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ABSTRACT

The rapid worldwide growth of data and internet traffic in telecommunication networks has

resulted in a sharp increase in the demand for transmission capacity. Efficient utilization of

the existing optical fiber network is an answer to this growing demand. An important step

to this end is the introduction of optical communication systems with terabits per second ca-

pacity, which are based on Dense Wavelength Division Multiplexing (DWDM) system. This

DWDM system has brought a big leap of transmission capacity in optical communication

systems. Some research groups have already demonstrated that it is possible to transmit al-

most a Tbits/s bit rate over thousands of kilometers. But such higher data transmission rates

impose very strict requirements on the fiber plants and transmission systems. In particular

the nonlinearity effects and polarization mode dispersion (PMD) can be a serious limitation

on certain fiber links, particularly on links in older legacy networks. Recent papers written

on this topic argue that even fibers made and deployed in the 1990 to 2001 time frame, may

be unstable due to the challenges presented by the nonlinearity and PMD effect. As network

data rates continue to rise, it is becoming increasingly important to understand the nonlin-

earity and PMD effect and their potential impact in the network. PMD in optical fibers is

considered to be the ultimate limitation in DWDM system. Many studies on first and higher-

order PMD compensation have already been reported, but most of them are based on single

channel systems and the nonlinear effects in optical fibers such as Cross Phase Modulation

(XPM), Four Wave Mixing (FWM) are overlooked. But in DWDM system the nonlinearity

and PMD phenomena both lead to pulse distortion and system impairments which adversely

limit the transmission capacity of the fiber. In this paper an endeavor has been taken to cover

the practical aspects and implications of nonlinearity and PMD effects on fiber transmission

systems. A rigorous analysis has been carried out to quantify the effect of XPM and how

they affect PMD impairments and mitigation.
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CHAPTER 1

INTRODUCTION

1.1 Communication System

A communication system transmits information or message like voice, video, text, etc. from

one place to another. Communication systems exchange signals between two or more enti-

ties in a form suitable to process and manipulate most economically. The basic principle of a

communication system remains the same for different types of systems. The basic principle

of a communication system is to bridge two entities at different locations. A communication

system consists of many components which take part in the system activity and perform its

part in a definite sequence. The function of each component of a communication system is

to assist transmit the information from the source to the destination over the transmission

medium with least possible distortion and attenuation. However, in any communication sys-

tem with the best possible design parameters, the received signal will fall short of the true

duplication of the transmitted signal.

A typical communication system consists of three basic components; transmitter, trans-

mission medium and receiver. A transmitter receives the information from the source and

transforms it into suitable form conforming to the transmission medium. The transformed

information is called signal. The design parameters of the transmitter mainly takes into con-

sideration of the facts like power, distance, type of data, bandwidth, type of the transmission

medium, operating frequency, etc.

The transmission medium bridges the distance between the source and the receiver. It is the

component of a communication system that determines many important aspects of the trans-

mitter, the receiver and signal flow. As signal propagates through the medium it gets atten-

uated due to interaction between the signal and the medium. The signal also gets distorted

due to nonlinear characteristics of the medium and other interferences. The transmission

medium may be of various types. It includes physical and non-physical media. Physical

1



media includes copper wire, coaxial cable, optical fiber, etc. The non-physical media in-

cludes links at various frequencies like high frequency, very high frequency, microwave,

etc.

The receiver transforms the signal into information that travels up to it through the transmis-

sion medium. The receiver performs all necessary steps to ensure that the received informa-

tion is a faithful copy of the original information and provides required energy level to be

passed to the destination.

Electrical communication systems became the first dominant modern communication method

since the advent of telegraphy in the 1830s. Until the early 1980s, most of the fixed (non-

radio) signal transmission was carried by metallic cable (twisted wire pairs and coaxial

cable) systems. However, large attenuation and limited bandwidth of coaxial cable limited

its capacity upgrade. The bit rate of the most advanced coaxial system which was put into

service in 1975 was 274 Mb/s [1]. At around the same time, there was a need of conversion

from analogue to digital transmission to improve transmission quality, which requires further

increase of transmission bandwidth. Many efforts were made to overcome the drawbacks of

coaxial cable during the 1960s and 1970s. After the invention of wireless communication

system, signals could be transmitted trough the atmosphere using the suitable frequencies

as carrier. But the available frequency bandwidth could not meet the growing demands of

communication bandwidth.

1.2 Evolution of Optical Communication

Even though an optical communication system had been conceived in the late 18th cen-

tury by a French Engineer Claude Chappe who constructed an optical telegraph, electrical

communication systems remained the dominant means of communication. In 1966, Kao

and Hockham proposed the use of optical fiber as a guiding medium for the optical signal

[2]. Four years later, a major breakthrough occurred when the fiber loss was reduced to

about 20 dB/km from previous values of more than 1000 dB/km by applying improved fiber

manufacture design techniques. Since that time, optical communication technology has de-

veloped rapidly to achieve larger transmission capacity and longer transmission distance.

The capacity of transmission has been increased about 100 fold in every 10 years.
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There were several major technological breakthroughs during the past two decades to achieve

such a rapid development. In 1980, the bit rate used was 45 Bb/s with repeater spacing of 10

km. The multimode fiber was used as the transmission medium and GaAs LED as the source

of the system. In 1987 the bit rate was increased to 1.7 Gb/s with repeater spacing of 50

km. By 1990 the bit rate was increased to 2.5 Gb/s with repeater spacing further increased

to 60-70 km. Dispersion shifted fibers are used to minimize the bit error rate and to increase

the repeater spacing and the bit rate.

In 1996 the bit rate of the optical transmission system was increased to 5 Gb/s. The develop-

ment of optical amplifiers brought another important break through in optical communica-

tion system. Optical amplifiers reduced the associated delay and power requirement of the

electronic amplifiers. Wavelength division multiplexing (WDM) was also introduced at this

time to increase the available bandwidth capacity in terms of the channels. By 2002, the bit

rate of the optical system was increased to 10 Gb/s with repeater spacing of 70-80 km. The

introduction of the dense DWM (DWDM) system increased the channel capacity and the bit

rate got increased to 40 GB/s.

The first generation of optical communication was designed with multi-mode fibers and

direct band gap GaAs light emitting diodes (LEDs) which used to operate at the 0.8 µm- 0.9

µm wavelength range. Compared to the typical repeater spacing of coaxial system (∼1km),

the longer repeater spacing (∼10km) was a major motivation. Large modal dispersion of

multi-mode fibers and high fiber loss at 0.8 µm (> 5dB/km) limited both the transmission

distance and bit rate. In the second generation, multi-mode fibers were replaced by single-

mode fibers, and the center wavelength of light sources was shifted to 1.3 µm, where optical

fibers have minimum dispersion and lower loss of about 0.5 dB/km.

However, there was still a strong demand to increase repeater spacing further, which could

be achieved by operating at 1.55 µm where optical fibers have an intrinsic minimum loss

around 0.2dB/km. Larger dispersion in the 1.55 µm window delayed moving to a new gen-

eration until dispersion shifted fiber became available. Dispersion shifted fibers reduced

the large amount of dispersion in the1.55 µm window by modifying the index profile of the

fibers while keeping the benefit of low loss at the 1.55 µm window. However, growing com-

munication traffic and demand for larger bandwidth per user revealed a significant drawback

of electronic regenerator systems. Because all the regenerators are designed to operate at a
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specific data rate and modulation format, all of them needed to be replaced to convert to a

higher data rate.

The difficulty of upgradeability has finally been removed by optical amplifiers, which led to

a completely new generation of optical communication. An important advance was that

an erbium-doped single mode fiber amplifier (EDFA) at 1.55 µm was found to be ide-

ally suited as an amplifying medium for modern fiber optic communication systems. In-

vention of the EDFA had a profound impact especially on the design of long-haul under-

sea systems. Trans-oceanic systems installed like TAT (Transatlantic Telephone)-12/13 [3]

and TPC (Transpacific Crossings)-5 were designed with EDFAs, and the transmission dis-

tance reaches over 8000 km without electronic repeaters between terminals. The broad gain

spectrum (3∼4THz) of an EDFA also makes it practical to implement wavelength-division-

multiplexing (WDM) systems.

It is highly likely that DWDM systems will bring another big leap of transmission capacity

of optical communication systems. Some research groups have already demonstrated that

it is possible to transmit almost a Tbits/s bit rate over thousands of kilometers. There are

some important experimental results of DWDM systems. In 1999, a channel system was

simulated experimentally with bit rate of 20 Gb/s. The system could cover 10,000 km with

amplifier spacing of 50 km. The signal format used here was of soliton type. Later the

number of channels was increased to 20 with NRZ type signal format. In 1997 the number

of the channels was increased 32 with 45 km amplifier spacing and the distance covered

was 9,300 km. In this system NRZ and soliton type signal format were used. In 1998, the

number of the channels was increased to 64 at the cost of reduced transmission distance of

500 km with 100 km amplifier spacing. However by 1999 the distance could be extended

to 7,200 km with 64 channel system and 10 Gb/s bit rate at the cost of reduced amplifier

spacing of 50 km. In 2004, the bit rate was increased to 40 Gb/s at the cost of reduced

number of channels of 34 which could cover a distance of 6,380 km.

For example, N. Bergano et al. successfully demonstrated transmission of 640 Gb/s over

7200km using a re-circulating loop while G. Vareille et al. demonstrated the transmission

capacity of 340 Gb/s over 6380 km on a straight-line test bed. These results indeed show

that remarkable achievements have been made in recent years, and let us forecast that optical

communication systems in the next generation will have a transmission capacity of a few
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hundreds of Gb/s.

1.3 Review of Previous and Present State of Works

In 1994 Chraplyvy described optical nonlinearities namely the stimulated Raman, stimu-

lated Brillouin, four wave mixing (FWM) and carrier induced phase noise in the context

of lightwave system limitations. In 1994 together with Marcuse and Tkach concluded that

XPM did not limit the number of wavelength channels that a single optical fiber can support

[4].

Chiang, Kagi, Fong, Marhic and Kazovsky (1994) and Chiang, Kagi, Marhic and Kazovsky

(1996) have inspired many others for this research [5-6]. They presented a detailed inves-

tigation theoretically and experimentally of the impact of modulation frequency to XPM in

dispersive fibers. In the case of fibers with multiple optical amplifiers, the XPM induced

phase shift is smaller in system employing lumped dispersion compensation than in systems

employing distributed dispersion compensation. They also concluded that in non-dispersive

fibers XPM is frequency independent, while in dispersive fibers XPM frequency response

is approximately inversely proportional to the product of frequency, fiber dispersion and

wavelength separation.

With the application of Erbium-doped fiber amplifiers (EDFA), the fiber loss can be com-

pensated periodically [7]. Hence, fiber loss is no longer a limiting factor in long-haul optical

communication system. Fiber nonlinearities if not properly addressed, may adversely af-

fect system performance. This reality stirs up research interests in this field, which leads

to understanding nonlinear phenomenon, making attempts of quantifying and reducing their

affects in DWDM optical communication. Marhic, Yang, Akasaka and Kazovsky (1999)

proposed replacing EDFA by Distributed Raman Amplification (DRA) along the transmis-

sion fiber. They suggested using a Raman pump Modula at the transmitting end and reducing

the transmitted power so that the received power remains the same. Hence lower transmitter

powers would be possible and this would help reduce fiber nonlinear effects during trans-

mission.

Cartaxo (1998 and 1999) accepted the pump-probe format investigating the impact of mod-

ulation frequency on XPM but extended it to IM/DD WDM systems [8-9]. At very low

modulation frequency, the walk off effect does not affect the XPM-induced IM efficiency
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but at higher frequency it significantly reduced it. Kim, Han and Chung (2001) reported

the effect of SRS on hybrid WDM systems. Experimental results were compared with the-

oretical values and it was shown that the SRS induced crosstalk increased with wavelength

separation. The results were used to estimate the scalability of hybrid WDM systems. The

carrier to crosstalk ratio (CCR) was also presented for CATV systems taking SRS, XPM and

Optical Kerr effect into account.

Djorddjevic (2001) [10] derived simple expressions for maximum transmission length for

dispersion compensated links using inline optical amplifiers, The non linearity’s taken into

consideration in the presence of ASE noise were FWM and SRS. Djordjevic investigated

different dispersion compensation configurations and determined that the ZDSF and CF

combination gives the maximum transmission distance while the CF and DCF could pro-

vide much denser packaging. He also showed that as the number of channels increase, the

transmitting distance and the total bandwidth for optimum channels spacing decreases. He

showed that the total transmitter distance is dependant on the bit rate.

Norimatsu and Yamamoto (2001) [11] studied the influence of SRS on wideband transmis-

sion systems taking into account the random modulation and the walk-off. It was shown that

the power depletion due to SRS could be separated into the average power loss and the wave-

form distortion. Simple equations that described the GVD were derived and the waveform

distortion due to SRS can be evaluated in short calculation for different system parameters

such as channel allocation, bit rate, fiber input power, effective core area of fiber and so on.

The evaluations were done on various types of fibers such as DSF, SMF, Large Effective

Core Area Fiber (LECAF) and NZDSF and it was shown that the waveform distortion of the

rectangular NRZ pulses in SMF were smaller than that in LECAF.

In 1998, Belloti, Varani, Francia and Bononi, made a new linear model for the XPM in-

duced intensity distortion on a CW probe in a dispersion compensated transmission system

[12]. The model succeeds in capturing the interaction between XPM and group velocity

dispersion (GVD) hence giving an accurate prediction within the applicability model range.

In this model, XPM induced intensity modulation can be treated as additive intensity noise

giving allowance for SPM effects extensions. This model is of great value in the search for

optimized dispersion maps. Bigo, Belloti and Chbat (1999) studied the impact of XPM on

the transmission performance of a 2x10 Gb/s multiplex. They have characterized the impact
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over four types of fiber infrastructures namely NZDSF-, DSF, NZDSF+ and SMF+DCF. The

outcome of their study concluded that dispersion-compensated single mode fiber is virtually

not affected by XPM down to 50 GHz-channel spacing.

Kowalewski, Marciniak and Sedlin in 2000 [13] reported an investigation of optical crosstalk

caused by nonlinear interactions in short and long haul WDM transmission systems called

inter-domain interfaces (IrDI). IrDI is a 16-Channel WDM interface that is to be used to

connect two sub-networks belonging to different administrative domains. By using the pa-

rameters proposed by ITU, simulations on various nonlinear effects (FWM, SPM, XPM,

stimulated Raman, stimulated Brillouin and nonlinear interactions in EDFA) showed that

XPM and FWM greatly influenced the efficiency of IrDI transmission systems. However,

dispersion management can be used to combat these effects effectively. For NRZ signal

formats, estimates of the penalty can be obtained from calculations of the distortion of a

CW probe channel, permitting the effect of XPM to be isolated from other impairments.

