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ABSTRACT

A theoretical analysis for crosstalk level in a subcarrier multiplexed WDM (SCM-

WDM) transmission system is presented. Crosstalk due to fiber nonlinear effect is

considered as Stimulated Raman Scattering (SRS), Cross Phase Modulation (XPM)

and Four Wave mixing (FWM). Analysis is carried out to find the expression for the

electric field due to signal and crosstalk at the output of the fiber considering an

SCM- WDM signal at the fiber input including the effect of fiber nonlinear effect in a

single mode fiber. The type of subcarrier modulation is considered as minimum shift

keying (MSK) with optical intensity modulation for the WDM signal. The analysis

includes the effect of crosstalk for a direct detection receiver with coherent

demodulation of the subcarrier modulated signals. The expression for the carrier

power to noise plus crosstalk power ratio and the expression for BER are derived.

Performance results are evaluated for a given fiber length and number of WDM

wavelengths for standard Single mode fiber as well as Dispersion shifted fiber at bit

rates of 10 Gb/s or more. OptiCal system optimizing parameters such as optimum

input transmitter power, channel separation of wavelength channel, number of WDM

channels is evaluated for a BER of 10-9.
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CHAPTER-l

INTRODUCTION

1.1 INTRODUCTION

Microwave subcarrier multiplexing (SCM) is an important new approach to design of

lightwave system for broad band distribution such as for cable television (CATV)

distribution, backbones of wireless network and antenna remoting [I] - [10]. A major

objective of the telecommunication industry is to bring low cost broad-band services

to the subscriber using optical fibers. To justify the cost of an optical fiber subscriber

network it is generally agreed that in addition to the voice and data, video services

must be provided. They must also provide maintain a high degree of flexibility and

upgradeability so that they can evolve in step with an ever increasing consumer

demand for broadband services. In last few years many new ideas has been proposed

to meet the increasing demand such as the use of passive optical splitting, high

density wavelength division multiplexing, multichannel coherent system, subcarrier

multiplexing (SCM) and WDM in conjunction with SCM (SCM-WDM) [3], [24-28].

The attractive features of SCM system are:
1. SCM networks can take the advantage of full range of existing

electronic techniques, including analog and digital modulation, as well

as microwave and base band signaling.

2. Another attractive feature of SCM in optical communication systems is

to provide a way exploit the multigigahertz bandwidth potential of

single mode fiber and lightwave components commercially available.

3. SCM system can evolve in step with expected changes in video

technology such as high definition television (HDTV), new digital

compression techniques etc.

4. Because individual channels are independent, SCM system has great

flexibility in allocating bandwidth and thus can readily adapt to rapidly

changes of consumer demand.
5. SCM system has further striking feature that it do not exclude

simultaneously transmission of conventional base band signal with the

same laser, fiber and detector.



Although relatively straightforward to implement using available components, SCM

does exhibits some disadvantages, most important of which is associated with source

nonlinearities [3]-[6]. Distortion caused by this phenomenon can be particularly

noticeable when several subcarriers are transmitted from a single optical source.

Moreover, SCM systems, which are expected of employing AM-VSB modulation, .

must operate at high frequency, often in gigahertz range. In addition for digital system

SCM requires more bandwidth per channel than time division multiplexing (TDM).

The combination of Wavelength division multiplexing (WDM) and SCM (SCM-

WDM) provides the potential of designing broadband passive optical networks

capable of providing integrated services such as audio, video, data etc. to a large

number of subscribers. In this scheme multiple optical carriers are launched the same

optical fiber through the WDM technique. Each optical carrier carries multiple SCM

channels using several microwave subcarriers. One can mix analog and digital signals

using different subcarriers or different optical carriers. Such networks are very

flexible and easily upgradeable. The main advantage of SCMlWDM system is that the

network can serve NM users, where N is the number of microwave subcarriers and M

is the number of optical wavelengths. The optical wavelength can be relatively far

apart (coarse WDM) for reducing the cost of terminal equipment or Dense WDM

(DWDM) for provide a large number of users.

But when wavelengths carrying SCM signals propagates in a fiber, fiber nonlinearities

can lead to crosstalk between subcarriers of different wavelengths. In dispersive fiber

(such as single mode fiber, SMF) the dominant fiber nonlinearities that causes

crosstalk are stimulated Raman scattering (SRS) and cross phase modulation (XPM).

To reduce these effects low dispersive fiber (such as dispersion shifted fiber, DSF)

can be used but then another fiber nonlinear effect takes place namely four wave

mixing (FWM). Though SRS and XPM have been analyzed in some literatures [22-

29], effect ofFWM is sti1lto be reported. In this thesis performance ofa SCM-WDM

system is analyzed considering all these nonlinear effects.
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1.2 FIBER NONLINEAR EFFECTS IN SCM-WDM

In optics, the terms linear and nonlinear mean 'power independent' and 'power

dependent' phe~omena respectively. Due to nonlinear behavior of fiber, the refractive

index of the fiber can be written asn = n1+ n,I; where n, and n] are linear and

nonlinear refractive index respectively and I is the optical field intensity. This

phenomenon is known as Kerr effect.

As mentioned earlier fiber nonlinear effects can be attributed to SRS, XPM and FWM

in an SCM-WDM system.

1.2.1 Stimulated Raman Scattering

Raman Scattering arises from interaction between light and vibration of silica

molecules in the fiber. Scattered light can appear in both the forward and backward

directions. In a single-channel system the "Raman Threshold" (the power level at

which Raman Scattering begins to take effect) is very high. Other effects (such as

SBS) limit the signal power to much less than the Raman Threshold in single-channel

systems. While Stimulated Raman Scattering is a not an issue in single-channel

systems it can be a significant problem in WDM systems. When multiple channels are

present, power is transferred from shorter wavelengths to longer ones. This can be a

useful effect in that it is possible to build an optical amplifier based on SRS. But in

the transmission system it is a source of noise.

Notice that power has been transferred from the shorter wavelength to the longer one

(from the higher energy wave to the lower energy one). This has resulted in additive

noise at the longer wavelength and subtractive noise at the shorter one. This power

transfer is caused by interactions of the light with vibrating molecules. Optical power

so transferred is called the "Stokes Wave". Important characteristics of SRS are: The

effect of SRS becomes greater as the signals are moved further and further apart

(within some limits).

SRS can take affect over about 40 THz (a very wide range) below the higher

frequency (shorter wavelength) involved. That is, it can extend over a range of

wavelengths of about 300 nm longer than the shortest wavelength involved. The

3
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effect is maximized when the two frequencies are 13.2 THz apart. SRS increases

exponentially with increased power. At very high power it is possible for all of the

signal power to be transferred to the Stokes Wave. One study concluded that in a 10-

channel WDM system with 1 nm channel spacing power levels need to be kept below

3 mw (per channel) if SRS is to be avoided.

1.2.2 Cross phase modulation

When there are multiple signals at different wavelengths in the same fiber Kerr effect

caused by one signal can result in phase modulation of the other signal(s). This is

called "Cross-phase Modulation" (XPM) because it acts between multiple signals

rather than within a single signal. When N signals propagate through the fiber, the

phase of signal at frequency.t; is depends not only its own power but also power of the

signals at other frequency. It is given by [47] !'J.tP,(t)= 27m,L [f,(t) + i'Ifj(t)]A. )$/

In contrast to other nonlinear effects XPM effect involves no power transfer between

signals. The result can be asymmetric spectral broadening and distortion of the pulse

shape. But in presence of dispersion, the phase modulation is converted to intensity

modulation leading to crosstalk.

1.2.3 Four wave mixing

One of the biggest problems in WDM systems is called "Four-Wave Mixing" (FWM).

FWM occurs when two or more waves propagate in the same direction in the same

(single-mode) fiber. The signals mix to produce new signals at wavelengths which are

spaced at the same intervals as the mixing signals. This is easier to understand if we

use frequency instead of wavelength for the description. A signal at frequency

OJ
1
mixes with a signal at frequency OJ,to produce two new signals one at frequency

2OJ
1

- OJ,and the other at2OJ, - OJ1• The effect can also happen between three or more

signals. If three carrier frequencies OJ1, OJ,and OJ,co-propagates in a fiber

simultaneously, a fourth wave with frequency OJ4 = OJ1:tOJ,:tOJ,is generated.

