation

loss coefficient, /:;.jJ"" is the phase mismatch in fiber n of mth section and be given by

(6.2)

and /:;.f! is the propagation phase difference of lights p, q, r in section k, and can be

written as

(6.3)
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Now, dispersion compensation may be incorporated to the existing WDM transmission

system. A highly dispersive fiber with positive dispersion coefficient is used in each

section so that at the end of the fiber lights are highly phase mismatched and the FWM

effect is reasonably reduced, to compensate this high value of dispersion, another fiber

with opposite polarity dispersion i.e. low dispersive fiber with negative dispersion

coefficient is used in cascade so that overall dispersion remains minimum.

There are three different types of dispersion management schemes [42], which are briefly

characterized below:

(i) Dispersion Shifted Fiber and Dispersion Shifted Fiber (DSF + DSF): In this

dispersion management scheme, two types of dispersion shifted fiber are

incorporated by using equal length of each fiber DSF, and DSF2. For a

particular wavelength the fibers are arranged so that the dispersion values

alternate between them, say +2.5 ps/nm-km and -2.5 ps/nm-km. This type of

fibers is termed as Non-Zero dispersion shifted fiber (NZDSF).

(ii) Dispersion Shifted Fiber and Conventional Fiber (DSF + SMF): In that case

the link is composed of dispersion shifted fiber with negative dispersion

coefficient and conventional single-mode fiber with positive dispersion. As

for example, the fibers are arranged such that dispersions alternate between -

2.5 ps/nm-km and + 17.5 ps/nm-km with different fiber lengths.

(iii) Conventional Fiber and Dispersion-Compensating Fiber (SMF + DCF): In this

scheme convention single-mode fiber with positive dispersion and dispersion-

compensating fiber with large negative dispersion are used. The fibers are

arranged such that fiber length of each type is different and the dispersions

alternate between + 17 ps/nm-km and -85 ps/nm-km.

In our model we will employ two fibers in a section of length Lo i.e. fiber length of rnth

section L~m) is composed of two different fibers characterized by attenuation a, 2'

dispersion coefficient D".2' dispersion slope dD".2 / dJ" and length L~I.2, such that
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Lim) = Lim]) + rlm2) d D Llml) +D Llm2) = 0 D Lim]) = -D L(m2) W '11o 0 .La an cI 0 c2 0 or cI 0 c2 0 . e WI

adjust the dispersion and length such that the overall dispersion of the total transmission

length becomes minimum. The phase mismatch for this case is

=Up - /,,)(1. - /,.) 2:A
2
[D"'2 (A) - {Up- 10m,,) + (I. _ 10m,,)};: dD~~ (A)]

(6.4)

where D".2 is dispersion coefficient of fiber I (D,,) and 2 (D'2 ) and 10m
" is zero-

dispersion frequency of fiber n in section m. The expression for FWM power for this

model is

(6.5)

The expression for received power is

(6.6)

6.3 Impact Of Chromatic Dispersion

In this subsection we will present the effect of chromatic dispersion on the system

performance. From the above discussion it is obvious that FWM generation efficiency

decreases with the increase of fiber chromatic dispersion, which is illustrated in Figure

6.1. The BER performance of the WSK- WDM system shows a significant improvement

due to use of dispersive fiber, which is depicted in Figure 6.2. Similarly higher chromatic

dispersion also improves the performance of allowable input power, i.e., the maximum
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transmitting power restricted by accumulation of FWM power will be increased, because

FWM generation is reduced by dispersion. Figure 6.3 indicates the validity of this

argument.

From above discussion and analysis, it is clear that dispersive fibers are better than low

dispersion fibers, since they reduce FWM effect and thereby enhance the system

performance. But, on the other hand, chromatic dispersion produces pulse broadening,

i.e., lSI which ultimately badly impairs the performance. So, we must apply some

compensation mechanism to keep overall dispersion as minimum as possible.