The pump-probe technique allows rapid optimization of the link design to minimize XPM

penalties.

In single mode fiber links, the pulse broadening effect of self phase modulation (SPM)

severely affects the transmission distance. Lakoba and Agrawal (2000) [14] investigated

the performance of dispersion maps for long haul soliton data. An effort was made to find

the maximum allowed range of values for the average dispersion. They showed that posi-

tive residual dispersion can be used to counter the effects of pulse broadening. The use of

positive residual dispersion effectively minimized XPM induced distortion and also reduces

pulse broadening due to SPM.

Ten, Ennser, Grochosinski, Burtsev and Silva [15] compared the FWM and XPM impair-

ments in a dense WDM system and examined the impact of different fiber dispersion slopes

and effective areas. XPM and FWM were considered as noise like impairments. From the

analysis done, they showed that XPM dominates FWM across the entire channel plan for

all types of fibers. Increasing the fiber effective area decreases the FWM and XPM vari-

ance uniformly for all channels and reducing the dispersion slope allows for better XPM

compensation resulting in smaller Q variations with wavelength.

Betti, Giaconi and Nardini (2003) [16], presented a statistical analysis that takes into account

both the effect on the FWM inter-modulation products due to dispersive propagation, and
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the statistics of such inter-modulation terms, which are considered as random processes. The

autocorrelation function of the FWM process was calculated for the independent wavelength

division multiplexing optical channel. The fiber propagation of WDM signals affected by

FWM wan analyzed and it was shown that the penalty values due to the FWM effect result

lower than the ones obtained by analytical models considering unmodulated optical signals.

Thiele, Killey and Bayvel (1999) [17] investigated the effects of pre and post compensation

in high capacity WDM systems with large inter amplifier spacing. They measured spectral

broadening by using a gated, scanning interferometer. It was shown that in the case of post

compensation, the eye closure was more rapid in the post compensated case, where the SPM

chirp acquired led to additional pulse broadening. With 4 channel transmission little change

was kin the SPM penalty was observed. This was attributed to the XPM.

Hoon (2003) [18] investigated, theoretically and experimentally the SPM and XPM induced

phase noise in a DPSK system and determined how much of this noise contributes to perfor-

mance degradation. In order to accomplish this he calculated the rms intensity ratio of XPM

induced noise to SPM induced noise for a two channel WDM system. The BER was then

measured while varying the OSNR of the signals at the receiver. It was shown that the XPM

induced phase noise becomes as large as SPM induced phase noise in a NZ-DSF link for

channel spacing less than 100 GHz. BER degradation was also observed for a two channel

systems as compared to a single channel system.

Sang, Hyun, Wanseok and Seung (2001) [19] suggested a SBS suppression method for

WDM links based on XPM effect induced by an optical supervisory channel. It was found

that the phases of the signal channels could be modulated through the XPM induced by the

SV channel. The induced XPM broadened induced timing jitter and to crosstalk between

channels at the receiver due to spectral broadening. For the case of precompensation in a 4

channel system, large broadening was observed due to high peak power of the compressed

pulses at the start of each span increasing the effects of SPM and XPM. The limitation im-

posed by SPM in post compensated systems can be overcome by precompensated systems.

Keang (2002) [20] calculated the channel capacity of DWDM systems and demonstrated

how constant intensity modulation formats such as phase or frequency modulation can be

used to eliminate the phase shift caused by SPM and XPM. By using constant intensity

modulation SPM and XPM cause only constant phase shifts thus eliminating both phase
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and intensity distortion. This in turn leads to a monotonic increase in channel capacity for

increased powers. They observed that constant intensity techniques provide a higher effi-

ciency than that of in the regime in which XPM dominates over FWM. This was attributed

to the fact that FWM decreases more rapidly than XPM as channel spacing increases.

Spectrum line widths of the signal by four times and effectively reduced the SBS induced

error floors and power penalties in transmission. The demonstrated experimentally that this

method could increase the SBS threshold and reduce the error floors irrespective of the bit

rate, channel power, channel wavelength and channel spacing of the WDM channels.

Wang, Bodther and Jacobsen performed an analysis on crosstalk due to XPM in SCM-WDM

video transmission systems in 1995 [21]. An analytical expression for XPM in a 2 channel

system was derived. The effect of XPM for different channel spacing parameters was inves-

tigated and it was shown that the crosstalk level is smaller for larger channel spacing and

larger for a higher sub-carrier frequency. The analysis was extended to a total of 16 optical

channels it was found that the number of achievable optical channels in severely limited by

XPM.

The same model mentioned above was improved upon by Belloti et al. in 1998 [22]. The first

approach was based on the assumption of undistorted interfering channels. The new model

assumes that the intensity noise in systems at 40 Gb/s. The model was used to evaluate XPM

related transmission impairments in WDM transmission systems for different dispersion

compensation schemes.

Hui, Demarest and Allen (1999) [23] reported the results of an experimental and theoreti-

cal study on the frequency response of XPM induce crosstalk in multi-span WDM optical

systems, both with single fiber configurations. Interference between XPM induced crosstalk

effects created in different amplified optical spans was found to have a strong impact on

the overall spectral feature of XPM induced crosstalk. A simple analytical expression was

obtained to describe the XPM induced crosstalk and it was found that crosstalk levels are

strongly dependant on fiber dispersion and optical channel spacing. The crosstalk level be-

tween high and low bit rate channels was found to be similar to that between two low bit rate

channels. The effect of dispersion compensation on XPM crosstalk was also discussed. In

uncompensated optical systems, a decrease in fiber dispersion will increase XPM induced

phase modulation efficiency while an increase in fiber dispersion will increase phase to in-
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tensity noise conversion efficiency. Compared to lumped dispersion compensation, per span

dispersion compensation was found to be the most effective way to minimize the impact of

XPM and SPM crosstalk.

Cartaxo (1999) [9] also investigated the effect of XPM in IM/DD optical fiber links with

multiple fiber segments with different fiber characteristics and optical amplifiers theoreti-

cally and numerically. A generalized model was simulated and its validity range was present.

It was shown that XPM induced IM is approximately proportional to the square frequency

when the walk off effect is weak. However, when the walk off is strong the XPM induced

IM is approximately linearly proportional to the frequency and inversely proportional to the

wavelength separation. Cartaxo proved theoretically and numerically that the effect of XPM

could be reduced by properly arranging the dispersion characteristics in each fiber in a mul-

tiple fiber segments. In non-dispersion compensated amplifier link and for weak walk off

effect, the total XPM induced IM increases approximately with the square of the number of

fiber segments and of modulation frequency. It was also shown that in a multi segment fiber

link the best way to compensate for dispersion was to place one dispersion compensator in

each fiber segment.

Thiele, Killey and Bayvel (2000) [24] investigated the variation of XPM induced distortion

with transmission for dispersion managed fiber links. The experimental set up used a re-

circulating loop and the build up of XPM induced distortion was measured as a function

of the number of recirculations. Dispersion compensating fibers (DCF) were used to per-

fectly compensate 40km of standard single mode fiber. It was shown that the XPM induced

distortion increases almost linearly with distance after compensation.

In 2002, R. Hui, Y. Wang, K. Demarest and C. Allen [25] analyzed the performance of a fiber

optic SCM transmission system a 10-Gb/s SCM fiber optic system in which 4x2.5-Gb/s data

streams were combined in one wavelength . OSSB modulation was used as it was deemed

an effective method to reduce the impact of fiber chromatic dispersion and increase the

bandwidth efficiency. Receiver sensitivity was also evaluated and it was concluded that if a

narrowband optical filter was used in front of the receiver, the signals’ ASE beat noise will be

reduced and an improvement in receiver sensitivity was seen. A comparison between ASK

and PSK modulation formats was also made. Optical carrier suppression was suggested as

a method to increase modulation efficiency. The effect of nonlinear crosstalk in fiber due to
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XPM and FWM were also analyzed. Analytical expressions were presented and it was found

that XPM induced crosstalk decreases monotonically with increase in number of channels

and decrease of channel data rate.

In a dispersive fiber, the input pulse get broaden causing inter-symbol interference (ISI) at

the receiver. This effect is due to the nonlinear shape of the fiber phase response around the

optical carrier frequency. A signal with narrow bandwidth should suffer less from chromatic

dispersion. A way to reduce the signal bandwidth is to apply line coding [26]. NRZ line code

is a preferred format for optical transmission. Duobinary code has been successfully imple-

mented to reduce the spectral bandwidth. But duobinary code alone is not enough to combat

the interference phenomenon occurring in practice between optical marks and spaces. For

highly dispersive fibers, band limiting is a necessary requirement to have a benefit from

duobinary coding. Recently, other line coding schemes, called phased amplitude-shift sig-

naling (PASS) codes based on a modification of the duobinary one, have been proposed by

Stark. According to the duobinary code, marks separated by an odd number of spaces are

oppositely phased. The alternate-block-inversion (ABI) PASS code establishes that marks

separated by any nonzero number of spaces be oppositely phased. In monospaced-mark-

inversion (MMI) PASS code, only marks separated by a single space are oppositely phased.

These codes have substantially different power spectra and the power spectrum alone is not

a clear indicator of transmission performance. Novel Optical Line Codes tolerant to fiber

chromatic dispersion is also introduced in giving hints to try out the applicability of line

codes to reduce the nonlinear effects like SPM and XPM.

All these works discussed various nonlinear phenomena with the aim to quantify and reduce

their effects in optical communication system. The FWM effect could be reduced effectively

by dispersion management. But the Kerr effects remained as a problem for DWDM systems

with high bit rates. The dispersion management could be found effective in reducing the

effects caused by nonlinear phenomena like FWM, SPM and XPM. But there is no work

reported that quantifies and reduces the effect of the XPM alone. This paper will address the

XPM effect with the aim to quantify and reduce its effect by applying line coding schemes.

The continuous growth of internet traffic is driving transmission system engineers to use

higher and higher data rates in all segments of communication network. It is widely recog-

nized that 40 GB/s data transmission rates impose very strict requirements on the fiber plants
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and transmission systems deployed in the field. However, data rates of 10 GB/s also impose

similar significant performance requirements. In particular polarization mode dispersion

(PMD) can be a serious limitation on certain fiber links operating at 10 GB/s, particularly

on links in older legacy networks. Recent papers written on the topic argue that even fibers

made and deployed in the 1990 to 2001 time frame may be unstable for 10 GB/s and higher

data rate transmission, due to the challenge presented by the PMD. As network data rates

continue to rise, it is becoming increasingly important to understand PMD and its potential

impact in the network.

With the ever increasing bit rates in fiber transmission PMD remains a significant trans-

mission obstacle. Even though a large amount of PMD mitigation methods have been sug-

gested and evaluated, they usually need to be implemented on a channel-by-channel basis

in wavelength-division-multiplexing (WDM) systems, and in fact, there exist fundamental

reasons for why such per channel compensation must be adopted. The central issue is that, if

a broadband compensation is attempted, the compensation at one wavelength might lead to

worse performance at another channel. In fact, when adding birefringence to a system, the

average PMD at wavelengths not specifically compensated will increase. In WDM systems,

the fiber nonlinearities that dominate are the crosstalk from four-wave mixing (FWM) and

cross-phase modulation (XPM). After the move from dispersion shifted fiber in the mid-

1990s to either standard fiber plus dispersion management or nonzero dispersion shifted

fiber, the FWM is often negligible, and the XPM is the dominating nonlinear impairment.

Most work has been devoted to two-channel (pump-probe) interaction in this respect, and

significantly fewer studies discuss the more practically important case with many equal-

power WDM channels.

The subject of PMD presents many challenge, including understanding the inconsistent ter-

minologies and the statistical nature of PMD and also comprehending the background to the

advanced measurement techniques employed to calculate PMD. The purpose of this paper

is to provide an introduction to the topic of PMD. So this paper will also explain the origin

and nature of PMD, clarify the terminology and statistical nature of PMD, and examine the

impact of PMD on high speed transmission system.
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1.4 Research Aims

The main objective of this research is to develop an approach to minimize the adverse effects

limited by the PMD and XPM of a DWDM optical transmission system. In particular, the

objectives are to carryout analysis for phase and amplitude distortions in a DWDM system

with different line-coding schemes like Miller code, duobinary code, Novel optical line

codes, etc. and to evaluate the eye closer penalty due to XPM and PMD for the above

systems by using computer simulation and further, to determine the effectiveness of the

line coding schemes in minimizing the effect of XPM and PMD in a DWDM system. It is

expected that this research will be useful in designing DWDM optical transmission systems

with reduced XPM and PMD effects.

13



CHAPTER 2

OPTICAL COMMUNICATION, FIBER NONLINEARITIES

AND POLARIZATION MODE DISPERSION

2.1 Principles of Optical Communication

A typical point-to-point optical communication system consists of three major components:

optical transmitter, optical fiber cable as the transmission medium and optical receiver as in

Figure 2.1.

Figure 2.1: Optical fiber communication system

2.1.1 Optical Transmitter

The function of an optical transmitter is to transform the electrical signal into optical form.

The electrical signal is then launched into the optical fiber. Figure 2.2 shows the block

diagram of an optical transmitter. It consists of an optical source, a modulator and a channel

coupler. Semiconductor lasers or light emitting diodes are used as optical source. The main

consideration in selecting a source is its ability in launching maximum power into the optical

fiber in the suitable wavelength. The optical signal is generated after modulating the light

wave by the input signal. The coupler is generally a micro-lens that focuses the optical

signal onto the entrance plane of an optical fiber with the maximum possible efficiency. The

14



amount of launched power is an important factor in designing the optical communication

system.

2.1.2 Optical Fiber

The optical fiber bridges the distance between the optical transmitter and the optical receiver.

The main consideration in designing the fiber is to ensure the propagation of the transmitted

signal up to the receiver with acceptable level of attenuation and distortion so that the same

information can be received at the receiver with minimum error. With the development in

the field of optical fiber communication, the attenuation of the signal could be reduced to

0.2 dB/km. Factors that contributed to this reduction in the loss parameter are improved

fiber design technique, low loss fiber window, dispersion compensation, etc [27]. Fiber loss,

dispersion and nonlinear effects are main design considerations of optical fiber. Introduction

of optical amplifiers and dispersion shifted fibers could successfully address the limitations

imposed by fiber loss and dispersion. But many aspects of nonlinear characteristics of the

fiber yet remained as the limitation of optical fibers.