Generally most of these frequencies do not build up due to phase matching

requirements and most trouble cross product term isOJ•.= OJ1+ OJ,- OJ,.
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There are a number of significant points:
• The effect becomes greater as the channel spacing is reduced. The closer the.

channels are together the greater the FWM effect.
• FWM is non-linear with signal power. As signal power increases the effect

increases exponentially.
• The effect is strongly influenced by chromatic dispersion. FWM is caused

when signals stay in phase with one another over a significant distance. The

lasers produce light with a large "coherence length" and so a number of

signals wil1 stay in phase over a long distance if there is no chromatic

dispersion. Here chromatic dispersion is our friend. The greater the dispersion,

the smaller the effect of FWM - because chromatic dispersion ensures that

different signals do not stay in phase with one another for very long.

• If the WDM channels are evenly spaced then the new spurious signals will

appear in signal channels and cause noise. One method of reducing the effect

of FWM is to space the channels unevenly. This mitigates the problem of

added noise (crosstalk) in unrelated channels. However, it doesn't solve the

problem of the power that is removed from the signal channels in the process.

1.3 THESIS OBJECTIVES ANDMOTIVATION

The specific objectives of the present research work for SCM-WDM transmission

system are as follows:
(a) To analyze the effect of crosstalk due to fiber nonlinearity such as XPM, SRS and

FWM for different modulation frequency, link length and channel spacing.

(b) To analyze the BER performance due to combined influence of XPM, SRS and

FWM in each wavelength channel.
(c) To evaluate the BER and power penalty considering all the above mentioned

crosstalk.

It is expected that this study wil1 yield an effective analytical strategy to evaluate the

performance of a SCM-WDM transmission system and clarify the transmission

limitations in presence of fiber nonlinear effects.

5

o



1.4 ORGANIZATION OF THESIS

This thesis consists of five chapters. Chapter-] deals with introduction to SCM-WDM

transmission system, system architecture of an SCM-WDM fiber and nonlinear

effects in SCM-WDM Objective of the research and discussion on expected results

are also included in this chapter.

Chapter-2 provides a review of existing literatures on SCM system, nonlinear effects

of SRS and XPM in SCM-WDM system and FWM effect on WDM system. The need

for further research in SCM-WDM system is indicated in this chapter.

Chapter-3 includes the detailed theoretical analysis of the system. The analytical

expressions forSRS, XPM and FWM and also the expressions of CNR and BER are

presented and explained in this chapter.

Chapter-4 presents simulation .results of the analytical expressions. The results are

discussed and design considerations are highlighted. In this chapter results are shown

consequently for SRS, XPM, FWM effect individually and then also their combined

effect.

Chapter-5 concludes this thesis. Suggestions for future work based on the findings of
the thesis are also included.

6
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CHAPTER-2

LITERATURE REVIEW

2.1 SUBCARRIER MULTIPLEXED SYSTEM

Subcarrier multiplexing (SCM) is an important new approach to the design of

lightwave systems for broad-band distribution. There are several literatures available

in this regard.

In [I] the author investigated technologies and design considerations of subcarrier

multiplexed (SCM) lightwave systems for subscriber loop applications. State-of-the-

art SCM lightwave systems were discussed, together with degradation phenomena

which limit the performance of some of these systems.

SCM transmission systems can provide high-capacity and low-cost delivery of both

current and future advanced TV signals. Compatibility of SCM technology with

existing baseband digital transmission equipment would eliminate the need for a

separate analog distribution network and thereby permit a more graceful evolution to

a broad-band integrated digital services network (B-ISDN). In [2] the authors

considered one version of a hybrid system whereby SCM video and baseband digital

signals are simultaneously transmitted by a single laser diode, and the technical issues

related to such an implementation. They reported an experiment in which the three

color components of a high-definition TV (HDTV) signal, via frequency modulated

(FM) microwave subcarriers, were transmitted simultaneously with a baseband

622.08 Mbit/s SONET STS-12 rate data signal by a DFB laser diode over 2 krn of

single-mode fiber.

The application of broad-band SCM system to both passive and optically amplified

distribution networks was discussed in [3]. Performance limiting parameters was

mentioned and their impact on carrier to noise ratio (CNR) was also illustrated.

7



In [4] SCM was used to demonstrate an optical communication system suitable for the

distribution of digital video channels. The design, performance, and optical link

requirements were discussed for a 2-Gbitls SCM system with 20 microwave

subcarriers modulated at 100 Mbits/s using a frequency shift keyed (FSK) format.

In [5] Incoherent optical subcarrier multiplexing systems were discussed. It was

mentioned that in such a system the laser phase noise may cause signal spectrum

broadening, and hence, deteriorates the system performance seriously. The authors

analyzed the influence of phase noise in terms of carrier to noise ratio,

intermodulation distortion, and adjacent channel crosstalk. The optimal modulation

index and carrier to noise ratio was also presented.

A method was developed in [6] for calculating carrier-to-intermodulation product

ratios for conventional modulators and for linearized modulators in which the third-

order products are cancelled, and fifth-order products are dominant.. Simple

expressions were derived for the rms optical modulation index which optimizes

system performance. The improvement in receiver sensitivity which can be achieved

with linearized modulators was determined. For AM-VSB systems operating with

carrier-to-noise ratios of 50 dB, linearized modulators were predicted to yield an

improvement in receiver sensitivity of 8 dB. It was shown that for other SCM system

operating with CNR's of 25 dB or less, no performance improvement can be

expected.

In [7] the authors described the first wide-band coherent detection optical

communications system using two microwave subcarriers to transmit 8 Gb/s with a

RF bandwidth efficiency of I b/s/Hz. It was demonstrated that two subcarriers each

carrying 4 Gb/s QPSK, compactly spaced at just twice the data rate, can achieve a

receiver sensitivity of -26.5 dBm with as little as 0.5-dB crosstalk between

Subcarriers. They described how the various components impact the overall

performance of QPSK/SCM systems including a CNR model for multichannel

systems.

8



Sensitivity improvement of a QPSK SCM system using optical pre amplifier was

presented in (8). About 10 dB sensitivity improvement was reported for direct

detection SCM.

Fundamental limitations for EDFA-based subcarrier-multiplexed AM-VSB CATV

distribution systems were reported in (9). The impairments considered were shot

noise, amplifier spontaneous emission noise, and laser, clipping-induced, nonlinear

distortion. Treating the amplifier input signal power and pump power as resources,

authors obtained limits on. the number of receivers to which we can deliver at a

carrier-to-noise ratio (CNR) of 55 dB (or 48 dB). Moreover, they presented a simple

approach that can be used to recalculate the results presented there for different

system and ampiifier fiber parameters.

In (10) the concept of the subcarrier multiplexed broadband service network (SCM-

BSN) was developed in response to the need to provide low-cost integrated broad-

band services in the local loop. This paper introduced the SCM-BSN concept,

described a prototype system that had been built at GTE Laboratories, and described

some possible evolutionary scenarios to integrated digital services. While the SCM-

BSN prototype system had been designed to provide voice, data, and switched video

services using FM-video modulation, the BSN design had been structured to provide

for a graceful evolution to other broad-band services including HDTV, digital video,

and integrated broad-band services based on ATM transmission.

An analysis of the design factors involved in optimizing laser transmitters for SCM

video distribution network was presented in (II). That includes optimization of the

erbium-doped amplifier, linearized external modulation, and laser over modulation to

increase the optical loss budget. A full nonlinear distortion spectral analysis was

employed to determine the dependence of the optimum optical modulation index on

the allowable post amplifier loss. A general optimization procedure was developed for

the fiber amplifier and modulator to maximize the post amplifier loss for a specified

CNR objective. Results were presented showing a comparison between the

distribution capacity of direct and externally modulated SCM-EDFA systems for

VSB-AM and FM-SCM transmission systems.
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A simple model describing the change in mode partition nOIse as a function of

modulating frequency, modulation depth, and dispersion in a microwave SCM, fiber

optic transmission system was presented with experimental verification in [12]. The

effects of temperature on laser intensity and mode-partition noise were also explored.