No. of Users = 8
Fiber Length = 137 km
Bit Rate = 10 Gbps

Dc = 17 ps/nm-km

Dc = 1 ps/nm-km

20 40 60 80 100 120 140 160 180 2DO 220
Channel Separarian (GHz)

0.2

0.8

'"'u
c
.~ 0.6

"'w
~
LL 0.4

Figure 6.1: FWM generation efficiency (TJ) versus channel separation for different

chromatic dispersion.
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Figure 6.3: Allowable input power per channel versus number channels for different

chromatic dispersion of WSK- WDM system.
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6.4 WSK-WDM System with Dispersion Management Scheme

The performance of WSK-WDM system is analyzed employing dispersion management

scheme using the system parameters described in the previous chapters. Using the model

described above, each section of the transmission line is composed of two different

fibers. We will consider two types of dispersion compensation schemes like (DSF +

DSF) and (DSF + SMF) that are already defined.

WSK-WDM system with (DSF + DSF) scheme (Combined-l): This combined system

consists of 4 sections, each of which has two dispersion-shifted fibers DSF I and DSF2,

r----,rtD. .
TN • A
ANI & AN> LJL

'---_-''- A
User N

Nxl COUPLER

User I

IxNCOUPLER

z:s.~, bit'"
z:s...::J-Rr,bit'0'

(a) Combined-l system

User I
SMF DSF SMF

~~,bit'I'
~..::J-RP,bit'0'

User N
Nxl COUPLER

(b) Combined-2 system

IxNCOUPLER

z:s.~,bit'I'
~..::J-Rr,bit'0'

Figure 6.4: Schematic block diagrams ofthe Combined systems

",
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with equal length and equal dispersion but have opposite polaritx. DSF] has dispersion

value of +2.5 ps/nm-km and DSF2 has -2.5 ps/nm-km, and each of the fiber is 17.125 km

long. The total fiber length is 137 km.

WSK-WDM system with (DSF + SMF) scheme (Combined-2): This combined system

has 3 sections, each consists of two different fibers, one is dispersion shifted fiber (DSF)

with dispersion of -2.4 ps/nm-km and length 40 km and the other is conventional single

mode fiber (SMF) with dispersion 17 ps/nm-km and length 5.667 km. The total length of

fiber is 137 km.

Table-4: Fiber and system parameters used in the Combined systems

No. of Users 8

Fiber length 137 km

Channel spacing 200 GHz

Bit Rate 10 Gbps

Dispersion (DSF) o ps/nm-km
Dispersion (NZDSF) -2.4 ps/nm-km

Dispersion (SMF) 17 ps/nm-km

Dispersion slope 0.055 ps/nm2-km
(DSF)
Dispersion slope 0.07 ps/nm2-km
(NZDSF)
Dispersion slope 0.09 ps/nm2-km
(SMF)
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6.5 Results

The performance of combined systems, WSK- WDM with (DSF + DSF) scheme denoted

as Combined-I and WSK-WDM with (DSF + SMF) scheme denoted as Combined-2, are

investigated and compared to that of previous system employing uniform dispersion.

6.5.1 Bit Error Rate

Figure 6.5 shows the BER curves for different systems under consideration. It can be

observed that WSK-WDM system provides better performance than conventional on-off

WDM system; and WSK-WDM system with dispersion management scheme gives much

better performance than WSK- WDM using uniform dispersion. Minimum BER

achievable from WSK- WDM system is 10-13, whereas it is lower than 10-73 in Combined-

I scheme and lower than 10-193 in Combined-2 system. The combined systems offer

much improved performance by reducing FWM effect; at the same time they maintain

low overall chromatic dispersion as well.

6.5.2 Power Penalty

The power penalty suffered by the systems to attain a BER of 10-9 is assessed and is

illustrated in Figure 6.6. The combined systems provide much better results with respect

to WSK- WDM using uniform dispersion.

6.5.3 Allowable Input Power

For a given power penalty of 0.7 dB at a BER of 10-9 the maximum allowable input

power is found to be restricted by FWM powers. The FWM power increases as p3. At

high transmitting power, FWM causes a serious limitation on system performance.

Allowable input power per channel for various schemes is evaluated and plotted as a

function of number of channels, which is shown in Figure 6.7. And allowable

transmitting power per channel is also calculated and plotted against transmission lengths,
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which is illustrated in Figure 6.8. It's clear that the combined systems permit much higher

allowable input power to attain a given BER and thus yield much enhanced results.