Figure 2.2: Block Diagram of an Optical Transmitter

2.1.3 Optical Receiver

The optical receiver converts the received optical signal from the fiber into the original

electrical signal. Figure 2.3 shows the block diagram of an optical receiver. It consists of a

coupler, a photo-detector and a demodulator. The coupler focuses the received optical signal

onto the photo detector. Semiconductor photo diodes are used as photo-detectors because
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of their compatibility with the whole system. The design of the modulator depends on the

modulation format used in the system. Receiver sensitivity is one of the important design

parameter. It is often designed to keep the system within a bit error rate of 10−9.

Figure 2.3: Block Diagram of an Optical Receiver

2.2 Wavelength Division Multiplexing (WDM) and Dense WDM (DWDM)

The development of WDM fiber links marks the advent of the 4th generation of light wave

systems. It offers the technology to increase the bit rate and having in-line amplifiers in order

to increase the transmission distance. WDM is essentially the same as frequency division

multiplexing which has been used in radio systems. In DWDM, the wavelengths are selected

with small channel separation like channel spacing of 100 GHz.

Figure 2.4: Graphical Representation of a Point to Point WDM Optical System
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WDM makes use of the optical fiber’s available intrinsic bandwidth by multiplexing many

wavelengths of coherent light along a single mode fiber channel. Each wavelength of light

can transmit encoded information at the optimum data rate. Therefore, multiplexing the

distinct wavelengths of lights leads to a significant increase in the total throughput of in-

formation for the system. The key elements of a WDM optical system are: tunable semi-

conductor lasers, multiplexing components, electro-optical modulators, single mode optical

fibers, Erbium doped fiber amplifiers (EDFA), semiconductor optical amplifier wavelength

translators, demultiplexers and high speed photo detectors. Figure 2.4 shows a point to point

WDM optical system.

2.3 Fundamentals of Nonlinear Effects in Optical Fibers

The nonlinearities in optical fibers fall into two categories. One is stimulated scattering (Ra-

man and Brillouin), and the other is the optical Kerr effect due to changes in the refractive

index with optical power. While stimulated scatterings are responsible for intensity depen-

dent gain or loss, the nonlinear refractive index is responsible for intensity dependent phase

shift of the optical signal. One major difference between scattering effects and the Kerr ef-

fect is that stimulated scatterings have threshold power levels at which the nonlinear effects

manifest themselves while the Kerr effect does not have such a threshold.

2.3.1 Stimulated Brillouin Scattering (SBS)

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

mal molecular vibrations within the fiber. It generates acoustic phonon during the process.

In SBS, a strong optical wave traveling in one direction (forward) provides narrow band gain

for light propagating in the opposite direction (backward). Some of the forward-propagating

signal is redirected to backward, resulting in power loss at the receiver. If the SBS threshold

is defined as the input power at which the scattered power increases as large as the input

power in the undepleted pump approximation, the SBS threshold power is proportional to

Pth
B ≈

1
gB

(
1+ ∆VS

∆VB

)
........................(2.1)
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where gB is the Brillouin gain coefficient, ∆VS is the line-width of the source and ∆VB is

the Brillouin line-width. Equation (2.1) indicates that the threshold power will be increased

as the line-width of the source increases. For optical fibers at 1550 nm, the Brillouin line-

width is about 20 MHz, so optical signals modulated at higher bit rates will experience lesser

effects of SBS. From a system point of view, the relatively narrow gain spectrum of SBS

prevents interactions among channels in a WDM system, which makes SBS independent

of channel number. Only each individual channel signal needs to be below the threshold

power. Another characteristic of SBS which makes it less troublesome compared to other

nonlinear effects is that the threshold of SBS does not decrease in a long amplified system

because practical optical amplifiers have one or more optical isolators. The optical isolators

prevent accumulations of the backscattered light from SBS. Therefore, although SBS could

be a detrimental nonlinear effect in an optical communication system, system limitations are

usually set by other nonlinear effects [28].

2.3.2 Stimulated Raman Scattering (SRS)

SRS is due to the interaction of photons with a fiber’s molecular vibrations. High frequency

optical phonons are generated in the process. Unlike SBS, SRS scatters light waves in both

directions, forward and backward. However, the backward-propagating light can be elimi-

nated by using optical isolators. Therefore, the forward scattered light is of more concern.

The Raman gain coefficient is about three orders of magnitude smaller than the Brillouin

gain coefficient and the SRS threshold is known to be around 1W for a single-channel sys-

tem. In a single-channel system, the large threshold power makes SRS a negligible effect.

Also, the gain bandwidth of SRS is of the order of 12 THz, which is about 6 orders of

magnitude greater than that of SBS. The large gain bandwidth of SRS enables it to couple

different channels in a WDM system. On the other hand, it can cause performance degra-

dation through crosstalk. Chraplyvy and Tkach estimated the worst case of signal-to-noise

ratio (SNR) degradation in an amplified system due to SRS. According to the estimate, the

requirement to ensure an SNR degradation of less than 0.5 dB in the worst channel is that the

product of total power, total bandwidth and the total effective length of the system should

be less than 10 THz-mW-Mm. Although it was assumed in their estimate that all the chan-

nels are transmitting mark states simultaneously, the probability of which is very low in a
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multi-channel system, it indicates that SRS may impose a fundamental limit on the capacity

of future optical communication systems.

2.3.3 Optical Kerr Effect

The refractive index of silica fiber for communication is weakly dependent on optical inten-

sity, and is given by [27],

n = no +n2I (t) .................(2.2)

Where linear refractive index no ≈1.5, nonlinear-index coefficient n2 ≈ 2.6 X 10−20 m2/W

, and I(t) is the optical intensity. Although the refractive index is a very weak function of

signal power, the higher power from optical amplifiers and long transmission distances make

it no longer negligible in modern optical communication systems. In fact, phase modulation

due to intensity dependent refractive index induces various nonlinear effects, namely, self-

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

Self-Phase Modulation (SPM)

The dependence of the refractive index on optical intensity causes a nonlinear phase shift

while propagating through an optical fiber. The nonlinear phase shift is given by

φNL = 2π

λ
n2I (t)z ..........................(2.3)

Where λ is the wavelength of the optical wave and z is the propagation distance. Since the

nonlinear phase shift is dependent on its own pulse shape, it is called self-phase modulation

(SPM). When the optical signal is time varying, such as an intensity modulated signal, the

time-varying nonlinear phase shift results in a broadened spectrum of the optical signal. If

the spectrum broadening is significant, it may cause cross talk between neighboring channels

in a dense wavelength division multiplexing (DWDM) system. Even in a single channel

system, the broadened spectrum could cause a significant temporal broadening of optical

pulses in the presence of chromatic dispersion. However, under some circumstances SPM

and chromatic dispersion can be beneficial. One extreme example is the soliton [29], which
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is known to be stable and dispersion-free. Even with non-return-to-zero (NRZ) pulses, it

is known that pulse compression could be achieved partially in the anomalous dispersion

region where the linear chirp induced by chromatic dispersion and the nonlinear one due

to SPM have opposite signs. The anomalous dispersion region has a negative sign of β2,

the second order propagation constant. When a transmission system is designed to achieve

the optimum compensation of the linear chirp and the nonlinear chirp, it is often called a

nonlinear assisted transmission system.

Cross-Phase Modulation (XPM)

Another nonlinear phase shift originating from the Kerr effect is cross-phase modulation

(XPM). While SPM is the effect of a pulse on its own phase, XPM is a nonlinear phase

effect due to optical pulses in neighboring channels. Therefore, XPM occurs only in multi-

channel systems. In a multi-channel system, the nonlinear phase shift of the signal at the

center wavelength λi is described by [27],

φNL = 2π

λi
n2z
[
Ii (t)+2∑

M
i 6= j I j (t)

]
.........................(2.4)

Where M is the number of co-propagating channels in the fiber. The first term is responsible

for SPM, and the second term is for XPM. Equation (2.4) might lead to a speculation that the

effect of XPM could be at least twice as significant as that of SPM. A pump-probe approach

helps isolate the effect of XPM [24] . Referring to Figure 2.5, the pump channel generates

a time varying intensity signal, λ1 while the probe generates a constant intensity continuous

wave (CW) wave signal,λ2 . Then they are transmitted through two channels of a fiber. At

the receiver, both signals are demultiplexed and compared to the original condition at the

transmitter. Both pump channel and probe channel signals experience amplitude variation.

The amplitude variation in the pump channel is due to the SPM. On the other hand, the

amplitude variations in the probe channel are caused by the XPM from the pump channel.

This is because the signal in the probe has a constant intensity, which eliminates the effects

of SPM.

However, XPM is effective only when pulses in the other channels are synchronized with the

signal of interest. When pulses in each channel travel at different group velocities due to dis-

persion, the pulses slide past each other while propagating [8-9]. Figure 2.6 illustrates how
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Figure 2.5: Experimental Setup to Demonstrate the Effects of XPM

two isolated pulses in different channels collide with each other. When the faster traveling

pulse has completely walked through the slower traveling pulse, the XPM effect becomes

negligible. The relative transmission distance for two pulses in different channels to collide

with each other is called the walk-off distance, LW [27].

LW = To

|v1
g(λ1)−v1

g(λ2)| ≈
To
|D∆λ| .........................(2.5)

Where To is the pulse width, vg is the group velocity, and λ1, λ2 are the center wavelength

of the two channels. D is the dispersion coefficient and ∆λ = |λ1−λ2|.

When dispersion is significant, the walk-off distance is relatively short, and the interaction

between the pulses will not be significant, which leads to a reduced effect of XPM. However,

the spectrum broadened due to XPM will induce more significant distortion of temporal

shape of the pulse when large dispersion is present, which makes the effect of dispersion on

XPM complicated.
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Four-Wave Mixing (FWM))

Four-wave mixing (FWM), also known as four-photon mixing, is a parametric interaction

among optical waves, which is analogous to inter-modulation distortion in electrical sys-

tems. In a multi-channel system, the beating between two or more channels causes gen-

eration of one or more new frequencies at the expense of power depletion of the original

channels. When three waves at frequencies fi, f j, and fk are put into a fiber, new frequency

components are generated at fFWM = fi + f j− fk. In a simpler case here two continuous

waves (CW) at the frequencies f1 and f2 are put into the fiber, the generation of side bands

due to FWM is illustrated in Figure 2.6. The number of side bands due to FWM increases

geometrically, and is given by,

M = 1
2

(
N3

ch−N2
ch

)
.......................(2.6)

Where Nch is the number of channels, and M is the number of newly generated sidebands.

For example, eight channels can produce 224 side bands. Since these mixing products can

fall directly on signal channels, proper FWM suppression is required to avoid significant

interference between signal channels and FWM frequency components. When all channels

have the same input power, the FWM efficiency, η, can be expressed as the ratio of the FWM

power to the output power per channel, and is proportional to:

η ∝

[
n2

Ae f f D(∆λ)2

]2

..........(2.7)

Where Ae f f is the effective area of fiber.

Equation (2.7) indicates that FWM of a fiber can be suppressed either by increasing chan-

nel spacing or by increasing dispersion. Large dispersion can cause unacceptable power

penalties especially in high bit rate systems. However, careful design of the dispersion map

(often called dispersion management) which allows large local dispersion but limits the total

average dispersion to be below a certain level is found to be very effective to combat both

dispersion and FWM induced degradations.
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Figure 2.6: Illustration of Walk-off Distance

Figure 2.7: Illustration of Side-Bands Generation due to FWM in Two-Channel Systems

Three different effects from the nonlinear refractive index, namely, SPM, XPM, and FWM

have been discussed. However, in a real system, especially in a DWDM system where chan-

nels are packed very closely to each other, the broadened spectrum due to the three nonlinear

effects is usually indistinguishable. The system performance degradations by fiber nonlin-

earities are, in general, assessable by solving the nonlinear Schrdinger equation (NLSE).

The NLSE and a numerical algorithm to solve the NLSE - the split-step Fourier method -

will be introduced in Chapter 3.
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2.4 Fundamentals of Polarization Mode Dispersion

Let us discuss the detrimental aspect of birefringence in optical fibers-namely, PMD. The

existence of birefringence in a fiber implies that the fiber supports two orthogonally polar-

ized modes that have different effective indices and hence propagate with different group

velocities in the fiber. An optical pulse launched into such a fiber would be split into two

orthogonally polarized pulses, which would then propagate with different propagation con-

stants and group velocities. The two pulses thus reach the output end of the fiber at slightly

different time sand with different phases. The superimposition of these two pulses leads to

the generation of an optical pulse that is now temporally more broadened as compared to the

input pulse. Thus, the pulse becomes dispersed due to the effect of fiber birefringence, and

the phenomenon is called PMD. PMD is a serious limitation in the case of ultrahigh-bit-rate

(>10 Gb) fiber communication links, as it puts a cap on the bit rate of the link as well as

causes errors in data transmission. In the following subparagraphs, we shall discuss some

basic concepts involved in the understanding of PMD in optical fibers.

PMD in optical fibers is considered as the ultimate limitation in wavelength division multi-

plexing (WDM) transmission systems with bit rate per channel of 40 Gb/s or higher. Many

studies on firsthand higher-order PMD compensation have already been reported, but most

of them are based on single channel systems, and the nonlinear effects in optical fibers such

as cross phase modulation (XPM), four wave mixing (FWM) in WDM systems are over-

looked. PMD is a phenomenon that arises because of the polarization properties of light

propagated in an optical fiber. In fact, a so called single mode fiber (SMF) supports two

polarization modes of input optical signals. Ideally, perfect optical fibers with geometrical

uniformity, homogeneous material, and no tension effects, would propagate these two po-

larization modes at exactly the same velocity and the two polarization modes degenerate.

However, due to internal and external factors, real optical fibers are far from being perfect

and, consequently, polarization modes travel at slightly different velocity. This difference in

velocity translates into a difference in transmission time through the fiber link, called differ-

ential group delay (DGD), which leads to a broadening of the transmitted bits and increases

the system bit error rate (BER). In WDM systems, despite the factors mentioned above, the

polarization evolution in a channel along the fiber is also affected by the XPM effects from

other channels. In this paper, by solving coupled non-linear Schrdinger equation in split-
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step Fourier method, the impact of XPM on a post 1st-order PMD compensator (PMDC) is

investigated by numerical simulations for a 40 Gb/s WDM transmission system.