Longitudinal mode distribution associated with low and high noise levels were

identified.

The second-order intermodulation distortion product, namely composite second-order

(CSO) distortion, of an AM-SCM video transmission system can be caused by the

optical isolators, cascaded fiber amplifiers, or the fiber transmission cable employed.

Moreover, the absolute distortion value depends on the polarization angle of light

input to the optical isolators, cascaded fiber amplifiers, and fiber transmission line.

The degraded distortion values were measured and their mechanisms were clarified in

[13].

In [14] it was found that the presence of the asymmetric nonlinear gain causes the

longitudinal modes of a Fabry-Perot laser as well as a nearly single-mode laser to

couple such that the low-frequency relative intensity noise is greatly enhanced. For

the first time the authors included that asymmetric mode coupling to adequately

model the translation of the enhanced low-frequency noise to the signal band of a

subcarrier multiplexed transmission system in the presence of both modulation and

fiber dispersion. That effect, which is crucial in determining the system's signal-to-

noise ratio, was also verified experimentally. Theoretical and experimental

investigations of system impairment caused by noise translation and fiber dispersion

were also performed. Excellent agreement between the theoretical predictions and the

experimental results was obtained.

In [15] authors analyzed the spectrum efficiency and power penalty of multilevel

SCM transmission. They found that using pulse shaping can make multilevel

signaling attractive. Depending on the ACI that can be tolerated, results showed that

multilevel amplitude-shift keying (ASK) of 5-7 b/symbol can give the optimum

spectrum efficiency using the raised-cosine pulse. The price paid is a slightly power

penalty of 0.4 dB to reduce intersymbol interference (lSI) to zero.
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A hybrid scheme was proposed in [16] for the purpose of suppressing the effects of

external modulation and/or laser nonlinearities in subcarrier multiplexing (SCM) fiber

optic communications systems. Several possible architectures were introduced for the

hybrid CDMA/FDMA subcarrier fiber optic local area network (LAN). The networks

utilized CDMA and SCM, an asynchronous multiple access scheme. Direct sequence

spread spectrum multiple access (DS/SSMA), was employed. It was shown that by

using the code sequence sets for which the shift-and-add property holds,

intermodulation products and harmonics had a similar interference like effect as non

matching sequences do. Owing to the fact that shift-and-add property holds for

conventional spreading sequences, suppression of nonlinear distortions was examined.

An average error probability performance evaluation of the selected configuration was

presented for a transceiver pair. In analysis of the system, authors assumed the

interference term arising from other users is Gaussian distributed. The results were

compared to that obtained by exact evaluation of interference distribution using Gauss

quadrature rule integration (GQR) method. They compared the performance of this

scheme for two different code sequence lengths. They also present some preliminary

experimental results on the proposed LAN implementation and its measured

transmission performance. The results showed promise.

In [17] a new approach was suggested to reduce the optical beat interference (OBI) in

subcarrier multiplexed (SCM) wavelength-division multiple access (WDMA)

networks. The idea was to deliberately introduce independent random polarization

fluctuations in the electric fields transmitted on each optical channel. A two-user

system was simulated. Simulation results showed the drastic reduction in OBI power

spectral density using appropriate PN signals.

An exact method based on noise theory applied to a fully loaded system in order to

evaluate the joint distortion resulting from both laser clipping and the nonlinearity

introduced by the carrier heating effects for SCM system is presented in [18]. All

orders of distortion were treated and compared with the corresponding cases when the

carrier heating effects were suppressed. The resulting carrier-to-nonlinear distortion

ratios per channel were presented in graphical form as a function of p and h the laser

bias current. The results also confirmed an earlier finding that in the vicinity of
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p = 0.19, second order distortion limits the performance per channel rather than laser

clipping. However, when second order distortion was suppressed, laser clipping again

limits the performance per channel. Based on the composite second order (CSO) and

composite triple beat (CTB) distortions, it was shown that the optimal total rms

modulation index is about p = 0.25 for subcarrier multiplexed CATV applications.

In [19] authors considered both the case of using a training sequence to identify the

subcarriers to be discarded, and diversity coding in which the information may be

recovered in the presence of the loss of a fixed number of subcarriers. Simulation

results indicated that diversity coding, which is less complex than the use of training

sequences, provides very good performance over a wide range of channel conditions.

A 10-Gb/s SCM long-haul optical system was reported in [20]. 4 2.5 Gb/s data

streams were combined into one wavelength, which occupies a 20-GHz optical

bandwidth. Optical single sideband was used to increase bandwidth efficiency and

reduce dispersion penalty. The receiver sensitivity was calculated using a simplified

receiver model with an optical preamplifier. The measured results agree well with the

analytical prediction.

The performance of high-speed digital fiber-optic transmission using subcarrier

multiplexing (SCM) was investigated both analytically and numerically in [21]. In

order to optimize the system performance, tradeoffs must be made between data rate

per subcarrier, levels of modulation, channel spacing between subcarriers, optical

power, and modulation indexes. A 10-Gb/s SCM test bed was set up in which 4 2.5

Gb/s data streams were combined into one wavelength that occupies a 20-GHz optical

bandwidth. OSSB modulation was used in the experiment. The measured results agree

well with the analytical prediction.
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2.2 FIBER NONLINEAR EFFECTS IN SCMlWDM

Combination of SCM with WDM is a new technology to serve broad band services to

a large number of subscribers. The main problem of the system is nonlinear crosstalk

which degrades the system performances. So, research is going on analysis of

nonlinear crosstalk, its impact on system performance, countermeasure of crosstalk

and optimization of system parameters.

Crosstalk induced by Stimulated Raman Scattering (SRS) and Cross Phase

modulation (XPM) was analyzed individually for SCM/WDM in [22] and [23]

respectively. The authors presented analytical expressions for SRS and XPM.

Performance degradation imposed. by SRS and XPM were reported for video

distribution system.

In [24] crosstalk in a two-wavelength ISSO-nm standard fiber system at subcarrier

frequencies S0-800 MHz was investigated. The dependence of the crosstalk on

subcarrier frequency, wavelength spacing, and optical power was measured and

analyzed. The observed crosstalk was attributed to three primary mechanisms:

stimulated Raman scattering, cross-phase modulation, and the optical Kerr effect

combined with polarization-dependent loss. It was found that at wavelength spacing

.greater than 9 nm, stimulated Raman scattering dominates. At wavelength spacing

less than S nm, the primary contributor can be the optical Kerr effect with polarization

dependent loss, except at higher modulation frequencies where cross-phase

modulation also is significant.

In [2S] the authors investigated, theoretically and experimentally, crosstalk between

wavelengths in subcarrier-multiplexed (SCM) wavelength-division multiplexed

(WDM) optical communication systems. They considered crosstalk from interactions

between subcarriers on one wavelength and the optical carrier of another wavelength

and crosstalk due to stimulated Raman scattering (SRS) and cross-phase modulation

(XPM) combined with group velocity dispersion (GVD). They investigated the phase

relationship between SRS-induced and XPM-induced crosstalks. Crosstalks induced

by SRS and XPM add in the electrical domain and can interfere constructively or

destructively. Experimental results showed that the combined crosstalk level can be as
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high as 40 dBc after 25 Ian of SMF with two wavelengths and 18 dBm per

wavelength of transmitted power. They also proposed two crosstalk countermeasures.

The first countermeasure was using parallel fiber transmission. It was theoretically

shown that both SRS-induced and XPM-induced crosstalks can be canceled to the

first order. An experimental demonstration of concept which has achieved IS dB of

crosstalk cancellation over 200 MHz was presented.

The second countermeasure was using optical carrier suppression. They showed,

theoretically and experimentally, that by suppressing the optical carrier, one can

significantly reduce crosstalk while maintaining the same link budget and carrier-to-

noise ratio (CNR) at the receiver. 20 dB of crosstalk reduction over 2 GHz was

demonstrated experimentally.