6.5.4 Bit Rate-Distance Product

Allowable input power is calculated for various transmission distances to achieve a BER

of 10"9and the bit rate of 10 Gbps limiting all systems to the same total bandwidth, which

is illustrated in Figure 6.8. It sh~ws that for a given BER of 10"9,the combined systems

allow longer repeater spacing than WSK- WDM system for the same number of users.

Using the parameters mentioned in Table 5, the overall capacity is predicted to be 10.752

THz-km for WSK-WDM system at the bit rate of2 Gbps, for Combined-I system it is

11.136 THz-km, and for Combined-2 system it is 11.968 THz-km. For the bit rate of 10

Gbps, the overall capacities of conventional WDM, WSK_ WDM, Combined-I and

Combined-2 systems are 16.8,36.48,40 and 44.8 THz-km respectively. The comparison

is done considering that each system occupies the same total bandwidth. The combined

systems allow longer repeater spacing and enhanced overall system capacity.

Table-5: System parameters and Bit rate-distance comparison including the Combined

systems

Parameters Conventional WSK-WDM Combined-I Combined-2
WDM .

BER 10"' 10"' 10"' 10"'

Channel 100 GHz 50 GHz 50GHz 50 GHz
spacing
No. of 16 16 16 16
users
Bit Rate 2 10 2 10 2 10 2 10

Gbps Gbps Gbps Gbps Gbps Gbps Gbps Gbps

Maximum ISS lOS 168 114 174 125 187 140
repeater km km km km km km km km
span
Bit rate 4.96 16.8 10.752 36.48 11.136 40 11.968 44.8

xDistance THz- THz- THz- THz- THz- THz- Thz- THz-
km km km km km km km km

,
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6.6 Conclusion

In this chapter the performance of WSK- WDM system with different dispersion

management schemes have been analyzed and compared to that of other systems already

discussed. The effect of chromatic dispersion on the system performance is investigated

and observed that the performance can be improved by adding dispersive fibers but at the

same time the overall dispersion must be kept minimum to avoid lSI. Therefore, the

combined systems that are the combination of WSK- WDM and dispersion compensation

schemes have the overall performance which is much improved from the other systems.

Although the combined systems incur some complexity, substantial improvement can be

achieved in the system performance, such as, power penalty, allowable input power and

bit rate-distance product, which are much more for a given BER than that of conventional

WDM or WSK-WDM.
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Chapter 7

CONCLUSION

7.1 Conclusion ofthis Study

A rigorous analysis has been carried out to evaluate the performance of WSK-WDM

system in presence of four-wave .mixing (FWM). The WSK-WDM system exhibits

promlsmg features that will be useful for future high speed, long distance optical

networks. The commercial lightwave communication networks use low dispersion fibers

to provide gigabit services by keeping dispersion effect as minimum as possible. FWM

then becomes the major source of nonlinear effects causing intercharmel crosstalk and

charmel power depletion and thereby degrading the system performance. It has been

observed that the performance of conventional on-off WDM system employing low

dispersion fibers is not satisfactory; rather the performance is further deteriorated when

number of charmels is large or input power per channel is high. WSK- WDM system can

provide better performance by depressing the FWM crosstalk. The performance of WSK-

WDM system is also compared to that of unequally spaced charmel (US) scheme and

repeated unequal charmel spacing (RUS) scheme. US scheme is the best but at the cost of

huge bandwidth. In between WSK technique and RUS scheme, the former is better but it

requires relatively large bandwidth for the same number of users; when both systems are

analyzed limiting to the same total bandwidth for the same number of users, RUS scheme

gives better performance. A remarkable improvement in system performance can be

achieved by utilizing the combined systems, which are combinations of wavelength shift

keying technique and dispersion management schemes in optical WDM systems. These

combined systems offer much better performance; they give much lower bit error rate

(BER), larger bit rate-distance product within one repeaterless span and allow narrower

charmel spacing. Maximum allowable input power per charmel is much higher than that

of other systems. The balanced configuration of the receiver yields 3dB sensitivity and

also cancels other noise that have symmetric spectrum. Therefore, these schemes will

also be attractive for DWDM networks.
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7.2 Suggestion for Future Works

In our work we have assumed that the fibers used in the transmission system are perfect;

actually the zero dispersion wavelength may shift around a small amount along the fiber.