2.4.1 Sources of Birefringence

There are many ways in which a fiber can become birefringent. Birefringence can arise

due to an asymmetric fiber core or can be introduced through internal stresses during fiber

manufacture or through external stress during cabling and installation. Optical fiber manu-

facturing processes are designed to yield fiber with a circular cross section. Any deviation

from this form will generally result in an elliptical core, which in turn will result in a refrac-

tive index difference between the X an Y axis of the elliptical core. Even if the fiber core

is manufactured with an ideal circular cross section, it’s refractive index can be asymmetric

across it’s cross section due to stress built in to the fiber during the manufacturing process or

stress that is externally applied during deployment or operation. External asymmetric stress

can be introduced to the fiber during cabling and installation. Any non uniform loading of

the fiber cross section, or bends or twist that are introduced to the fiber by sub-optimal ca-

bling or installation will result in an asymmetric external stress being placed on the fiber. An

optical fiber will exhibit birefringence as a consequence of all the above sources of internal

and external stress.

Figure 2.8: Birefringence of Internal and External Sources (a) Internal sources; such as:

core asymmetry and built in stress (b) External sources; such as: bend twists and external

stress applied to the fiber
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2.4.2 PMD Coefficient

The PMD coefficient is an average of random DGDs at the output of the fiber. By itself, for

a given fiber, the PMD coefficient is not a random number, in the same way as an average is

not a random number, but it is a characteristic of the random distribution of DGDs. However,

in the cable, the PMD coefficient is treated as a random number because the fiber sections

making up the cable are drawn randomly from the fiber distribution in the cable manufacture

inventory and consequently the information about the PMD coefficients of the individual

fiber sections is lost [59].

2.4.3 PMD in Short-Length and High-Birefringence Fibers

In short-length SMFs or Hi-Bi fibers, one can assume that the birefringence is constant in

magnitude as well as in direction so that there is no polarization mode coupling. In such

cases, the two polarization modes-namely, slow and fast-are fixed, so PMD is completely

deterministic and not random. If ns and n f are the effective indices of the slow and fast

modes, respectively, the corresponding propagation constants will be given by [58]

βs =
ω

c ns and β f =
ω

c n f ......................(2.8)

Where ω is the angular frequency. The two orthogonally polarized pulses will be traveling

with different group velocities given by

1
Vgs

= dβs
dω

,and 1
Vg f

=
dβ f
dω

...........................(2.9)

Thus, the two pulses will take different times to travel a given length L of the fiber. The

difference in the propagation times ∆τ is known as the differential group delay (DGD) of

the fiber and is given by

∆τ = L
Vgs
− L

Vg f
= L d

dω

[
βs−β f

]
= L∆β′ ...........................(2.10)

Where ∆β =
(
βs−β f

)
and ∆β′ represents the derivative of ∆β with respect to ω. The DGD

is taken as the measure of PMD of a given fiber. Figure 2.9 shows the effect of the PMD

on the input pulse in the time domain, demonstrating that an input pulse is divided into two
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orthogonally polarized pulses that are separated in time by ∆τ at the output end. It should

be noted that in short-length fibers, the DGD grows linearly with fiber length [see Equation

(2.3)]. It is clear from Equation (2.1) that the two polarized modes will accumulate a phase

difference between them, which at a distance z from the input end is given by

δ(ω,z) =
(
βs−β f

)
z = ω

c

(
ns−n f

)
z = ω

c

(
∆ne f f

)
z ...........................(2.11)

Where ∆ne f f =
(
ns−n f

)
. The phase difference δ(ω,z) depends on both frequency and

distance. As a result, the SOP of a polarized incident pulse will change with both distance

and input frequency.

Figure 2.9: A schematic of pulse broadening due to PMD

Equation (2.3) can also be put in the form:

∆τ = d
dω

[
L
(
βs−β f

)]
= d

dω
δ(ω,L) ....................(2.12)

Equation (2.5) shows that ∆τ is equal to the rate of change of δ(ω,L) with respect to fre-

quency ω. A change in the phase difference δ(ω,L) means a change in the output SOP, so

it is implied that ∆τ can be obtained by knowing the rate of change of the output SOP with

respect to the input frequency ω . For example, if the change ∆ω in the input frequency ω

is such that the output SOP repeats itself, the change in δ(ω,L) will be equal to 2Π , and

hence, ∆τ will be given by ∆τ = 2Π

∆ω
.
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This is the frequency domain picture of the PMD. In fact, as discussed later in this chapter,

by measuring the rate of change of the output SOP with respect to the frequency (or wave-

length) of input light, one can determine the PMD. This, in fact, is the working principle of

several PMD measuring techniques. It may be noted that Eqution (2.12) can also be recast

as:

∆τ = L d
dω

[
ω

c

(
ns−n f

)]
= L

c

[
∆ne f f +ω

d
dω

∆ne f f
]

...........................(2.13)

In a special case, if the dispersion of eff ∆n can be neglected, then

∆τ = L
c ∆ne f f =

λo
c

L
Lb

...........................(2.14)

Where Lb represents the beat length of the fiber given by

Lb =
2Π

∆β
= λo

∆ne f f
...........................(2.15)

2.4.4 PMD in Long-Length Fibers

In a long-distance fiber communication link, the fiber experiences stresses, bends, temper-

ature changes, twists, etc., in a random fashion along the length of the link. Therefore, the

birefringence along the fiber keeps changing both in magnitude as well as in direction. As a

result, the birefringence is no longer additive; hence, the PMD does not grow linearly with

the fiber length. Instead, it grows as a square root of the propagation distance, as will be

discussed later in this section. Due to random mode coupling, the calculation of PMD be-

comes very complicated. Fortunately, in a long-length fiber, there exist two orthogonal input

polarization states, of which the output polarization states are independent of frequency to

the first order. These input polarization states are known as the principal states of polariza-

tion (PSPs) of a given fiber length. Pulses launched in these polarization states emerge into

two fixed output polarization states, which are also orthogonal to each other. Thus, if the

input pulse is launched along one of the input PSPs, there is no splitting of the pulse, similar

to the case with short length or Hi-Bi fibers. The PSP model was proposed by Poole and

Wagner1 in 1986 and is extensively used in the calculation and understanding of PMD in

long-length fibers.It should be noted that due to random time variation of the birefringence
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along a long-length fiber link, PMD also varies randomly, so a statistical approach must be

adopted when studying PMD. Using the coupled mode theory, Poole2 has studied the ef-

fect of random mode coupling between the PSPs on the DGD and has arrived at an elegant

expression for the root-mean-square (rms). DGD given by

∆τrms (L) = ∆τo

(√
2Lc

L

)(
e−

L
Lc −1+ L

Lc

) 1
2 ...........................(2.16)

Where ∆τrms =
√

(∆τ2) , L is the fiber length, and Lc is a constant known as the coupling

length and is a measure of magnitude of the mode coupling along the fiber length.

Further, is the DGD in the absence of mode coupling and hence will be given by Equation

(2.16) i.e.,∆τo = ∆β′L. Equation (2.16) is valid for all values of L. For L << Lc,

∆τrms (L) = ∆τo

(√
2Lc

L

)(
L√
2Lc

)
= ∆τo = ∆β′L ...........................(2.17)

Showing that the DGD varies linearly with L. On the other hand, for L >> Lc,

∆τrms (L) = ∆τo

(√
2Lc

L

)(
L
Lc

) 1
2
= ∆β′

√
2LcL ........................(2.18)

Where we have used ∆τo =∆β′L . Equation (2.17) shows that in long-length fibers, the DGD

grows as the square root of the length of the fiber. The parameter Lc is generally used to

define the short-length and the long-length regimes of PMD as L << Lc for the short-length

regime, and L >> Lc for the long-length regime.

Equation (2.18) suggests that PMD in a long-length fiber can be reduced by reducing ∆β′

and Lc . Reducing ∆β′ means that the birefringence in the fiber should be reduced, which ob-

viously reduces PMD. Reducing Lc means that the coupling between the polarization modes

should be increased. This is achieved in spun fibers, which are fabricated by spinning the

fiber during the fiber-drawing process. Such fibers were first fabricated for their applications

in fiber sensors. Galtarossa and coworkers have done extensive work on the PMD charac-

teristics of spun fibers. Their studies have shown that periodic spinning in optical fibers is

much more effective than uniform spinning for reducing the PMD in optical fibers.
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2.4.5 PMD compensators

The second approach to PMD mitigation is to use a PMD compensator. It should be men-

tioned that it is extremely difficult to completely compensate for PMD, as it is a complex

phenomenon due to its randomly varying nature.

2.5 Summary

This chapter describes briefly the optical transmission system including various nonlinear

characteristics and PMD effects. The linear characteristics such as loss and dispersion pa-

rameters are not discussed here. It is evident from the discussion that the limitations offered

by nonlinear parameters and PMD in optical fiber communication become more and more a

detrimental with the increase of distance and bit rate, and decrease in the channel spacing.
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CHAPTER 3

THEORETICAL ANALYSIS OF XPM AND PMD ON DWDM

SYSTEM

3.1 Introduction

The rapid worldwide growth of data and internet traffic in telecommunication networks

results in a sharp increase in the demand for transmission capacity. Efficient utilization of

the existing optical fiber network is an answer to this growing demand. It also provides the

solution from the economical point of view. An important step to this end is the introduction

of optical communication systems with terabits per second capacity, which are based on

DWDM technology. Thus for the first time bandwidth efficiency, which is an important

feature in wireless communication has appeared as an important issue in fiber optics.

There are several approaches to achieve overall bandwidth efficiency like improved modula-

tion format, line-coding techniques, management of chromatic and PMD including equaliza-

tion, wideband optical amplifiers, improved WDM multiplexers and demultiplexers. Mod-

eling of the WDM optical channel including nonlinear effects is necessary in order to inves-

tigate the impact of the various methods. For practical reasons it is important (to avoid high

complexity algorithms) to end up with structures that are realizable at these high frequencies.

Therefore research engineers focus mainly on bandwidth efficient modulation formats at

channel data rates 40 Gbps. By saving bandwidth both the dispersion problems and the

channel density are improved. A promising approach is multilevel signal line coding. Op-

tical systems by and large use RZ and NRZ modulation format. RZ and NRZ modulations

are suitable for long haul systems in which the dispersion in the single mode fiber is com-

pensated for by another fiber with negative dispersion. But it is not the best choice for

uncompensated single mode fiber. Optical line codes are more resilient to dispersion and

are found superior to NRZ modulation for the uncompensated optical fiber channel.
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The popular line coding formats such as RZ and NRZ worked well up to 10 Gbps per channel

in long haul high-speed optical communication networks. Recent analysis and investigations

have shown that RZ turned out to be superior compared to conventional NRZ systems, at

least as long as standard single mode fibers are used as transmission media. The RZ format

has been reported to be effective against self phase modulation (SPM) in standard single

mode fiber links. SPM and XPM resulting from fiber non-linearity effects caused by group

velocity dispersion (GVD) lead to waveform distortion that limits the maximum transmis-

sion distance and capacity of high-speed optical links. Thus tolerance with respect to SPM,

XPM and GVD are essential for reliable network operation. On the other hand, because

of the narrower optical spectrum of NRZ format, NRZ enables higher spectral efficiency

in wavelength division multiplexing (WDM) systems compared to RZ in the linear region.

However the tolerable dispersion range is limited in both RZ and NRZ modulation formats.

In addition, they limit the potential transmitted distance of the signal due to the non-linearity

effects of fiber, when they are used in terabit capacity optical communication networks.

In this section generation of multilevel coding formats such as duobinary and novel optical

coding are discussed in detail. In section 3.2 duobinary coding is discussed in detail, while

in section 3.3 a detail description of novel optical line coding of order one is presented

along with its generation example. The XPM changes the state-of-polarization (SOP) of the

channels that leads to amplitude modulation of the propagating waves in a wave-division

multiplexing (WDM) system. The theoretical analysis of XPM is presented in section 3.4.

Due to the presence of PMD, the angles between the SOP of the channels change randomly

and the modulation amplitude fluctuation in the perturbed channel becomes random. Finally

the effect of XPM on the performance of first order PMD compensation in the DWDM

system is analyzed and numerically simulated. The theoretical analysis of PMD is thus

discussed in section 3.5.

3.2 Duobinary Line Code

Duobinary signal is a pseudo-binary coded signal in which a ”0” bit is represented by a

zero level electric current or voltage; a ”1” bit is represented by a positive level current or

voltage if the quantity of ’0’ bits since the last ”1” bit is even, and by a negative level current

or voltage if the quantity of ’0’ bits since the last ”1” bit is odd [52]. In this scheme R
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bits/sec can be transmitted using less than R/2 Hz of bandwidth. In order to realize practical

transmitting and receiving filters for zero inter symbol interference (ISI) fulfilling Nyquist

rate, minimum R/2 Hz of bandwidth is required to transmit R bits/sec. The condition of zero

ISI may be relaxed to achieve a symbol transmission rate of r bits/sec. By allowing for a

controlled amount of ISI so that it can be subtracted out to recover the original signal values,

we can achieve this symbol rate. This result implies that duobinary pulses will have ISI. Let

the transmitted signal be

X (t) = ∑
∞
k=−∞

dkq(t− kT ) ,dk = 0,1 ...................(3.1)

Here, dk are the data bits, q(t) is the transmitted pulse and T = 1/R is the bit period. The

pulse q(t) is usually chosen such that there is no ISI at the sampling instances (t = kt, k = 0,

± 1, , are the sampling instances):

q(kT ) =

1 k = 0

0 k 6= 0
...................(3.2)

NRZ is one such scheme that requires a bandwidth of R Hz to transmit R bits/sec. This is

twice as large as the Nyquist bandwidth of R/2 Hz. The simplest duobinary scheme transmits

pulses with ISI as follows:

q(kT ) =

1 k = 0,1

0 otherwise
...................(3.3)

For a channel with bandwidth W and with controlled ISI for T = 1
2W , we get from Equation

(2.2),

X ( f ) =


1

2W

[
1+ e− j f Π

W

]
, | f |<W

0, otherwise

X ( f ) =

 1
W e− j f Π

2W cos
(

f Π

2W

)
, | f |<W

0, otherwise
..(3.4)
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Therefore, x(t) is given by

X (t) = sinc(2Wt)+ sinc(2Wt−1)................(3.5)

It is evident from Equations 3.1 to 3.5 that at the sampling instance kT, the receiver does not

recover the data bit dk, but rather (dk−1 + dk). However this scheme allows for pulses with

a smaller bandwidth. By allowing some ISI, the transmitted pulse q(t) can be made longer

in the time domain. Thus its spectrum becomes narrower in the frequency domain. With a

narrower spectrum the distortion effects of the channel are also fewer. This outcome is one

of the reasons why duobinary modulation is resilient to dispersion.