In [26] the authors presented an analytic approach to optimizing the information

capacity of a subcarrier- Multiplexed wavelength-division- multiplexed optical

communication link. Receiver and relative-intensity noise, clipping distortion, and

crosstalk between wavelength channels due to optical nonlinearities in the fiber were

the signal impairments considered.

The transmission limitation of multiple narrow single-sideband subcarrier-

multiplexed (SSB/SCM) signals, in [27] it was first presented a closed-form analysis

to predict Mach-Zehnder intensity modulator-induced composite triple beat (CTB),

and linear-fiber-dispersion-induced composite second-order (CSO) and CTB

distortions. To combine SSB/SCM with dense-wavelength-division-multiplexing

(DWDM) systems, analytical and numerical tools were used to analyze cross-phase

modulation-induced crosstalk. All the analytical and numerical results were verified

by computer simulations. Several multichannel SSB/SCM/DWDM systems with

transport capacities of 10 or 20 Gb/s per wavelength, with a wavelength spacing of

25, 50, and 100 GHz, were also studied in that paper to understand the fundamental

transmission limitations.
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In [28] theoretical investigations for crosstalk between the channels of SCM-WDM

optical communication system were reported. The crosstalk was evaluated including

the impact of SRS and XPM. Further the XPM induced crosstalk was evaluated by

including the influence of was evaluated by including the higher order dispersion.

Moreover it was observed that SRS crosstalk was dominating over XPM.

Effect of XPM in SCMlWDM microcellular system was investigated in [29].

Crosstalk variations with different transmission parameters and BER performance

were evaluated. It was found that XPM induced crosst~lk is directly proportional to

link length and modulation frequency and inversely proportional to WDM channel

spacmg.

2.3 FOUR WAVE MIXING IN WDM SYSTEM

In last few years effect of FWM is reported in some literatures [30-39].Most of them

describes performance degrading effect of FWM and countermeasures of FWM.

In [30] fiber four-wave mixing (FWM) in the zero dispersion wavelength region was

described. The phase-matching characteristics were studied in the wavelength region

where the first-order chromatic dispersion is zero. The results showed that the phase-

matching condition was satisfied and FWM light was efficiently generated at

particular combinations of input light wavelengths. It was also shown that the

deviation of the zero dispersion wavelength along the fiber length plays an important

role in FWM behavior.

Channel crosstalk due to fiber four-wave mixing (FWM) in multichannel systems

operated around the zero dispersion wavelength was experimentally studied in [31].

After determining the wavelength at which FWM light was most anciently generated,

the FWM efficiency was measured for possible frequency combinations which

generate FWM light at that wavelength. Using those data, FWM crosstalk in

multiwavelength systems was evaluated. The results showed that actual crosstalk was

less than the value estimated by the theoretical model assuming the uniformly

15



distributed chromatic dispersion for SO-lan-long fibers. It is concluded that the

theoretical model can be applied to system design dealing with the worst condition.

The influence of fiber four-wave mixing on' multichannel transmissions was

investigated in [32]. The authors presented strict and approximate theoretical

treatments for evaluating power penalty with intensity-modulated/direct-detection

(IM/DD) and FSW direct detection.

A comparison of calculations showed that both methods yield the same result in the

small penalty region. Using those treatments, power penalty and allowable fiber input

power were derived. for various system conditions. It was shown that the power

penalty is not uniquely determined by the crosstalk level for CW lights, depending on

the demodulation scheme and channel spacing, especially in the zero-dispersion

wavelength region.

Iri [33] a theoretical model was presented for analyzing the propagation of densely

spaced WDM optical signals through a cascade of erbium-doped fiber amplifiers and

single-mode optical fibers with non uniform chromatic dispersion. By combining a

numerical solution for the EDFA and an amilytical expression for FWM components

generated through the cascade, the model allowed a realistic system analysis which

includes gain peaking effect, amplified spontaneous emission accumulation and the

effect of dispersion management on the four-wave mixing efficiency. The FWM

power distribution at the end of the multi amplifier transmission link was computed

taking into account the phase relation between FWM light amplitudes generated

within different sections of the link. The transmission of many WDM channels,

evenly spaced around 1547.5 nm, was analyzed for various dispersion management

techniques and propagation distances. Numerical results pointed out the importance of

such a model for a realistic design of WDM optical communication systems and

networks. It was found that a proper choice of chromatic dispersion, amplifier

characteristics, span length, input signal powers and wavelengths, combined with the

use of gain equalizing filters, allows maximizing the transmission distance ensuring

acceptable signal-to-noise ratio (SNR) and limited SNR variation among channels.
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In [34] for WDM systems over nonzero dispersion fiber, the authors evaluated the

statistics of the eye-closure due .to FWM in the presence of arbitrary data values and

optical phases in all WDM channels. By Monte Carlo (Me) experiments, they

determined the distribution function and the standard deviation of the eye-closure for

several channel counts. Convolution of the distribution after a single span yields the

eye-closure distribution after multiple amplified spans. The results were used to assess

the Q-factor penalty in a WDM system. The limits for optical power, chromatic

dispersion and channel spacing then found. It was shown that the power of the FWM

products can be used to estimate the system penalty due to FWM.

When comparing standard single-mode fiber with nonzero dispersion-shifted fiber

(NZDSF), they found that standard fiber allows for triple narrower channel spacing

than NZDSF, given the same set of system parameters.

A new phase-matching factor was derived in [35] for FWM that includes the effects

of self-phase and cross-phase modulation in optical fibers. Theoretical results showed

that the wavelength of peak FWM efficiency shifts away from the fiber zero-

dispersion wavelength and indicated that the conventional phase-matching factor may

induce significant errors in FWM calculations. Experiments were presented to verify

the new phase-matching factor and the related theoretical results. The measured

results agreed well with those predicted by the new phase-matching factor.

New analytical tools to calculate the variance due to cross-phase modulation (XPM)

and four-wave mixing (FWM) induced intensity distortion were derived based on the

Volterra series transfer function method in [36]. The analysis for both the XPM and

FWM effects was based on the same system configuration with a continuous- wave

(CW) probe channel plus modulated pump channels, which makes possible a fair

comparison between the two nonlinear effects. Effective ways to reduce the XPM-

and FWM-induced intensity distortion were given. The new results on the variance of

the nonlinearity-induced intensity fluctuation also was studied both synchronous

wavelength-division multiplexing (WDM) systems with fixed channel delays and

asynchronous WDM systems with random channel delays. The new analytical results

provided accurate and efficient ways for system parameter optimization to reduce

these two nonlinear effects.
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In [37] transmission performance of ultra-dense 2.5- and 10-Gb/snon retum-to-zero

intensity-modulated direct-detection wavelength-division-multiplexing systems in

various single-mode fibers was investigated. Fundamental limiting factors and their

remedies by using optimum dispersion compensation for periodically amplified

systems in band were presented. The three fundamental limiting factors in U-DWDM

systems considered were - various random noise terms, fiber chromatic dispersion-

induced intersymbol interference (lSI), and optical-nonlinearity-induced distortion

and interference.

A noise theory for FWM tone generated by nonlinear interaction of channels of a

wavelength-division- multiplexed system was described in [38]. Analytical

expressions for power spectral density and variance of FWM noise were derived

without ignoring group-velocity walk-off between channels. The results showed that

the variance of FWM noise exhibits sharp minima and maxima as a function of

channel separation which is due to the coherent interaction between channels. When

the walk-off distance is large or comparable to effective fiber length, FWM penalty

can be reduced by introducing a suitable initial delay between interacting channels.

In order to reduce FWM-induced distortion two new techniques, the hybrid

amplitude-/frequency-shift keying (ASK/FSK) modulation and the use of pre chirped

pulses were investigated in [39]. It was shown that both techniques can greatly

improve the -factor in a 10 Gb/s WDM system. That happens even for very high input

powers (10 dBm), where the degradation of the conventional WDM system is

prohibitively high. The proposed methods were also applied and tested in higher bit

rates (40 Gb/s). It is deduced that although the hybrid ASK/FSK modulation

technique marginally improves the system performance, the optical pre chirp

technique can still be used to greatly increase the maximum allowable input power of

the system.
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2.4 SUMMARY

From the literatures describing SCM system it is clear that only SCM is not enough to

use the enormous bandwidth of fiber optic cable. So combination of SCM with WDM

is a more advantageous technique. But introducing WDM with SCM causes crosstalk

leading to performance degradation.