Therefore, a study on how WSK-WDM system performs under this imperfect condition

is of interest. In the calculation of bit error rate (BER), we have not encountered the

response of the optical filters and amplifier noise, and if fiber amplifiers are used, then

FWM effect in these fibers will also have to be taken into account. Moreover, we have

analyzed the systems considering only a repeaterless network. So there is an opportunity

to analyze the multi-channel multi-repeater systems (WSK-WDM and the Combined

systems) considering amplifier noise along with shot noise, thermal noise and FWM

noise. Polarization states of all input lights are assumed to be identical; in fact,

polarization states of the lights are various i.e. they change randomly when propagating

through a fiber line. Polarization mode dispersion is also ignored. Future studies may

include other linear and non-linear effects into account to realize a complete picture of

the system performance.
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APPENDIX A

Derivation of Expressions for Power Penalty and Allowable

Input Power of Conventional WDM System

The signal to noise ratio of a conventional on-off WDM system is given by

This expression is approximated as (since RP, »R{~ LPijk+ ~ LPijk})
8/ 411

RP,
x = ---;========-----;0=

..JN FWM + N'h + N,h +..JN'h

We can write the equation as

2RP C +k = RP, _ 2..JN,~ /
r 1m .\' x2 Ix

RP (_I _ 2C ) = k + 2 ..JN,~ /
r x2 1m s Ix

where C,;, is called the effective FWM crosstalk and is given as

(A.I)

(A.2)

(A.3)

.f'
•.."
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N FWM' N'h and N,h are FWM nOise, thermal nOIse and shot nOise respectively.

N sh = k s RPr with k, = 2qB,. R is photodetector's responsivity and P;,k is the FWM

power. The summations 1 and 11 denote the summation for completely nondegenerate

case i '"J '" k and partially degenerate case i =J'" k respectively; Pr is the received power.

The expression for received power to attain a given BER under FWM effect is written as

(A4)

The signal power to achieve a given BER without the influence of FWM is obtained from

Equation (A4) with C,:,= 0 as

ks + 2~N'h Ix
1
x2

(AS)

Now using the Equations (A.4) and (AS), the expression for power penalty at a given

value of Xo is determined as

1
=----
1- 2X~Ci:

(A.6)

This is the expression for the power penalty of conventional on-off WDM system. This

equation can be written as

2 2cm 11- Xo im =-
Pp
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1 __ 1 =2X2(~CP)pOp ,m
P ,

p3 = P.P," (1 __ 1 J
2xg Pp

I

[(
1 J pP ]2p= 1-- '
Pp 2X~Ci~:;

(A. 7)

where P/ = ;, = L,e -aL , P is the transmitting power per channel and C;;; = ;3 C;:.

This is the expression for allowable input power per channel of a conventional WDM

transmission system considering Gaussian approximation.
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APPENDIX B

Derivation of Expression for BER ofWSK-WDM System

The probability of error of a communication system is given as

(8.1)

where 0"m and 0"" are the square roots of noise power for bit' 1's and bit 'O's respectively,

(sm) and (S,,) are the average power for bit' 1's and bit 'O's respectively; and Q is co-

error function and is expressed as

(8.2)

where x is signal to noise ratio (SNR) and is given by

(B.3)

The values of (sm) and (S,) are obtained from Equation (4.19) and can be written as

(sm) = RP, for 'mark' and

(S')=-RP, for 'space'

where R is the responsivity of photodetecter and P, is the received power.

(B.4)

(B.5)
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The decision statistic of this system conforms to antipodal system. The variances of

signal power for 'mark' and 'space' can be obtained from Equation (4.21) and be written as

2 (m)2 N N
(J'm=O'''' + Ih+ sh

2 (.,)2 N N
as =G'F + Ih + sh

for 'mark'

for 'space'

(B.6)

(B.7)

where O'~m)'and O'}')' are the vanances of FWM signal for 'mark' and 'space'

respectively, and' Nih and N,h are the thermal noise and shot noise respectively.