One way of generating duobinary signals is to digitally filter the data bits with a two-tap

finite impulse response (FIR) filter with equal weights and then low-pass filter the resulting

signal to obtain the analog waveform with the property in (3.3) as in Figure 3.1. When the

input to the FIR filter is binary (let these binary values be -1 and 1), then the output can

take one of these values: 0.5*(-1+-1) = -1; 0.5*(-1+1) = 0; or 0.5*(1+1) = 1. Hence the

duobinary signal is a three-level signal.

Figure 3.1: Duobinary Encoder

3.2.1 Differential Encoding

The ISI introduced at the transmitter can be revealed at the receiver by differential decoding.

At each sampling instance kT, the receiver assumes the value of Xk = (dk +dk−1) where Xk=
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x(kT) and x(t) satisfies Equation (3.3). If the previous decision at the output of the receiver

is ˆdk−1 , this decision can be subtracted from the sampled value to obtain d̂ :

d̂ = Xk− ˆdk−1 .....................................(3.6)

However, a single error at the receiver will propagate forever, causing a catastrophic decod-

ing error. To avoid this catastrophic error propagation, it is better to differentially pre-code

the data at the transmitter. The data bits dk are differentially encoded as follows:

ck = ck−1⊕dk ( ⊕ is modulo 2 subtraction) ....................(3.7)

The transmitted signal is now

X (t) = ∑
∞
k=−∞

ckq(t− kT ) ....................(3.8)

with q(t) satisfying (3.3). Hence at the sampling instance kT, the receiver samples the value:

ck⊕ ck−1 = ck−1⊕dk⊕ ck−1 = dk ....................(3.9)

3.2.2 Differential Encoder

Differential encoder can be implemented using an exclusive-OR (XOR) gate as in Figure

3.2. However, it can be difficult to implement the 1-bit delay in the feedback path at high

data rates such as 10 Gb/sec.

Figure 3.2: Differential Encoder with an XOR Gate
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Another circuit that does not involve in the feedback path is shown in Figure 3.3. Here,

a divide-by-2 counter has a clock gated with the data. When the data is high, the counter

changes state, which is equivalent to adding a 1 modulo 2. When the data is low, the counter

state remains the same, which is equivalent to adding a 0 modulo 2.

Figure 3.3: Differential Encoder with a Divide-by-2 Counter

3.2.3 Optical System for Duobinary Modulation

The final step is to modulate the light with the three-level duobinary signal, which implies

a three-level optical signal. This result is achieved with a Mach-Zehnder (MZ) modulator

biased at its null point. With a zero input, no light is transmitted, but with the +1 and -1

inputs are transmitted as +E and -E electrical fields. While this is a three level signal in

terms of the electrical field, it is a two-level signal in terms of optical power. This choice

significantly reduces the complexity of the receiver.

Figure 3.4: Effect of Dispersion on NRZ and Duobinary Sequences

36



The combination of the duobinary encoder and the above mapping to electric fields help

further reduce the effects of dispersion in the fiber. As the pulses travel down the fiber, they

spread out in time owing to dispersion. In an NRZ scheme, a data sequence of 1 0 1 is

mapped onto the optical domain as +E 0 +E. In the encoded duobinary sequence, a 1 0 1

sequence cannot occur, but a 1 0 -1 does occur, which is mapped as +E 0 -E in the optical

domain. The effect of dispersion in the two cases is shown in Figure 3.4. It depicts why the

resulting dispersion is less in duobinary modulation.

The same receiver that is used for a NRZ modulation scheme can be used for the duobinary

modulation. The power detector squares the electric field to detect power and hence +E and

-E outputs of the fiber get mapped to the same power level and are detected as logical 1s.

Figure 3.5 shows an example of the transformation of data in a duobinary system and its

electrical modulating signal.

Figure 3.5: NRZ and Duobinary Signal for Data Sequence [1 0 1 0 0 0 1 1 1 1 0 1 0 1 0 1]
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Table 3.1: An Example Showing the Transformation of Data in a Duobinary System

K -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

dk 0 1 0 1 1 1 0 0 0 0 1 0 1 0 1 0

d̂k 1 0 1 0 0 0 1 1 1 1 0 1 0 1 0 1

Diff Encoder 0 1 1 0 0 0 0 1 0 1 0 0 1 1 0 0 1

Bit-Voltage -1 1 1 -1 -1 -1 -1 1 -1 1 -1 -1 1 1 -1 -1 1

Duobinary 0 1 0 -1 -1 -1 0 0 0 0 -1 0 1 0 -1 0

Electric 0 +E 0 -E -E -E 0 0 0 0 -E 0 E 0 -E 0

Opt Power 0 E2 0 E2 E2 E2 0 0 0 0 E2 0 E2 0 E2 0

Rx Bits 0 1 0 1 1 1 0 0 0 0 1 0 1 0 1 0

3.3 A Multi-Level Novel Optical Line Code

Training is the act of presenting the network with some samples and modifying the weights

to better approximate the desired Novel optical line coding is similar to conventional Miller

coding with the difference being that two of them are scaled by a factor α ¡ 1 and transmitted

in sequence according to the duobinary logic. Novel optical codes are ranging from order 1,

2 .n and here only order one novel optical codes are used.

3.3.1 First Order Code

The first order code uses four wave forms si (t), and the state diagram is shown in the Figure

3.6, where ∑1, ∑2 are the code states, the elementary signals are si (t), where i = 1,2,3,4.

Elementary signals form two pairs with s1 (t) = - s4 (t) and s2 (t) =−s3 (t). In addition two

of the elementary signals s2 (t) and s3 (t) are scaled by α. In this thesis α is chosen as 0.5 to

produce best spectral shape. The information sequence {uk} is encoded as shown in Figure

3.7 to form the signal:

Xe (t) = ∑
∞
k=−∞

g1 (σk)Se (t− kT ;Uk) ................(3.10)
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Figure 3.6: (a) Elementary Signals and (b) Code State Diagram for Novel Multilevel Optical

Line Code of Order one.

where σk stands for the generic encoder state and g1 (σk) is a coefficient defined by the

following rule:

g1 (σk) =

 1, i f σk = ∑1

−1, i f σk = ∑2

........................(3.11)

where ∑1 and ∑2 indicate the states allowed to the encoder, and se (t;uk) is one of the two

elementary signals s1 (t) or s2 (t) selected in accordance to the following rule:

se (t;uk) =

s1 (t) , i f uk = 0

s2 (t) , i f uk = 1
......................(3.12)

Hence, the actual elementary signal output from the encoder will be one of s1 (t) or s2 (t) or

their negatives [ i.e., s4 (t) or s3 (t) respectively] depending on the value of g1 (σk) as shown

in Figure 3.6. The sequence of the encoder is defined by the following rule:
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σk +1 = g2 (uk,σk) ................(3.13)

where the value of the function g2 is described by the following map:

Table 3.2: Map containing the value of g2
uk
σk

∑1 ∑2

0 ∑1 ∑2

1 ∑2 ∑1

It may noticed that for α = 0, s2 (t) = s3 (t) = 0, and the code reduces to duobinary code. The

above coding rule for order 1 code is summarized in Table-3.3.

Figure 3.7: (Transmitter Model of an optical system

Table 3.3: Encoding Rule of Novel Optical Line Code (Order1)

Data Seq {uk} Encoder State (σk) State of Encoder (g2) Encoded Signal xe (t)

0 ∑1 ∑1 s1 (t)

0 ∑2 ∑2 −s1 (t) = s4 (t)

1 ∑1 ∑2 s2 (t)

1 ∑2 ∑1 −s2 (t) = s3 (t)

The power spectral density of the signal xe (t) in (3.10), coded in accordance to the state

diagram of Figure 2.6 is given as

Ge ( f ) = 1
T |S1 ( f )|2 cos2 (Π f T )+ 1

T |S2 ( f )|2 sin2 (Π f T )+ j 1
T S1 ( f )S∗2 ( f )sin(2Π f T )

................(3.14)
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where S1 ( f ) and S2 ( f ) are the Fourier transforms of the elementary signals s1 ( f ) and s1 ( f )

respectively. Elementary signals of order one code can be generated by expressing four

elementary signals of Figure 3.6 as linear combinations of the rectangular pulses of duration

T/2.

p(t) =

1, 0 < t < T
2

0, elsewhere
................(3.15)

In this case, we get, for the elementary signals si (t), and i = 1, 2, 3, 4 the following expres-

sions:

• s1 (t) = p(t)+ p
(
t− T

2

)
• s2 (t) = α

[
p(t)+ p

(
t− T

2

)]
• s3 (t) =−s2 (t)

• s4 (t) =−s1 (t) ........................ (3.16)

Figure 3.8: An Example Showing NRZ and Duobinary Signals for Data Sequence [0 1 1 0

0 0 1 1 1 1 0 1 0 1 0 1]
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3.4 Theoretical Analysis of XPM

In theoretical analysis of XPM, a mathematical model is presented to quantify the XPM in a

two channel optical system. An approach is adopted here to isolate in this effect from other

nonlinear effects of optical fiber.

The WDM transmission employs intensity modulation direct detection (IM/DD) modulation

scheme. This is described in three sections. First, the input and output power are described

taking into consideration of in-line amplifications and filters. Secondly the derivation of

total XPM induced phase shift in a single segment transmission line is presented. Finally an

approach on calculating the BER is presented.

There are two major detection schemes widely used at present; coherent and direct detection

schemes. The term coherent refers to any technique employing nonlinear mixing between

two optical waves. To send information, one can modulate the amplitude, frequency or

phase of the carrier. In direct detection system, electrical signal coming into the transmitter

amplitude-modulates the optical power level of the light source. Thus, the optical power is

proportional to the signal current level.

Coherent system offers improved receiver sensitivity and channel selectivity over direct de-

tection technique. Advantages of coherent optical communication schemes are a nearly ideal

receiver sensitivity (20 dB over direct detection) and high degree of frequency selectivity.

Selectivity of coherent system is due to the fact that narrow band electronic filters pick out

the neighboring channels like broadband optical filters.

To synchronize the sampling, the digital signal clock must be recovered at the receiver by

means of a base band phase locked loop. The advantage of IM-DD is that it offers sys-

tem simplicity and low cost but suffers from the limited sensitivity and does not take full

advantage of band width capabilities of the fiber. The choice of modulation and detection

schemes determines the fundamental receiver sensitivity. Receiver sensitivity in terms of

SNR is proportional to received optical signal power. Receiver sensitivity for various co-

herent and direct detection techniques has been described in terms of the average number of

photons required to achieve 10−9 BER.
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3.4.1 Input and Output Power Representation

XPM occurs in systems having at least two channels. The group velocity dispersion (GVD)

converts the XPM induced phase modulation (PM) to IM. Here, the analytical model to

study the effects of XPM in DWDM transmission is based on in an IM/DD system. The

two input channels considered in the system are sent to the transmitter where the electrical

signals modulate the optical output. Channel 1 or probe is a continuous wave (CW) and

channel 2 is the pump channel which is sinusoidally modulated. The intensity modulated

input pump signal has an angular frequency ω. Considering a small section of fiber length

where fiber nonlinearity and dispersion are assumed to act independently, the XPM induced

phase shift in probe channel when optical pulse in pump channel traveled a distance z from

fiber input can be expressed by [8-9]:

φxpm,1 (z,ω) =−2γ1P2 (z,ω) ................(3.17)

where

P2 (z,ω) = P2 (0,ω)cos(qz)exp(−αz)exp
(
− jωz

vg2

)
................(3.18)

Equation (3.18) represents the pump power fluctuation after propagating at distance z from

the fiber input that modulates the phase of the probe signal through XPM. P2 (0,ω) is a

complex amplitude of pump signal power at fiber input and it is given by P2 (0,ω) = P20e jθ.

Here, q =
(ω2Dλ2

2)
(4Πc) with D is the fiber dispersion coefficient, λ2 is the wavelength of pump

signal and c is the speed of light. The total XPM induced phase shift of probe signal after

propagating a distance L is given by [30]:

φxpm,1 (L,ω) =
∫ L

0 φxpm (z,ω)∂z = |H (ω)| |P2 (z,ω)|cos
(

ωL
vg1

+∠P2 (z,ω)+∠H (ω)
)

................(3.19)

Equation (4.3) shows that XPM is a phase modulation process with the frequency response

given by [30]:

H (ω) = 2Y1P1
√

ηxpm (ω)Le f f exp( jψ(ω)) ................(3.20)
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Without the phase term of equation (3.4), the equation is known as XPM index:

∆φ1 = 2Y1P1
√

ηxpm (ω)Le f f ................(3.21)

In (4.4) and (4.5), Le f f is the effective length of the fiber, ψ(ω) is the phase retardation

factor, ηxpm is the XPM efficiency and Y1 is the nonlinear coupling coefficient of the optical

signal. These parameters are defined as:

Le f f =
(1−exp(1−αL))

α
................(3.22)

ψ =−arg(−α+ jωd)+arg [−(1− exp(αL)cos(ωdL)+ j exp(−αL)sin(ωdL))]

................(3.23)

ηxpm = α2

ω2d2+α2

[
1+

4sin2(ωdL
2 exp(−αL))

(1−exp(1−αL))2

]
................(3.24)

In (4.6-8), α is the attenuation coefficient of the fiber, L is the fiber length, d is the walk-off

parameter defined as:

d12 = D∆λ ................(3.25)

where ∆λ is the wavelength separation between channel 1 (λ1) and channel 2 (λ2), and D is

the dispersion coefficient of the fiber. The nonlinear coupling coefficient is defined as:

Y1 =
2n2Π

λ1Ae f f
................(3.26)

where n2 is the nonlinear refractive index of the fiber. Ae f f is the effective core area of the

fiber expressed as:

Ae f f = Πr2 ................(3.27)

where r is the radius of the fiber. The total XPM induced phase shift in time domain can be

obtained by taking the real part of inverse Fourier Transform of equation (4.3)

φxpm (L, t) = Re
( 1

Π

∫
∞

0 φxpm (L,ω)exp(− jωt)∂t
)

................(3.28)
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Equation (4.12) represents the XPM induced phase shift in probe signal at fiber output after

propagating at distance L. This XPM induced phase shift will be converted to XPM induced

intensity modulation (IM) by GVD effect [31]. In order to determine the strength of XPM

induced IM in probe channel, the expression of power fluctuations on probe signal at fiber

output induced by XPM at infinitesimal distance z from fiber input is given by [9]:

Pxpm,1 (z,ω) =−2P1 (z)exp
(
−α(L− z)exp(− jω) (L−z)

vg1
sin(b(L− z))