In all experiments performed, only two wavelengths have been used presumably due

to difficulties that arise out of implementing a large scale system. But it is necessary

to analyze multi channel system to find out mostly affected channel. Because XPM

induced crosstalk is mostly affect central wavelength channel while highest

wavelength channel is mostly affected by SRS. So, it is necessary to analyze both the

channels while considering both XPM and SRS.

Again, the literatures so far described, considered only SRS and/or XPM as fiber

nonlinear effect as they considered dispersive fiber. Several methods have been

discussed to compensate these effects such as uses of parallel fiber, carrier power

suppression, uses of multi segment system etc. The literatures that consider CNR and

BER performance analysis taking XPM and SRS in account are limited. SCM-WDM

system using DSF is also limitedly described in literatures.

Though several literatures mentioned effect of FWM in WDM system, its effect in

SCM-WDM system is yet to be reported. So, further study is required for analysis of

performance of an SCM-WDM system, in presence of combined influence of all the

fiber nonlinear effects namely XPM, SRS and FWM.
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CHAPTER-3

THEORETICAL ANALYSIS

3.1 SCM-WDM SYSTEM ARCIDTECTURE

The block schematic ofa basic subcarrier multiplexed system is shown in Fig.3.!.
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Fig.3.!: Diagram of sub carrier multiplexed lightwave system
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The modulated microwave subcarrier signals are obtained modulating the baseband

signal using an analog or digital modulation technique. In this thesis MSK is used for

subcarrier modulation. These subcarrier signals fi are then summed in a frequency

division multiplexer prior to the application of composite signal to an injection laser

which is dc biased in order to produce desired intensity modulation. The 1M optical

signal is then transmitted over single mode fiber and directly detected using a

wideband photodetector before demultiplexing and demodulation using a

conventional receiver.

The basic configuration of an SCM-WDM transmission system is shown in Fig.3.2. In

the figure n independent base band signals are mixed by N different microwave

frequencies fi. These are combined to produce SCM composite signals and then

optically intensity modulated onto an optical carrier. M wavelengths are then

multiplexed together in an optical WDM configuration. At the receiver an optical

demultiplexer separates the wavelengths for individual optical detectors. Then RF

coherent detection is used at the SCM level to separate the base band signals.

Ch, ILl ~E1Ch, • SCM 1Yit1• block t• ... J'1 ':'i
Ch A.l
Ch, • SCM ::0 ::0

• block 2
~ ~ A.,•

• •••••
Ch ,
C SCM '"• •• blockM b£Il. •• •

_M

Fig 3.2 SCM-WDM system architecture
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Compare to conventional high speed TDM systems, SCM is less sensitive to fiber

dispersion because the dispersion penalty is determined by the width of the base band

of each individual signal channel. Compared to conventional WDM system, on the

other hand, it has better optical spectral efficiency because much narrow channel

spacing is allowed.

3.2 SYSTEMDESCRIPTION AND OPERATION

Referring to Fig.3.2, if Minimum Shift Keying (MSK) is used for subcarrier

modulation then, the SCM signal to the optical modulator can be expressed as

N

SSCM(t) = ISMSK,(t)
i=1

where SMSK(t) can be expressed as

FEE .
SMSK(t)= _b cos[27ifct+8(t)]

Tb

(3.1)

The nominal carrier frequency fc is chosen as the arithmetic mean of two frequency fi
and fi. as shown by

II, =2(j, + I,)

The phase 8(t) increases or decreases linearly with time during each bit period, as

shown by

8(t) = 8(0) i: ;rh t
Th

Where + sign corresponds to symbol I and - sign for O. The deviation ratio h can be

expressed as

h = J;,(j, - I,)

For MSK, value of h is~.
2

The composite SCM signal expressed in equation (3.1), which is a summation of all

the individually MSK modulated signals, is added to the bias current of a

semiconductor laser in order to directly intensity modulated it.
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This intensity modulated signal comprises a single WDM wavelength channel. The

transmitted signal at Ak wavelength is given as in [47],

(3.2)

where, Ph is the output power at bias level at for kth wavelength channel's

semiconductor laser. It is assumed that Ph is constant for all wavelength channels and

mi.denoting the optical modulation index, is also constant.

M such signals are then placed on different wavelengths on a single mode fiber. The

optical carriers are multiplexed by wavelength division multiplexer (WDM). A

composite optical signal of M nominal wavelengths AI, 1,.2,1,.3..... AM is produced by

WDM and this signal is transmitted over a single fiber. The expression of the

wavelength division multiplexed system is given by
M

SWDM (I) = IS, (I)
k=1

(3.3)

At the receiving end, a demultiplexer separates all optical carriers for individual

. optical detectors. The total signal power received at the photo detector can then be

written as

(3.4)

Each optical signal is converted to the corresponding electrical signal through Direct

Detection (DO) by using a photodiode detector. Taking all the noise factors and

crosstalk due to fiber nonlinearity in consideration the total photo current obtained at

the output of the photo detector is given by

(3.5)

i,hot is the shot noise current, which is small leakage current that is present when there

is no optical power incident on the photo diode, ith~al is the thermal noise current

caused by the spontaneous fluctuation due to thermal fluctuation in the photo detector,

iin"mi'Y is relative intensity noise current caused by the intensity fluctuation at the laser

diode output and iXT is the current due to fiber nonlinear crosstalk. R! is the

photodiode responsivity of the kth photo detector. This parameter gives the
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information of photon electron conversion efficiency of the photo detector' and is

given by

R=TJe
d hi

Where TJ corresponds to quantum efficiency, e is the charge of electron and h is

plank's constant.

This detected signal is then pass through a band pass filter to filter out the noises. At

this point SCM signal is found in electrical domain. This signal is then demultiplexed

using a SCM demultiplexer. Here the SCM signal is resolved into N subcarriers RF

signals. These signals are then demodulated coherently and filtered to get original

signal.

3.3 SRS INDUCED CROSSTALK

Stimulated Raman scattering (SRS) is a nonlinear phenomena found in the WDM system. As

shown in Fig. 3.3 the shorter wavelength channels are robbed of power and that power is feeds

to the longer wavelength channel [22].

-----~

Fig 3.3: SRS induced crosstalk

A fonnal approach for detennining SRS crosstalk level is to solve the coupled equation for

optical intensity I at wavelength 11; and A;. [24]-

(3.6)

(3.7)

Where z is the distance along the fibre, g is the Raman gain co - efficient and v is the group

velocity of each wavelength channel.
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Consider A;> At and both the optical waves co - propagates in the fibre with same polarisation.

Using the effective mode area approximation I = ~, where P is the power-
A<if

. .
Pj = Pj(O,u j )e-'" exp[ gjk JPk (O,u j + dj.z}-"" dz']

A<if 0

'" Pj (0, U j )e-'" . [1+ ~jk JPk (0, U j + d jkZ' )e-"" dz']
. <if 0

Where U j = I - ~ and the exponential is assumed to first order and djk is the walk - off
vj

parameter and related to dispersion coefficient D by

d jk = _I __ I '" D(Aj - A.).
vj vk

Consider modulated wave channel k has power p. = Po (I + cos OJ/) and both channels have

same average optical power -

(
-d OJ] (-ao . (oxl )}_, jk _, e Sill jkZ

Here, 0s.s = tan + tan _ ( )-a e '" cosoxljkz -I

4ff is the effective length of fibre and is given by

(3.9)

(3,10)L =~(I-e-"')
<if a

From equation (3.8) the first term corresponds to the carrier power after loss, The second term

corresponds to the interaction between the optical carriers, this result as optical dc power loss or .

gain, The third term is the crosstalk as the result of power depletion through SRS from low

wavelength optical channel to high wavelength optical channel.
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Hence, the crosstalk in j'" channel due to k '" channel is:

X1(SRSH' =

. (3.11)

Now, for a WDM system with M number of channels such that 1,.,< 1,., •••• < 4. , crosstalk in j'"

channel due to SRS can be expressed as

j-I M

XT(SRS)j = LX1(SRS)j' - LX1(SRS)j'
k=1 k=j+l

(3.12)

Here first term related to power gain of channel j form shorter wavelength channels leading to

crosstalk whereas second term related to power depletion of channel j to higher wavelength

channels.