Assuming Gaussian distribution for the FWM noise ofWSK-WDM system, the variance

of this noise is

0'j;')2 = 2R2 p,{ t ~Pijk +i ~Pijk} for 'mark'

and

(B.8)

(.')2_ R2p{l"p I"p}
G'F -2 r 8~ ijk+4~ ijk

for 'space' (B.9)

where P;jk is the four-wave mixing power. Now, assuming all the three noises have

Gaussian distribution profile, the SNR is derived applying the Equations from (B.4) to

(B.9) to Equation (B.3) as

x

=

RP, -(-RP,)
I (m)' I (,')' N N-YO'F + Nih +N,h+-YO'F + Ih+ .,h

2RP,

~ (m)'2 0' F + Nih + N,h
RP,

~NFWM +N'h +N,h

(B.IO)
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where NFWM = CTj."')' , and we can consider that CT~m)' '" CTf')' assuming perfect fiber

with W1iform dispersion.

But for exact analysis CT~m)' * CTj;)' , since the fibers are not perfect and dispersion is

nonW1iform; then the SNR becomes

x = RP, -(-RP,)
~ (m)' ~ (,)' N NaF + Nih + N.~h+ aF + th + .fh

2RP,
=-.=======~----r======
I (m)' N N I (.,)' N N~aF + ~+ ~+~aF + ~+ ~

(B. I I )

Equation (B.IO) and Equation (B.ll) are the expressions for SNR ofWSK-WDM system

considering Gaussian distribution for uniform and nonW1iform dispersion fibers

respectively. From Equations (B. I ) and (B.2), the error probability or bit error rate (BER)

ofWSK-WDM transmission system can be expressed as

(B.12)
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APPENDIX C

Derivation of Expressions for Power Penalty and Allowable

Input power ofWSK-WDM System

The expression for SNR derived in Equation (B. I0) will be used for the derivation of
2 2

expressions for power penalty and allowable input power. Assuming (T~m) '" (T~') , the

equation is again written here,

RP,
x=-=======

~NFWM + N'h +N.,h

The above equation can be written as

x=
RP,

2R'P,' ~3 ei: +N'h +k,RP,
,

2R'P' p3 emp N k R _ R' P,'
,- im + rh + .\' Pr ---,-
P, X

R' p' " p' emp k RP N - 0-2 r - 2R Pr - im - s r - lh-
X pp,

aP'-bP -C=O, ,

P = bi:-Jb' +4ac
, 2a

This is the expression for received power considering FWM noise.

R' 2R' p' empwhere a=-- -.2 pp 1m

X ,

(C.l)

<.
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b=kR,

Here C;:, is regarded as effective FWM crosstalk, Pijk is the four-wave mixing power and

P is the input power per channel. Next, the signal power to attain a given BER without

influence of FWM is similarly derived with C,: = 0 as

P = b-r...)b' +4aPe
,0 2aP

R'
where a P = -, ' b and c are as usual.

x

(C.2)

The power penalty of a communication system is defined as the ratio of received power

considering FWM noise to the received power without the influence of FWM. Hence,

The equation for the power penalty is obtained by dividing Equation (C. I) by Equation

(C.2), and be written as

P = P, = (b+..)b' +4ae)aP

P P,o (b+..)b2 +4aPe)a
(C.3)

This is the expression for the power penalty to achieve a given BER for WSK-WDM

system. The Equation (C.3) is utilized to derive the expression for allowable input power

per channel to attain a given BER. This equation can be written as

P .!!.- = b + ..)b2 + 4ae
PaP b+..)b2 +4aPe
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4ae = ((b +.Jb' +4aPe tpp aap)-b)' -b'

((b+.Jb' +4aPe tpp aap)-b r -b'
a = --'------------'---'---

4e

o mp ((b+.Jb'+4apeYpP:p)-b)'-b'
aP _ 2R' p' C,m = \ _

PP 4e,

p=
pP
, aP

2R'Cmp
,m

((b+ .Jb' + 4aPe tpp ~ )-b)' -b'
4e

y,

(C.4)

p -where PP = -' = LeaL, p ,

This is the expression for allowable input power per channel ofWSK-WDM transmission

system in Gaussian approximation.
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