)
φxpm,1 (z,ω)

................(3.29)

Here P1 (z) = P1 (0)exp(−αz) is the average power of probe channel at distance z, P1 (0) is

the average power of probe channel at fiber input and b is defined as b =
ω2Dλ2

1
(4Πc) . The total

XPM induced IM at probe channel at fiber output is the sum of the XPM induced IM at

infinitesimal section z along the fiber with length with length L is given by:

Pxpm (ω) = 2Y1P1 (0)P2 (ω)exp(−αL)exp
(
− jωL

vg1

)
................(3.30)

From equation (3.30) the magnitude and phase responses of XPM induced IM can be easily

found out as shown in Figure 4.3. The normalized magnitude response induced by XPM in

the probe channel, called normalized IM index is given by [27]:

mXPM
IM =

∣∣∣ Pxpm(ω)
(P2(z,ω)exp(−αL))

∣∣∣ ................(3.31)

On the other hand the phase response is given by

ψXPM
IM (ω) = arg

 Pxpm(ω)(
P2(z,ω)exp

(
− jωL
vg1

))
 ................(3.32)

The total XPM induced IM in the time domain at probe channel at fiber output is obtained

by inverse Fourier transform of equation (4.14)

Pxpm (L, t) =
∣∣ 1

Π

∫
∞

0 Pxpm (ω)exp(− jωt)∂t
∣∣ ................(3.33)
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3.4.2 Bit Error Rate (BER) Derivation

The demultiplexed optical signals are then sent to the receiver. The photo-detector in the

receiver senses the varying optical intensity falling upon it and converts them into varying

electric current, using the direct detection method. The photo-detector output current is

given by:

i(t) = Rd |E|2 + in (t) = Rd |Sout (t)|2 + in (t) = 2RdPsGLcos(∆φxpm (L, t))+ in (t)

................(3.34)

Rd is the bias or load resistance, Ps is the receiver power. G and L are the gain and loss

of the transmission link respectively. ∆φxpm (L, t) represents the random phase distortion

introduced by XPM which can be obtained from (3.28). in (t) is the sum of the various noises

considered in the system. The noise considered in this system are the receiver shot noise,

thermal noise and beat noise due to beating of the spontaneous emission of the amplifier.

Considering the thermal noise to be predominant, it is assumed that the noise for transmitted

”1” and ”0” are of same magnitude. The total noise variance is obtained by summing the

variances of the individual noise components:

σ2
n = σ2

shot +σ2
thermal +σ2

s−sp ................(3.35)

The variance of the shot noise is given by:

σ2
shot = 2eRdPT Be ................(3.36)

where Rd is the bias or load resistance of the photo-detector receiver, Be is the bandwidth of

the photo-detector and PT is the received optical power at the photo-detector. The variance

of the thermal noise is:

σ2
thermal = IthBe ................(3.37)

where Ith is the thermal noise current generated by the detector bias resistance in the photo-

detector receiver. The variance of the signal spontaneous noise is given by:
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σ2
s−sp = nsp (G−1)hv2R2

dPT GLBe ................(3.38)

where G is the gain of the amplifier, v is the optical frequency and nsp is the spontaneous

emission factor or population inversion factor. Then the BER can be directly found out from

[26]:

BER = 0.5er f c

[
2RdPsGLcos(φ̄xpm)√

(σ2
n+σ2

xpm)

]
................(3.39)

Here φ̄xpm is the mean phase shift due to XPM, φ2
xpm is the mean amplitude fluctuation of

the probe signal due to XPM.

3.4.3 Applying Line Coding Schemes

For applying the line coding, the input data are passed through the line coder and data

will have the form as shown in Equation (3.17) or (3.20). These data are then passed to

the transmitter. The mathematical representation of the line coded data P̄2 (0,ω) replaces

P2 (0,ω) of Equation (3.18). The subsequent procedures are the same as given in Equation

(3.30)

3.4.4 Applying Duobinary Line Coding Schemes

For duobinary line coding scheme the expression for the input power is expressed as:

P̄i (0,ω) = Xi (0,ω)cos(qz)exp(−αz)exp
(
− jωz

vg2

)
................(3.40)

where Xi (0,ω) is the power spectrum of the ith channel and is defined as following with W

as the bandwidth:

3.4.5 Applying Novel Optical Line Coding Schemes

The input power of a system with Novel optical coding is expressed as

P̄2 (0,ω) = P2 (z,ω) = Ge ( f )cos(qz)exp(−αz)exp
(
− jωz

vg2

)
................(3.41)

where Ge ( f ) is defined in Equation (3.14).
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3.4.6 Summary on Theoretical Analysis of XPM

Duobinary and Novel optical line codes described in this chapter will be applied in a mod-

eled optical system in the later chapter. In this chapter, the methods of generating the line

codes along with examples are described. These methods will be applied in this study in

the subsequent chapters. However there are other multilevel line codes like alternate block

inversion (ABI), monospaced mark inversion (MMI), etc. which are not discussed here in

this study. Subsequent chapters are dedicated mainly to find out the effectiveness of these

line codes in combating the nonlinear effects. Efforts will also be taken to quantify such

effectiveness in terms realizable practically following several approaches. The quantified

expression of XPM and its effect in terms of BER as expressed in Equations 3.20, 3.30 and

3.39 will be applied in the simulation in subsequent chapters. This result helps the author to

go forward to apply the line codes.

3.5 Theoretical Analysis of PMD

Optical Fiber Communication is used not only in telecommunication field but also in inter-

net and Local Area network. The advantage of Optical Fiber Communication is low data

loss, long distance amplifier, high data carrying capacity. As number of channel increases,

dispersion began to show up as obstacles. PMD effects occur only in single mode fiber the

resulting the PMD to limit the transmission capacity of fiber. The PMD of installed fiber

fluctuates with temperature and stress changes. So, adaptive PMD is needed for Optical

Fiber Communication. PMD which is a time changing quantity is a problem, reduces dis-

tances and data rates in a single-mode OFC system. In general, the effect of PMD on an

optical fiber communication link at different bit rates shows that it causes several undesir-

able effects and it can be compensated through various compensation techniques. The goal

of this work is to analyze the effect PMD and its compensation. The effect of PMD on a

fiber link and an optical compensation method is also proposed. By which the degradation

due to PMD can be mitigated to a certain extent. A suitable delay is provided to one of the

polarization states and no delay to the other state. Finally the two signals are added and as a

result the two components experience a differential delay.

The maximum channel density for digital transmission can be achieved by increasing the bit
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rate. When the bit rate crosses the 2.5Gbps, the PMD degrade the transmission character-

istics. PMD occurs in single mode fiber and because of PMD it is impossible to transmit

data reliability at high speed. This effect results the widening of the pulses and reduce the

capacity of transmission of the fiber. This work analyzes the effect of PMD in optical fiber

in one hindered km link fiber. The eye diagram, Q value and bit rate for analyzing the PMD.

Also an optical compensation technique by which the effect of PMD can be reduced is also

analyzed. Bit error rate can be achieved by simulating with OptSim, which includes the

algorithms to guarantee the maximum possible accuracy and correct results.

3.5.1 System Modeling

In high speed transmission PMD will occur and its broadening the pulses and cause to inter

symbol interference. Compensation can be achieved by electronic equalization or by using

dispersion compensating fibers or by optical equalization. PMD is a physical phenomenon in

OFC that causes light pulses to spread. PMD severely reduce the system performance. The

PMD is due to geometrical variations in concentricity or ellipticity of fiber core or cladding

during manufacture. Therefore in this work an optical compensation method is proposed to

compensate for the effect of PMD. Thus PMD is varying randomly along the fiber length

and therefore the effect of PMD can be reduced by introducing better fiber manufacturing

techniques or by compensating for PMD effects. Electronic compensation is not sensitive to

the phase and polarization information of the received signal and also it is bit rate dependent

so optical compensation is advantageous compared to electronic compensation. The block

diagram of the work is shown in the Figure 3.9 and 3.10. It describes the basic components

used for the analysis of the effect of PMD and its compensation. In Figure 3.9 the effect

of PMD in a fiber optic link is analyzed using an emulator and in Figure 3.10 the optical

compensation technique of using an emulator and a deterministic differential group delay

is analyzed. An emulator is used after the fiber link to recreate the behavior of an optical

field fiber in the laboratory. Then the signal is passed through the fiber channel of 100km.

As the signal travels through the fiber the effect of PMD affects the transmitted. The sim-

ulation is done in OptSim which is one of the costliest simulation software used for optical

communication. [36]
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Figure 3.9: Block diagram for analyzing effect of PMD

Figure 3.10: Block diagram for optical PMD compensation

The below setup shown in Figure 3.11 simulates PMD effects with and without compensa-

tion. The compensation is done by using a Deterministic DGD. The effect can be analyzed

through eye diagrams and Q estimator. The light carrier is generated by Lorentzian laser

source at the 1550 nm wavelength. The light can be modulated by the input signal by pass-

ing through the amplitude modulator The transmitted signal is formed by modulating the

light carrier by the NRZ data source signal. This delay provided negates the distorted signal

through the emulator and thus compensation of PMD is achieved which can be seen from

the eye diagrams. The distorted signal is received by the receiver and is analyzed through

eye diagrams. For analyzing the optical compensation the signal emulated by the emulator

is passed through a deterministic DGD element which splits the signal into two and provides

a determined delay to one of the signal.

For this setup, a transmitter consists of a 40-Gbps PRBS generator, CW Laser source at 1550

nm, electrical driver, external modulator, and optical power normalizer. A 40-Gbps RZ-

modulated signal then is launched into a fiber span. The output from the fiber span is inserted

into a receiver. PMD is a statistical effect caused by randomly varying fiber birefringence,

therefore the simulation results will be different for different settings of the random seed

parameter. PMD causes differential group delay (DGD) between x- and y- polarization

components during propagation in fiber, and, hence, eye distortion at the receiver. One can

run a parameter scan to obtain DGD and BER/Q for different values of the PMD coefficient
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Figure 3.11: Simulation block for analyzing effect and compensation of PMD

and different random seeds. After the simulation run is finished one can double-click on

various analysis blocks to view the signal plot, eye diagram, DGD, Stokes parameters on

Poincare Sphere, and BER/Q values

3.5.2 Summary on Theoretical Analysis of PMD

The PMD-induced DGD degrades system performance with penalties more severe at higher

bit rates and higher PMD coefficients in fibers. We can see that the XPM reduces the eye

opening to some extent and results in weakening the performance of first order PMD com-

pensation.
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CHAPTER 4

SIMULATION METHODS AND RESULTS

4.1 Simulation Methods for XPM

The nonlinear Schrodinger equation (NLSE) given in equation (4.1) governs the propagation

of optical pulses inside single mode fibers. The NLSE is a partial differential equation that

does not generally lend itself to analytical solutions except some specific cases in which the

inverse scattering method can be employed. A numerical approach is often necessary for an

understanding of the interplay between GVD Kerr effects of optical fibers. The method that

has been used extensively to solve the pulse propagation in nonlinear dispersive media is

the split step Fourier method. The relative speed of this method compared with most finite-

difference methods can be attributed in part to the use of the fast Fourier transform (FFT)

algorithm.

4.2 Split Step Fourier Method

Pulse propagation in optical fiber is simulated by applying the split-step Fourier method to

numerically solve the NLSE, which includes the effect of first order and second order GVD,

self phase modulation (SPM) and cross phase modulation (XPM) due to fiber nonlinearity

and fiber attenuation. This is a well established mathematical model and is extensively

modeled for all fibers in the transmission system, i.e. for DSF and DCF. Considering a

slow varying pulse envelope A(z,t) which can be the envelop of a summation of a number of

optical channels of the WDM system, which propagates inside a nonlinear dispersive optical

fiber in the following manner:

∂A
∂z +

α

2 A+ j
2β2

σ2A
σT 2 − 1

6β3
σ3A
σT 3 = jγk

[
|Ak|2 +∑

N
i=1,i6=k 2 |Ai|2

]
Ak ................(4.1)

where α is the fiber loss, β2 and β2 are the second and third order GVD factors respectively,

γ is the nonlinearity parameter, and T = t− z
vg

is a frame of reference moving with the pulse
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at group velocity vg. The first and second terms on the right hand side account for self phase

modulation and cross phase modulation of the optical field with the N-1 adjacent channels

respectively. If we consider a two channel system what is considered in this paper, then the

field propagation can be expressed as the coupled NLSE [27]:

∂A1
∂z + j

2β21
∂2A1
∂T 2 + α

2 A1 = jY1

⌊
|A1|2 +2 |A2|2

⌋
A1 ................(4.2.a)

∂A2
∂z +d ∂A2

∂T + j
2β22

σ2A2
σT 2 + α

2 A2 = jY2

⌊
|A2|2 +2 |A1|2

⌋
A2 ................(4.2.b)

The walk-off parameter d = v−1
g2 − v−1

g1 where vg j is the group velocity of channel j. The

walk-off parameter can also be expressed in terms of the dispersion coefficient D. Then,

d =
∫ λ2

λ1
D(λ)dλ = D |λ2−λ1|= D∆λ .

4.2.1 Light Waves Beam Propagation Method using Split Step Model

The instantaneous pulse envelope A(z,t) propagating inside the fiber is calculated by solving

equation (4.1) numerically using the split-step Fourier method. Expressing equation [32] as

∂A
∂z =

(
D̂+ N̂

)
A ................(4.3)

where D̂ is the dispersion differential operator and N̂ is the nonlinearity operator. D̂ and N̂

are defined by:

D̂ =−α

2 −
j
2β2

σ2

σT 2 +
1
6β3

σ3

σT 3 ................(4.4.a)

N̂ = jγk

[
|Ak|2 +∑

N
i=1,i6=k 2 |Ai|2

]
................(4.4.b)

As these two operators appear to add by superposition, dispersive and nonlinear effects can

be considered to act independently. That is, the two effects split. Next consider dividing

the fiber length into small steps of length h. The exact solution of (4.1) describes the pulse

envelope in segment z+h relative to its shape in the preceding segment z:

A(z+h,T ) = exp
(
hD̂
)

exp
(
hN̂
)

A(z,T ) ................(4.5)
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where the exponential operator exp
(
hD̂
)

is evaluated in the Fourier domain by replacing the

differential operator by ∂

∂T by ( jω):

exp
(
hD̂
)

B(z,T ) = F−1 [exp
{

hD̂( jω)
}

F (B(z,T ))
]

................(4.6)

This equation is numerically solved using the Finite-Fourier-Transform (FFT) algorithm. To

improve the accuracy of the split-step Fourier method, the pulse is made to propagate in the

following pattern:

A(z+h,T ) = exp
(h

2D̂
)

exp
(∫ z+h

z
ˆN (z′)dz′

)
exp
(h

2D̂
)

A(z,T ) ................(4.7)

Intuitively, this equation says that a pulse emerges out of the preceding fiber segment and

enters the current segment would propagate in a purely dispersive medium in the first half

of the segment, then stops at middle of the segment and picks up all nonlinear effects in that

segment, then set off to complete the remaining half of the purely dispersive segment. The

pulse would then propagate through the subsequent segments in the same manner until it

reaches the receiving end of the fiber.