Hence for equal power in each channel and equal channel spacing, from equation (3.12) it is

clear that for an odd number of WDM channels XTSRS in central wavelength channel is zero and

shorter than that wavelength channels deplete power whereas higher wavelength channels than

that gain power to create crosstalk due to SRS. For M being an even number the first half

shorter wavelength channels deplete power and other half suffers crosstalk.

3.4 XPM INDUCED CROSSTALK

XPM originates from the Kerr effect in optical fibres, where the intensity modulation of one

optical carrier can modulate the phase of other co'propagating optical signals in the same fibre.

In presence of dispersion, the phase modulation is converted to intensity modulation leading to

crosstalk.

The non.linear phase induced in A;channel, neglecting any power distortion in the field of ""

channel is

,
<1>NLj(Z,UJ= -2Yj fP,(z"Uj +dj,i)ctz' (3.13)

o
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Where, Yjis the non-linear coefficient related to non-linear refractive index n, by

21111,
Yj=--

AjA'ff

Let, A(z ,u) denote the slowing varying field envelop of each wave such that,

A(z,u)= I_P-,--(z-,--,u...:..)e_'".exp(i<t>(z,u»)
A<tf .

p(z,u) = Po(O,u) +M'(z,u)
<t>(z,u) = <t>o (z, u) + t><t>(z,u)

(3.14)

(3.15)

Where intensity of the field is represented aslAI', Po and <Po are the power and phase

unperturbed by chromatic dispersion. The above expressions are substituted into the linear wave

equation [40]-

oA I oA i 0' A a
OZ +;'7i-2fJ, ot' +TA=O

Where, fJ, = - A'D .The first iteration of the ~quation yields a change in power given by
21iC

) fJ 'fd ,{ (0 o'<1>o(z,u) oPo(O,u) O<1>o(Z',U)}M'(z,u =-, z Po ,u) , +----.---_
o OU OU 8u

(3.16)

(3.18)

Now, substituting <t>o (z,u) = <t>o + <t>NLj(z,u j) in the above equation the output equation is

given by

~(z,u) = Poe-"'[I- fJ, 0', f<t>NLj(z', u)dZ']
oUj 0

-"'{ , )(e-'" cos(dj,<vz)-I+az)' + (e-'" sin(dj,<vz)-dj,<vz)'
=p'e 1-2/3,01 rmp,x a'+(dj,01)' cos(OJUj+B.pm)

(3.17)

_'( 2dj,OXX) _,( e-'" sin(dj,OJZ) - dj,OJZ)Here 8, m = tan -~~-- + tan -_--~--~--
.p a' - (dj,OJ), e '" cos(dj,OJZ) -I + az

Hence from the equation (3.17) crosstalk in 1.;channel for" channel can be derived as
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For an M channels WDM system crosstalk due to XPM in j'" channel form other chaimels can
be expressed by

M

XT"XPM)j = L XT"XPM)jk
k=l.bj

(3.20)

3.5 CONSTRUCTIVE & DESTRUCTIVE SRS+XPM CROSSTALK CONCEPT

Consider Aj > ""', then Ak provides the Raman gain. Aj channel results in modulated gain through

SRS interaction between Aj and Ak (Fig. 304a). Intensity modulation of Ak creates a phase

modulation to Aj because of optical Kerr effect and then converts to 1M with fibre dispersion.

Therefore, crosstalk in Aj from SRS and XPM are in phase with each other and add

constructively.

(a) (b)

Fig.3A: Demonstration of constructive and destructive concept of SRS+XPM crosstalk.

On the other hand, if Aj <Ak then Aj channel losses power to Ak Aj channel results in modulated

depletion through SRS interaction between Aj and Ak (Fig.304b) XPM is induced as before.

Hence crosstalk in Aj from SRS and XPM are out of phase with each other and add destructively.

3.6 FWM INDUCED CROSSTALK

When an intense field is applied to a dielectric medium, the bound electrons respond

with anharmonic motion. As a result the induced polarization in the medium is not a

simple linear function of the applied field, but becomes higher order products of the

field. FWM interaction is an example of such a process whiCh occurs due to third-

order nonlinear susceptibility. Although the third order susceptibility in glass is quit

weak, FWM in fiber may very strong due to large field intensities in the core and the

long interaction lengths.
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(3.21)

Let three signals are co-propagating at frequencies t.jj. fi through a single mode fiber.

Through the nonlinear interaction, a four-wave mixing signal will be generated at

frequency lv' =!, +~ - I,. If we .assume that input signals are not depleted by the

generation of new of mixing products, the magnitude of this new optical signal is

given by [32]:

P(j) = 102<k' (D,XII 1,L'ff)' P(j)P(j)P (j) ~
yk 4,22 A I J teTJn I'I.C eff

Here, P,(j), ~(j)and P,(j) represent power spectral density (PSD) of i-tho j-th and k-th

channel respectively, n is the fiber core refractive index, z is the link length, X'iii is the

third order nonlinear susceptibility, De is the degeneracy factor equals 3 for two tone

products (i = j, degenerate FWM) and 6 for three tone products (i ~ j, degenerate

FWM).

The FWM efficiency can be expressed as
,

l_e-(a-i!J.p)!

(3.22)

(3.23)

(3.24)

Using the value of LejJfrom equation (3.10), equation (3.22) can be rewritten as

a' {I- e-(a-I'P), }(I- e-(a+'6P)'}
TJ - x

a' +1'>[3' (l-e-W
)'

_ a' [I+ 2e-W[I-COS(L1[3z)]]
a' +1'>[3' (I-e-w)'

= a' [I+ 4e-w Sin'(ZL1[3/2)]
a' +L1[3' (l-e-W

)'

Where, 1'>[3 represents the phase mismatch and can be expressed in terms of signal

frequency differences:

21Z'A' [A' dD]L1[3=-c-L1!',Mj, D+ 2c (L1I"+I'>~,) dA
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(3.25)

The nonlinear susceptibility XlIII is related to the fiber nonlinear refractive index n]

by the relation [35]:

481t'
nz =--'-%1111en

Hence, to evaluate FWM induced crosstalk equation (3.21) can be expressed in terms

of n] and nonlinear coefficient y by

(3.26)

3.6.1 FWM Crosstalk in SCM-WDM System

In this thesis, a new analytical technique is proposed to determine the FWM generated

power in an SCM- WDM transmission system. Consider the spectrum of fiber input

power as shown in FigJ.3. Here optical single side band modulation (OSSB) has been

considered. OSSB signal can be generated by applying the composite modulating

signal from an SCM block to both electrodes of the MZI modulator, with a relative

It phase shift between the arms. A dc bias sets the modulator at a quadrature point.
2

n = 1 2 N

____-"__:I}

Fig. 3.5: Power Spectrum in fiber input power.

To evaluate the FWM crosstalk among the subcarriers of different WDM channels,
equation (3.26) is used. Referring to Fig. 3.5 the PSD of n-th subcarrier channel can be
expressed as:

(3.27)
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(3.28)

If MSK is used to modulate subcarrier then following [49], SMSK (f) can be written as:

S. (f) = 32£b [cOS(2;rTJ)]'
MSK ;r' 16T:/'-1

Three subcarriers are chosen from three different Achannels at time to evaluate Pijk

and total crosstalk will be summation of all Pijk for all possible combinations. Total

possible combinations are N C, xM C, X N' .

To find out the number of combinations form Mnumber of wavelength channels each

having N subcarriers, consider first three wavelength channels. At first, 1st subcarrier

of Al and 1st subcarrier of 1.2 are kept constant while 1st to Nih subcarrier from A)is

taken consecutively to form first N combinations. Then while 1st subcarrier of Al is

chosen and 2nd to Nth subcarrier of 1.2 are taken and again or each subcarrier of 1.2

channel 1st to Nth subcarrier from A) is taken. Then for variation of 2nd to Nth

subcarrier in AIchannel, 1st to Nth subcarrier from 1.2 is chosen for each subcarrier in

Alchannel and also 1st to Nth subcarrier from A) is varied for each subcarrier of 1.2

channel.