The SPM refers to the nonlinear phase shift in the optical wave caused by the optical field

itself. Such effect is generally negligible at low power levels (normally below 10 mW)

but becomes significant when the peak intensity of the pulse is sufficiently high to cause

appreciable change in the refractive index of silica fiber [32]. This intensity induced index

variation, referred to as the Kerr nonlinearity, produces a nonlinear phase shift in the carrier

wave and leads to spectral broadening of the pulse. For WDM systems, the nonlinear effects

are expected to further enhance with the phase shift for a channel depends not only on the

power of that channel but also on the power in the adjacent channels, the so called cross

phase modulation (XPM).

In general, dispersion and nonlinearity act together along the length of the fiber. The Split

Step Method obtains an approximate solution by assuming that in propagating the optical

field over a small distance h, the dispersive and nonlinear effects can be pretended to act

independently. More specifically, propagation from z to z+h is carried out in two steps as

shown in Figure 4.1. The algorithm for this model is implemented in MATLAB.
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Figure 4.1: Schematic Illustration of Symmetrized Split Step Model

4.2.2 Algorithm for the Split Step Model

This algorithm is developed to synthesize the Split Step Model using the numerical methods.

The algorithm is developed for the MATLAB platform.

Step 1: This step corresponds to the first half dispersion only region shown in Figure 4.1.

In this process, only the dispersion (the linear operator part) acts alone and nonlinearity = 0.

Thus, we have

AD1
(
z+ h

2 ,T
)
= F−1 [exp

(h
2D̃( jω)

)
F {Ao (0,T )}

]
................(4.8)

where F is the Fast Fourier Transform and Ao (0,T ) is the optical multiplexed signals of the

optical channels of different carriers or that of a single channel. The WDM signals is in fact

a summation of all the electric fields representing the optical intensity channels propagated

along the optical fiber transmission line. The linear operator D( jω) is obtained by replacing

differential operator by ( jω) where ω is the Fourier frequency. Thus, the equation is given

by

D̃( jω) = j
2β2ω2− j

6β3ω3− α

2 ................(4.9)
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Step 2: The Split Step Model can be expressed in the following expression:

A(z+h,T ) = exp
(h

2D̃
)

exp
(∫ z+h

z Ñ (z′)dz′
)

exp
(h

2D̃
)

A(z,T ) ................(4.10)

where the integral has to be evaluated more accurately by employing the trapezoidal rule

and the approximated integral is given by

(∫ z+h
z

˜N (z′)dz′
)
≈ h

2

{
Ñ (z)+ Ñ (z+h)

}
................(4.11)

However, the implementation of (4.11) is not simple since Ñ (z+h) is unknown at the mid

segment located at z+h/2 as marked by thick black line in Figure 4.1. It is necessary to follow

an iterative procedure that is initiated by replacing Ñ (z+h) by Ñ (z). Equation (4.10) is then

used to estimate A(z+h,T) which in turn to calculate the new value of Ñ (z+h) from (4.7).

Thus, the overall algorithm of Step 2 can be expressed in the following steps:

AD1
(
z+ h

2 ,T
)
= F−1 [exp

(h
2D̃( jω)

)
F {A(z,T )}

]
................(4.12)

AN1
(
z+ h

2 ,T
)
= exp

[h
2

{
Ñ (z)+ Ñ (z+h)

}]
AD1

(
z+ h

2 ,T
)

................(4.13)

AD1+N1
(
z+ h

2 ,T
)
= F−1 [exp

(h
2D̃( jω)

)
·F
{

AN1
(
z+ h

2 ,T
)}]

................(4.14)

Hence, the predicted Ñ (z+h) is found to be:

Ñ (z+h) = jY
{∣∣AD1+N1

(
z+ h

2 ,T
)∣∣2} ................(4.15)

The predicted N(z+h) will be substituted into (4.13) in order to get a more accurate predic-

tion of (4.15). Thus, this process is done iteratively.

Step 3: The predicted N(z+h) would then be used to calculate the lumped region which is

shown in Figure 4.1. In this process, only the nonlinear (nonlinear operator part) acts alone

and D = 0.

AN2
(
z+ h

2 ,T
)
= exp

[h
2

{
Ñ (z)+ Ñ (z+h)

}]
AD1

(
z+ h

2 ,T
)

................(4.16)
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Step 4: This step corresponds to the second half dispersion only region shown in Figure 4.1.

In this process, only the dispersion (linear operator part) acts alone and N̂ = 0. Thus, we

have

A(z+h,T ) = F−1 [exp
(h

2D̃( jω)
)
·F
{

AN2
(
z+ h

2 ,T
)}]

................(4.17)

Step 5: Repeat Step 1 by substituting A(z+h,T) from equation (3.17) into Ao (0,T ) of (4.8)

for further propagation into the next segment defined in Figure 4.1.

4.3 Eye-opening Penalty

In a digital communication link, bit error rate (BER) is the most important parameter to

measure the performance of the communication link between a transmitter and a receiver.

In an optical fiber communication system, BER may often be measured only experimentally.

This is because the high quality performance of a conventional optical fiber communication

link (BER =10−9) requires an extremely large number of bits to evaluate BER, which makes

numerical simulation of BER generally impractical. BER is often evaluated indirectly using

Q-factor, which is commonly used to measure system performance. Another simpler way of

estimating performance is to observe eye-opening. The eye-opening is quantified by mea-

suring the minimum value between the sampled values of marks (ones) and spaces (zeros)

in the received bit sequence, r(t). The eye opening is a useful system performance metric

when signal distortion is a more limiting factor than noise. Mathematically, it is defined as

below [30].

Eye−opening =
min(r j(t j,b=1))−max(r j(t j,b=0))√

Po
................(4.18)

where t j represents the sampling instant of the jth-bit interval and Po is the peak power of

r(t). The first term in the numerator represents the minimum value at the sampling instant

when a mark is transmitted, and the second term is the maximum value when a space is

transmitted. In this chapter, the sampling instant of the received signal is assumed to be at

the center of each bit period.

To assess system performance degradation due to signal transmission through the fiber, eye-

opening penalty (EOP) is often used. EOP is the measure of the relative eye opening after
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transmission compared to eye opening in the back-to-back case (no transmission effect).

That is,

EOP(dB) =−10log
[EOAT

EOBB

]
................(4.19)

where EOAT and EOBB denote eye-opening after transmission (with fiber) and eye-opening

back-to-back (without fiber) respectively. EOP will be used in this paper to quantify the

system performance.

4.4 Filter Design

There are several methods commonly used to design filter, such as Butterworth, Cheby-

shev and Elliptic filter designs. Amongst these, Butterworth response is normally called the

”maximally flat” response with minimum ripple in the passband and stopband region. Its

magnitude squared function is defined by:

|HLP ( jω)|2 = 1
1+( ω

ωc )
2N ................(4.20)

N is the order of the filter and ωc is the cutoff frequency where the filter magnitude is 1√
2

times the dc gain at ω =0, which is also 3 dB cutoff. For a cutoff or critical frequency of 1,

the result is called a normalized prototype lowpass filter. Cutoff frequency of 1 is used in

the simulations of this paper. For Butterworth filter responses, the poles of HLP (s)HLP (−s)

are the roots of:

(−1)N s2N =−1 = e j(2k−1)Π k=0,1,2,...2N-1 ................(4.21)

Therefore, the poles of Sk are given by

Sk = e j
[
(2k+N−1)

2N

]
Π k=0,1,2,...2N................(4.22)

Sk is also expressed as Sk = σk + jωk , where the real and imaginary parts are given by:

σk = sin
(2k−1

N

)
Π

2 ,ωk = cos
(2k−1

N

)
Π

2 ................(4.23)
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With (4.22) and (4.23), the transfer function of the Butterworth lowpass prototype response

for specific order could easily be found out. The magnitude and phase response of a Butter-

worth lowpass filter with N = 2, fc = 1 and sampling frequency of 1000 x fc are shown in

Figure 4.2 and Figure 4.3.

Figure 4.2: (a) Frequency and (b) Magnitude Response of a Butterworth Lowpass Filter

4.5 Simulation Results for XPM in the DWDM System

In this section, first, the reader is introduced to the effect of XPM induced phase shift consid-

ering the pump-probe approach. The XPM effects will be shown for different probe power,

pump power, distance, channel separation and bit rates. Then line code will be applied

for the same parameters to visualize its effect on XPM. Thereafter the allowable probe and

pump power will be found out for the BER of 10−9 with and without line code to quantify

the improvement in power penalty achieved by the application of the line code. At last a two

channel DWDM system will be examined to verify the effects of XPM by applying 1024 bit

sequence with and without line code where eye penalty will be applied to verify the effect

of the XPM.
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For a consistent and gradual development of the study some of the parameters are kept un-

changed. The bit pattern used is PRBS 512 bits, nonlinear refractive index (n2) is 2.6X10−20 m2

W

and fiber core effective area (Ae f f ) is 5.28e−11m2. According to Equation (3.33) that the

XPM induced power depends on factors such as probe power, pump power, distance, chan-

nel separation, bit rate, etc. Normalized IM index and phase response due to XPM for the

channel separations of 0, 0.25 and 4 nm; the average power per channel is 0 dBm, λ1=1550

nm, D = 17 ps/km-nm, Y1 = 1.18W−1 · km−1, α = 0.21 dB/km and L = 80 km are depicted

in Figure 4.3

Figure 4.4 and 4.5 shows the total XPM induced power for analytical and simulated ap-

proach in a lossless system. Figure 4.4 exhibits XPM induced power for a range of pump

power with probe power P1 = 0 dBm. Bit rate = 10 GHz, channel spacing = 50 GHz and

fiber length = 50, 100 and 150 km. Figure 4.5 exhibits XPM induced power for a range of

probe power with probe power P1 = 0 dBm. Bit rate = 10 GHz, channel spacing = 50 GHz

and fiber length = 50, 100 and 150 km. These two figures show that the XPM induced power

increases proportionately with distance and input powers which conforms to the Equation

(3.33).
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Figure 4.3: (a) Normalized IM index in dB and (b) phase response versus the pump mod-

ulation frequency for the channel separations of 0, 0.25 and 4 nm. The average power per

channel is 0 dBm. Here λ1=1550 nm, D = 17 ps/km-nm, Y1 = 1.18W−1 · km−1, α = 0.21

dB/km and L = 80 km.
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Figure 4.4: Total XPM induced power in a lossless system with probe power P1 = 0 dBm,

bit rate = 10 GHz, channel spacing = 50 GHz and fiber length = 50, 100 and 150 km for

pump power (P2) = (a) -20 to 20 and (b) -10 to 10 dBm
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Figure 4.5: Total XPM induced power in a lossless system with pump power P2 = 0 dBm,

bit rate = 10 GHz, channel spacing = 50 GHz and fiber length = 50, 100 and 150 km for

probe power (P1) = (a) -20 to 20 and (b) -10 to 10 dBm
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Figure 4.6: Total XPM induced power for a lossy system with probe power P1 = 0 dBm, bit

rate = 10 GHz, channel spacing = 50 GHz and fiber Length = 50, 100 and 150 km

Figure 4.6 shows analytical and simulated XPM power for a lossy system (α > 0) for dif-

ferent lengths with probe power P1 = 0 dBm, bit rate = 10 GHz and channel spacing = 50

GHz. This figure conforms to Figure 4.3 and 4.4 which was lossless, with the difference that

total XPM induced power for a particular input pump power decreases proportionately with

distance. This phenomenon is due to the reason that the input powers at higher distances

gets decreased due to loss effect and so as to the induced XPM power due to those input

powers.

Figure 4.7 shows total XPM power in dB for different probe and pump powers at 100 km,

bit rate = 10 GHz and channel spacing = 50 GHz. Here also the figure conforms to the math-

ematical expression of Equation (3.33). The XPM induced power increases proportionately

with input powers, the higher the input power either probe power or pump power the more

is the XPM induced power.
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Figure 4.7: Total XPM power in dB for different (a) probe powers (0, -5 and -10 dBm) and

(b) pump powers (-10, -5 and 0 dBm) at 100 km
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Figure 4.8: Plot of BER for channel spacing 50, 60, and 75 and 100 GHz with P2 = 0 dBm,

fiber length = 100 km and bit rate = 10 GHz

Figure 4.8 shows the Plot of BER for channel spacing 50, 60, and 75 and 100 GHz with P2

= 0 dBm, fiber length = 100 km and bit rate = 10 GHz. The figure shows that with lower

channel spacing the BER increases.

Figure 4.9 shows XPM Power with line coding for both analytical and simulated result for

different pump and probe powers. Figure 6.7 shows a very important finding that the XPM

induced power is less for Novel line coded scheme. Two coding schemes are applied in

this simulation. It is evident from the plot that the application of duobinary coding does

not reduce the XPM much but the Novel Order one coding scheme shows a remarkable

reduction of XPM induced power.

In Figure 4.10 the analytical and simulated BER for different probe powers at 100 km with

bit rate = 10 GHz and channel spacing = 50 GHz exhibits an important characteristics of

XPM. It is evident from Equation (3.17) that the influence of pump power is more than

the probe power. The analytical and simulated results show similar pattern of the curves in

terms of shape and related values are also without much discrimination. It is very clear from

the plot that when the probe power is low in comparison with the pump power, the BER

is more. As the probe power is increased the BER also reduced. From this figure we can

conclude that the BER due to XPM will be more if the probe power is less in comparison
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with the pump power.

In Figure 4.11 the analytical and simulated BER for different pump powers at 100 km with

bit rate = 10 GHz and channel spacing = 50 GHz exhibits another important characteristics

of XPM induced power and the related effects. It is evident from Equation (3.17) that the

probe power contributes directly to the XPM. Here also the analytical and simulated results

show similar pattern of the curves in terms of shape and related values are also without much

disagreement. It is very clear from the plot that when the pump power is low in comparison

with the probe power, the BER is also low. As the pump power is increased the BER also

increases. From this figure we can conclude that the BER due to XPM will be more if the

pump power is more in comparison with the probe power.