Then 3rd wavelength channel is chosen from ~ to AMand for each A value different

combinations of subcarriers are find out as before. Then 2nd Achannel is varied from

A]to AM.Iand for each channel variation 3rd wavelength channel is chosen from next

wavelength channel to AM.Then first wavelength channel is taken from 1.2 to AMand

for each channel variation 2nd Achannel is chosen from next wavelength channel to

AM.I and also for each channel variation 2nd wavelength channel, 3rd A channel IS

taken from next wavelength channel to AM.For each three A.combinations, subcarriers

combinations are chosen as described before.

For example, consider three channel WDM system each having 2 subcarriers. Then,

total possible combinations are shown in Table 3.I.
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Table3.1
PossiblecombinationstoevaluateFWM crosstalkforM= 4& N=2

Mt M2 M3 M4

NJ NI NI
NI NI N2
NI N2 NI
Nl N2 N2
N2 NI NI
N2 NI N2
N2 N2 NI
N2 N2 N2
NI Nl NI
NI NI N~
NI N2 NI
NI N2 N2
N2 NI NI
N2 NI N2
N2 N2 NI
N2 N2 N2
Nt Nt Nt
Nt Nt N2
N2 N2 Nt
N2 N2 N2
Nt Nt Nt
Nt Nt N2
N2 N2 Nt
N2 N2 N2

NI NI NI
NI NI N2
NI N2 Nt
Nt N2 N2
N2 Nt Nl

. N2 Nl N2
N2 N2 Nl
N2 N2 Nl
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3.7 CNR & BER CALCULATION

Carrier to noise ratio (CNR) in a RF channel of an SCM/WDM transmission system

can be expressed as

CNR = (RdJil'Y
N(' , , ')afh +aShOf +O"intensity +a.t

(3.29)

(3.30)

where, Rd is photo detector responsivity, Pr is received optical power and N is the

number of subcarriers. The optical r. m. s modulation index j.1 given by j.1 = m.J N /2

for a SCM system. O',h2, O'sho?, O';ntens;,/ and 0'/ represents the noise variance due to

thermal noise, shot noise, relative intensity noise of laser and crosstalk respectively.

Now putting the value of Il, equation (3.29) can be rewritten as-

CNR = (O.5mRdP' )'
~,+~' +~' +~'v Ih V shol OJ int ensiry V.t

Once CNR IS calculated, BER can be expressed as In [45],

I I =BER = - erfe( r:; '1CNR)
2 . 2'12

where, eife is the complementary error function.

3.7.1 Shot Noise

(3.31)

It arises from the statistical nature of the generation and collection of photoelectrons

when an optical signal is incident on a photodiode. It was first studied by Schottky in

1918 and has been thoroughly investigated since then. The photo diode current

generated in response to a constant optical signal can be written as

[45],I(1) = I p + i, (I) (3.31 )

Where, Ip = RdP', is the average current and i,(I)is the current fluctuation related to

shot noise. Mathematically it is a stationary random process with Poission Statistics.

The autocorrelation function of i, (I) is related to spectral density Ss (f) by Wiener-

Khinchin theorem [45]
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~
<i, (I)i, (I +T) >= JS, (j)exp(27lilr)dJ (3.32)

The spectral density of shot noise is constant and is given by Ss (J) = eI p (an example

of white noise). Note that Ss(J) is a two sided spectral density as negative

frequencies are included in eq (3.32). If only the positive' frequencies are considered

by changing the lower limit of integration to zero, the one sided spectral density

becomes 2eIp,

The noise variance is obtained by setting .•.= 0 in equation (3.32) as

~
a: =<i:(/) >= JSs(J)dJ = 2elpB (3.33)

(3.34)

Where, B is the effective noise bandwidth of the receiver. The actual value of B

depends on receiver design. Since dark current also generates shot noise equation

(3.33) should rewrite as

a: = 2eU p + I" )B

The value a, is the rms value of noise current induced by shot noise.

3.7.2 Thermal Noise

At a finite temperature, electrons move randomly in any conductor. Random thermal

motion of electrons in a resistor manifests current even at when there is no applied

, noise. The load resistance in front of an optical receiver adds such fluctuation to the

current generated by the photodiode. This additional noise component is referred to as

thermal noise. It is also called Johnson noise or Nyquist noise.

Thermal noise can be included by modifying equation (3.31) 1(1) = I p + i, (I) + iT (I),

where iT (I) is a current fluctuation induced by thermal noise. Mathematically iT (I) is

modeled as Gaussian random process with a spectral density that is frequency

independent up to J '" I THz and is given by

(3.35)

(
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where, kB is the Boltzman constant, T is absolute temperature and RL is the load

resistance. As mentioned before ST(f) is the two sided spectral density.

The autocorrelation function is of iT (t) is given by

~
< iT (I)iT (I +T) >= JST (j)exp(2Jlifr)df (3.36)

The noise variance can be found by substituting r = 0 in equation (3.36) and it

becomes
~

'o'i =< ii(t) >= JST(f)df = 4k.TB / RL

3.7.3 Relative Intensity noise

(3.37)

(3.38)

Fluctuation in intensity of the output from semiconductor laser also leads to optical

intensity. noise. The random intensity fluctuation created a noise source referred to as

Relative Intensity Noise (RIN). It is defined as the ratio of mean square power

fluctuation to the mean optical power squared which is emitted from the device ie

RIN = OPo'
(Po)'

The above definition allows RIN to measure dB/Hz where the power fluctuation can

be written as

SPa' = }SRIN (f)df
o

(3.39)

Where, SRlN(f) is the power spectral density of RIN and related to SRlN( m) by

(3.40)

(3.41 )

RIN as a power fluctuation over a bandwidth B can be expressed as

RJN = SRIN (f)B
(Po)'

Typically the RIN for a single mode semiconductor laser is in the range of 130 dB/Hz

to 160 dB/Hz.
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Hence the noise variance due to RIN can be expressed as

. ()~"miry = RIN(RdPO)' B

3.7.4 Signal Crosstalk Noise Term

(3.42)

I presence of crosstalk the detected photo current can be written following [32] and

[40] as:

(3.43)

Where, Ps and Px are the optical channel power of signal and crosstalk power

respectively. The detectable power comprises the signal power from first term, the

crosstalk from second term and additional term due to interaction between two fields.

Assuming Ps »Px equation (3.43) can be rewritten as

(3.44)

ix = 2~ PsPx cos(Ll.B)

using Gaussian approximation the signal crosstalk noise variance can be written as in [32]:

< ix >= 0
1 .1 .().;. =< IX > - < Ix >

= 4R,;PsPx cos'(Ll.B)

(3.45)

Where, X is the ratio of crosstalk optical power to the signal optical power.
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CHAPTER-4

RESULTS AND DISCUSSIONS

Following the theoretical analysis presented in chapter 3, theoretical performance

results of SCM-WDM transmission system are evaluated with and without

considering fiber nonlinear effects. First SRS, XPM and FWM induced crosstalks are

analyzed individually and then their combined effects are evaluated. The parameters

used in theoretical computations are given in Table 4.1 (unless stated in discussion).

Table 4.1
Parameter values use for theoretical calculations

Parameter Value

RF Subcarrier freg., W varied

Launch power on A.j,Pj varied

Raman gain between A.;& A.j, gij Ref. [24]

Fibre length, L 25km

Fibre loss, a. 0.21 dB/Km

Dispersion Coefficient, D (SMF) 17 ps/nm/km

Dispersion Coefficient, D (SMF) 2ps/nmlkm

Mode effective area, Aelf (SMF) 80 J1IIl2

Mode effective area, Aelf (DSF) 55 J1IIl2

Nonlinear refractive index, n2 2.65x 10.20 m2/W

Speed oflight, c 2.998x 108m1s2

Wavelength channel spacing I urn

Optical modulation index, m 4%

Capacity per Wavelength channel 10 Gb/s

Number of subcarriers per WDM channel 50
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4.1 EFFECT OF XPM INDUCED CROSSTALK

Consider a three channel WDM system with average input power per channel 10
dBm.

o

-5

E -10
OJ
:Eo
.>:
(ij
;;; -15e
"::;;
~ -20

-25

-30
10 20 30 40 50 60 70

Fiber link length (km)
80

-----. Ch 1
-Ch2
+ Ch 3

gO 100

Fig. 4.1: XPM crosstalk level in three WDM channels with varying fiber link length

for L\A.=Inm, f= 10Hz & P;n =10 dBm.