Figure 4.12 shows the effect of the application of line coding scheme in a DWDM system

with bit rate of 10 GHz, channel spacing of 50 GHz and fiber length of 100 km. XPM

induced power and BER caused by XPM with for different probe powers for NRZ data,

Duobinary code and Novel Order 1 code shows that Novel Order 1 code could successfully

reduce the XPM induced power and in the same token the BER also reduced. Figure 4.13

shows exhibits the same characteristics for different pump powers.
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Figure 4.9: XPM Power with line coding, (a) analytical result for pump power = -10 and 0

dBm and (b) simulated result for probe power = -10 and 0 dBm with fiber length = 100 km,

bit rate = 10 GHz and channel spacing = 50 GHz
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Figure 4.10: (a) Analytical (b) Simulated BER for different probe powers -10, -5, 0, 5 and

10 dBm at 100 km with bit rate = 10 GHz and channel spacing = 50 GHz
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Figure 4.11: (a) Analytical (b) Simulated BER for different pump powers -10, -5, 0, 5 and

10 dBm at 100 km
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Figure 4.12: Plot of (a) XPM induced power and (b) BER caused by XPM with NRZ data,

Duobinary and Novel Order 1 Code for probe power -10, -5, 0, 5 and 10 dBm for 100 km

fiber
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Figure 4.13: Plot of (a) XPM induced power and (b) BER caused by XPM with NRZ data,

Duobinary and Novel Order 1 Code for pump power -10, -5, 0, 5 and 10 dBm for 100 km

fiber
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Figure 4.14 shows the allowable pump power at different distances applying line codes.

Table 4.1 quantifies the allowable pump power. It is evident from Figure 4.14 that with

Novel Order 1 code, the allowable pump power is more for the same BER. Table 4.1 shows

that the improvement is about 1.29 dB. This improvement is the main finding of this study.

Figure 4.14: Plot of allowable pump power for BER of 10-9 at 50, 100 and 150 km

Table 4.1: Improvement in allowable pump power in dB by applying Novel line code in

comparison with NRZ data for BER of 10−9 at different lengths

Length -20 -16 -12 -8 -4 0 4 8 12 16 20

50 0 0 0.563 1.290 1.291 1.290 1.289 1.288 1.284 1.271 1.254

100 0 .238 1.293 1.292 1.291 1.29 1.287 1.281 1.266 1.253 1.23

150 0 0 0 1.286 1.288 1.282 1.271 1.249 1.2 0 0

Figure 4.15 shows the allowable probe power at different distances applying line codes.

Table 4.3 quantifies the allowable probe power. It is evident from Figure 4.15 that with

Novel Order 1 code, the allowable probe power is decreased for the same BER. Table 4.2

shows that the improvement is about 1.3 dB with maximum improvement of 1.89 dB at 100

km. It is also evident that the improvement is not the same for all the combinations of power.

This improvement is also the main finding of this study. Figure 4.16-18 shows the simulated
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eye diagram of probe channel for 512 PRBS data.

Figure 4.15: Plot of allowable probe power for BER of 10−9 at 50, 100 and 150 km

Table 4.2: Improvement in allowable probe power in dB by applying Novel line code in

comparison with NRZ data for BER of 10−9 at different lengths

Length -20 -16 -12 -8 -4 0 4 8 12 16 20

50 1.193 1.267 1.28 1.285 1.27 1.269 1.26 1.38 0.444 0 0

100 0.376 0.698 1.00 1.168 1.24 1.268 1.28 1.33 1.595 1.89 1.34

150 0.008 0.022 0.05 0.127 0.27 0.525 0.82 1.09 1.422 1.81 0.94
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Figure 4.16: Plot of 512 bit (PRBS) eye-power penalty of NRZ data for 25, 50, 100, and

150 km
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Figure 4.17: Plot of 512 bit (PRBS) eye-power penalty of Duobinary coded data for 25, 50,

100 and 150 km
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Figure 4.18: Plot of 512 bit (PRBS) eye-power penalty of Novel Optical coded data for 25,

50, 100 and 150 km
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Table 4.3: Eye power penalty for pump power of 0 dBm and probe power of -10 dBm

Length of Fiber in km 25 50 75 100 125 150

NRZ Data 4.6257 9.3113 14.5882 20.0822 25.5588 30.8877

Duobinary 4.6157 9.2144 14.5235 19.7558 25.3566 30.8043

Vovel Code 4.8264 9.5936 15.0597 19.8245 24.5400 29.5663

Table 4.3 also shows that the improvement obtained by using the Novel Order 1 code, is

about 1.3 dB which conforms to the allowable probe and pump power improvement. Thus

we can conclude here that the application of multilevel optical line code especially the Novel

Optical code is effective in combating the effect of XPM. It gives an improvement of about

1.3 dB in terms of pump or probe power.

4.6 Combating XPM by Dispersion Management

Cartaxo [9] showed that XPM-induced IM in fiber links with multiple optical amplifiers can

be enhanced or reduced by properly arranging the dispersion characteristics in each fiber

segment of a multiple segment fiber system. In a non-dispersion compensated amplified

link and for weak walk-off effect, the total XPM induced IM increases approximately with

the square of the number of fiber segments and of modulation frequency. However, if the

dispersion is compensated for within each fiber segment the total XPM induced IM increases

proportionately to the number of fiber segments and to the square frequency.

4.7 Discussions

There are many texts where efforts are taken to reduce optical nonlinear effects as a whole

including FWM, SPM and XPM by managing the dispersion. But, to the best knowledge

of this author, there is no text reported so far that directly quantifies the reduction of XPM

effect alone in terms BER and input powers. Cartaxo [9] discussed an approach to combat

XPM by dispersion management in links with multiple fiber segments in terms of XPM

index. The improvement in XPM index does not provide any indication about the power

penalty or BER. But this paper addresses the XPM effect in a single segment by reducing

it applying line coding schemes without dispersion management. Hence, the findings of
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this paper could not be compared with the findings of similar kind which could help better

establish the findings of this study.

4.8 Summary

This section presented the simulated expressions of XPM in the MATLAB environment.

Different parameters related to XPM are also presented. Parameters like the input powers

in probe and pump channel, channel spacing and bit rate are discussed here showing their

effects on XPM. Two line codes are applied here. They are duobinary and Novel optical

coding. For performance evaluation two methods are applied. They are BER calculation

and eye-power penalty determination. For calculating BER, the input in the probe channel

was a CW signal and the input in the pump channel was spaces for ”0” and rectangular pulses

for ”1”. For calculating the eye-power penalty, both probe and pump channel inputs were

spaces for ”0” and rectangular pulses for ”1”. Finally the result shows that maximum 1.89

dB improvement can be achieved by using the Novel optical line code whereas the duobinary

coding did not show mentionable improvement. However, the findings of this study could

not be compared with the findings of same kind as such findings are not reported so far.

4.9 Simulation for PMD in the DWDM System

The effect of PMD in a fiber link and the compensation of PMD by using an optical com-

pensation technique is simulated using OptSim 5.3. The effect of PMD in an optical fiber

link and an optical compensation technique is analyzed through various eye diagrams and

optical Spectrum for receptions and transmission by performing several parametric runs. A

parametric run is performed to simulate the time varying property of the emulator. The eye

diagrams give the Q values at each run, from which the results can be interpreted.

4.10 Simulation Results for PMD in the DWDM System

We have performed three simulations; simulation-1 one with varying dispersion, simulation-

2 with varying PMD coefficient and simulation-3 with the combination of varying both

dispersion and PMD co-efficient. We have considered length of cable to be 100 km, fiber

non-linearity co-efficient 3.0, non-linear refractive index 5e20, band gap between two carrier
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50 GB, bit rate 10 GB, low power -30 dBm and high power to be -10 dBm. The results of

the two simulations are shown below [33].

4.10.1 Simulation with Varying Dispersion

Table 4.4: Simulation 1 with varying dispersion keeping other factors constant

Run 1 2 3 4 5

Dispersion 0.0 1.0 2 3 4

BER 0.02227501 0.00759213 0.000748404 1.32446e−5 8.92931e−10

Q Value 6.0206 7.463510 9.911912 12.561970 15.541085

Figure 4.19: Eye diagram at run 1 showing a Q value of 6.0206 dB

Figure 4.19, above shows the eye diagram having a Q value of 6.0206 at run1. The effect

PMD is analyzed by performing a parametric run which shows the time varying property of

PMD.

Figure 4.20 below shows that the due to the time varying effect the eye diagram changes and

thus Q value also changes.
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Figure 4.20: Eye diagram at run 2 showing a Q value of 7.463510 dB

Figure 4.21: Eye diagram at run 3 showing a Q value of 9.911912 dB

Figure 4.21 shows that the variations in the eye diagram. Thus Figures 4.19 to 4.21 shows

the effect of PMD in an optical fiber link of 100 km.
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Figure 4.22: Eye diagram at run 4 showing a Q value of 12.561970 dB

Figure 4.23: Eye diagram at run 5 showing a Q value of 15.541085 dB

Figures 4.22 and 4.23 shows the effect of optical compensation at 2 different runs by which

the Q value is increased.
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Figure 4.24: (a) Graph (b) Eye Opening Graph (c) Optical Spectrum for Transmitted Signal

(d) Optical Spectrum for Received Signal for simulation 1 is shown
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4.10.2 Simulation with Varying PMD Coefficient

Table 4.5: Simulation 2 with varying PMD co-efficients keeping other factors constant

Run 1 2 3 4 5 6 7 8

PMD Co-eff 0.01 1.01 2.01 3.01 4.01 5.01 6.01 7.01

BER 9.46e−30 9.46e−40 9.46e−40 3.88e−36 4.71e−5 2.56e−9 3.29e−7 0.011

Q Value 21.072 23.000 22.850 21.946 11.909 15.477 13.984 7.270

Figures 4.25 to 4.31 below shows the effect of PMD in an optical fiber link of 100 km.

Figure 4.25: Eye diagram at run 1 showing a Q value of 21.072053 dB

Figure 4.25 above shows the eye diagram having a Q value of 21.072053 dB at run1. The

effect PMD is analyzed by performing a parametric run which shows the time varying prop-

erty of PMD.
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Figure 4.26: Eye diagram at run 2 showing a Q value of 23.00 dB shows that the due to the

time varying effect the eye diagram changes and thus Q value also changes

Figure 4.27: Eye diagram at run 3 showing a Q value of 22.850229 dB showing variations
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Figure 4.28: Eye diagram at run 4 showing a Q value of 21.946904 dB

Figure 4.29: Eye diagram at run 5 showing a Q value of 11.909151 dB
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Figure 4.30: Eye diagram at run 6 showing a Q value of 15.477207 dB

Figure 4.31: Eye diagram at run 7 showing a Q value of 13.984685 dB

87



Figure 4.32: (a) Graph (b) Eye Opening Graph (c) Optical Spectrum for Transmitted Signal

(d) Optical Spectrum for Received Signal for simulation 2 is shown
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Figure 4.33: (a) combined effect of Q value and dispersion (b) combined effect of Q value

and PMD (c) combined effect of Q value PMD and dispersion for simulation 3 is shown
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4.11 Summary

The above simulations are based on the analysis and optical compensation of polarization

mode dispersion. The impact of XPM on the 1st-order PMD compensator is numerically

simulated for a two-channel WDM system with the bit rate in each channel of 40-Gbit/s.

Simulation results show that a 1st-order PMDC does not change the distribution of the re-

maining EOP in a single channel system. In a DWDM system, the XPM effect from the

pump channel does not affect the EOP distribution much before the 1st-order PMD com-

pensation; but the EOP distribution will disperses over the whole EOP range when a 1st-

order PMD compensator is used to compensate for the DGD of the preceding fiber link.

This indicates that the occurrence probability of larger EOPs will increase heavily due to

the XPM effect after the 1st-order PMD compensation. Furthermore, in a WDM system, the

larger the input average optical power in the pump channel, the severer the impact of XPM

on 1st-order PMD compensation. When the XPM-inducing input average opticalpower in

the pump channel reaches 0dBm, the impact of XPM on the 1st-order PMD compensator is

visible.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion of this Study

A rigorous analysis has been carried out to explain the optical line coding scheme, quantify

the effect of XPM, modeling the system to apply the line coding scheme and finally to

quantify the effect of the application of line coding scheme in a multiple channel DWDM

scheme. We have also discussed the effect of PMD in DWDM system induced by XPM and

how they affect PMD impairments and PMD mitigation.

The application of line coding in optical communication system exhibits promising features

that will be useful for future high speed, long distance optical networks. The multilevel

line coding schemes especially Novel Optical line code of order one show an improvement

of about 1.3 dB at different lengths. The parameters of the optical communication system

model discussed in this study conform to the real life optical systems. At longer distance,

high bit rate and lower channel spacing the XPM effect become more dominant causing

higher BER. It has been observed that the performance of conventional DWDM system

without employing appropriate line coding show more ISI, the performance is further de-

teriorated when channel spacing is less and input power per channel is high. Line coding

scheme is found an effective tool in combating the nonlinear effects by reducing the disper-

sion effects. Two line coding schemes; Duobinary and Novel Optical coding were described

in detail. These schemes are implemented in the modeled system to combat the effect of

XPM successfully. Out of these two schemes, Novel Optical line coding of order one is

found more effective. A remarkable improvement in system performance can be achieved

by this scheme. Maximum allowable input power per channel is much higher than that of a

system without line coding. The balanced configuration of the system including the encoder,

transmitter, amplifier, receiver and decoder yields a system with lower BER even at lower

channel spacing and longer distance which enables larger link length at higher band width.
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Therefore, these schemes will also be attractive for DWDM networks.

PMD is a time changing quantity which causes a serious problem that limits distances. The

PMD in a fiber link is analyzed through various eye diagrams by parametric run in OptSim

simulation which confirms the degradation of system performance at higher bit rates. An

optical compensation method by which the effect of PMD can be mitigated is shown as an

increase in Q value and decrease in BER from the eye diagrams of the simulation.

5.2 Future Work

In our work we have assumed that the fibers used in the transmission system are perfect

without considering FWM, SRS, SBS, PMD, etc. Therefore, a study on how line coded

DWDM system performs after considering those nonlinear effects is of immediate of in-

terest. 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 sys-

tems considering only a repeater-less network. So there is an opportunity to analyze the

multi-channel multi-repeater systems and the combined systems considering amplifier noise

along with shot noise, thermal noise and FWM noise. Future studies may include dispersion

management schemes with line coding schemes to combat the nonlinear effects.
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