Fig. 4.1 shows the theoretical crosstalk level in three different WDM channels with

varying fiber link length for L\A.=Inm, f = 10Hz. The magnitudes of crosstalk in 1
st

and 3'd channel are equal as. same power and assumed in each WDM channel and

equal channel spacing is considered. Central channel suffers from most crosstalk since

it is most affected by the interaction of various channels. Henceforth, the XPM

crosstalk analysis is limited to investigations of central channel only. It is also

observed form the figure that as the optical link length increases, crosstalk also

increases as the interactions among the channels increase.
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-50
10 20 30 40 50 60 70

Fiber link length (km)
80 90 100

FigA.2: XPM crosstalk with varying link length for nSF and SMF for !lA. = I nm,
Pin=IOdBmand f= IGHz.

FigA.2 shows the XPM crosstalk level in central channel (worst case) with varying

link length for !lA. = I nm and f = IGHz for both nSF and SMF. Without dispersion

phase modulation (PM) due to XPM can not be converted to intensity modulation

(1M). Since nSF has low chromatic dispersion, crosstalk induced by XPM is much

less in nSF than standard SMF. For example, as shown in FigA.2, for a launch power

of 10 dBm per channel crosstalk at fiber link length at 25 km is -35 dBm for nSF. For

same conditions crosstalk is -15 dBm for SMF. Hence further analysis of XPM

induced crosstalk is limited for SMF.

FigA.3 shows the XPM crosstalk level in central channel (worst case) with varying

link length for different wavelength for f = 1.0 GHz, M=3 and Pin= 10dBm. It is cleat

that crosstalk increases with decreasing channel spacing as walk-off parameter is less

for dense wavelength channel spacing. It is further noticed from the figure that for a

short link length effect of channel spacing is less while its effect increases with

increasing link length.
FigAA further conform the effect of channel spacing on XPM crosstalk level. It is

clear from the figure that crosstalk decreases a considerable amount with increasing

.!lA..
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FigA.3: XPM induced crosstalk with varying link length for different waveleng1h

channel spacing for Pin=IOdBm, f= IGHz and M=3.
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FigAA: XPM induced crosstalk in central channel vs channel spacing for L = 25 km,

M=3, f=1 GHz and Pin = 10 dBm
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Fig.4.5 XPM induced crosstalk in central channel with varying link length for

different modulation frequency for 1'1"A = I nm, M=3 and P;n = 10 dBm

Fig.4.5 shows the effect of modulation frequency on XPM induced crosstalk with

varying link length. It is found that crosstalk increases with increasing modulation

frequency. For example, at 25 km fiber link length with 1'1"A = I nm, M=3 and

P
in
= IOdBm crosstalk level at central wavelength channel for 0.5 GHz, 1.0 GHz and

1.5 GHz modulation frequencies are -25 dBm, -14dBm and -9 dBm respectively.

XPM crosstalk level with varying modulation is further illustrated for fiber link length

of 25 km, 50 km, 75 km and 100 km in the Fig.4.6. XPM induced crosstalk actually

grows with OJ' and it is clear from Fig.4.6 crosstalk is dominant at higher modulation

frequencies.
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FigA.6: XPM induced crosstalk in central channel with varying modulation frequency

for different fiber link length for fj,)...; I nro, M;3 and Pin; IOdBro.
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FigA.7: XPM induced crosstalk in different channel with varying optical power per
- Q

wavelength channel for fj,)...; I nro, L; 2) km, M=3 and f; IGHz.
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It is found from FigA.7 that XPM induced crosstalk increases linearly with increasing

optical launch power per wavelength channel as it shown in theoretical analysis that

XPM crosstalk is a factor of Pin'

FigA.8 shows the XPM crosstalk level in central channel with varying number of

WDM channel for L = 25, 1'.),=1 nrn, Pin = 10 dBm and f = IGHz. It is found that

crosstalk does not increase linearly, because for a given channel spacing, central

channel suffers strong crosstalk from adjacent channels but less crosstalk from far

channels.

-12

-13

E -14
co
B
""'iii
;; -15
'"e
()

::<
~ -16

-17

-18
2 3 4 5 6 7 8

Number of wa",length channel
9 10

FigA.8: XPM crosstalk level in central channel with varying number of WDM

channel for L = 25, 1'.),=1 nrn, Pin = 10 dBrn and f= IGHz

.Hence the characteristics of XPM crosstalk-.:an be summarized as below:

I. As wavelength separation decreases, XPM crosstalk increases.

2. XPM crosstalk dominants at large modulation frequency.

3. Low dispersive fiber suffers less XPM crosstalk.

4. XPM increases with increasing fiber link length.
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4.2 EFFECT OF SRS INDUCED CROSSTALK

For the analysis of SRS induced crosstalk in SCM-WDM system, we consider three

wavelength channels such that 1..1<1..2<A.)with an equal channel spacing and an equal

power is consider for each wavelength channel. As mentioned in the theory, crosstalk

due to SRS in central channel will be zero (unlike XPM crosstalk where this channel

suffers the highest crosstalk). The magnitude of power depletion in lowest wavelength

channel (Ch - I) is same as the crosstalk in highest wavelength channel (Ch - 3). This

is due to same walk - off effect and same magnitude of Raman gain.

FigA.9 shows the crosstalk level of highest wavelength channel of a three channel

WDM system due to SRS with varying link length for different modulation frequency

for !'J.A.= I nm and P;n= 10 dBm. It is clear from the figure that unlike XPM, SRS

crosstalk decreases with increasing modulation frequency. But crosstalk level is

essentially constant for any link length.

-20
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• --1= 1.0GHz'
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FigA.9: SRS induced crosstalk in A.)channel with varying link length at different

modulation frequency for !'J.A.=Inm and P;n=IOdBm

Effect of modulation frequency is further confirmed in FigA.l 0 where SRS crosstalk

level is plotted against modulation frequency for a channel spacing of I nm. An

inverse characteristic is found for SRS crosstalk and modulation frequency.
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Fig.4.10: SRS induced crosstalk in A)channel with varying modulation frequency for

L= 25 km,!;.A = Inm and Pin=IOdBm
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FigA.II: SRS induced crosstalk in A)channel with varying modulation frequency at

different channel spacing for L= 25 km, and P;n=IOdBm
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To demonstrate the effect of wavelength channel spacing consider SRS .induced

crosstalk in 1.3channel is plotted against modulation frequency at different channel

spacing for L= 25 lan, and P;n=IOdBmin FigA.11. It is observed that SRS induced

crosstalk level is high for large channel spacing at low modulation frequency. For

example, for the above mentioned conditions below 500 MHz modulation frequency,

crosstalk level is dominant at large channel spacing but approximately constant for all

wavelength separation at higher frequency.

To illustrate the effect of channel spacing more clearly SRS induced crosstalk is

plotted with varying fiber link length at a low modulation frequency (400 MHz).

Same result is found again, higher crosstalk for higher channel spacing.
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FigA.12: SRS induced crosstalk in 1.3channel with varying link length at different

channel spacing for f= OA GHz, and P;n=IOdBm
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Fig.4.13: SRS induced crosstalk in A.Jchannel with varying optical launch power per

WDM channel for L=25 km, L'.A.=Inm, and f= 1.0 OHz.

It is found from Fig.4.13 that XPM induced crosstalk increases linearly with

increasing optical launch power per wavelength channel as it shown in theoretical

analysis that SRS crosstalk is a factor of Pin.

Fig.4.l4 shows the SRS crosstalk level in highest wavelength channel with varying

number of WDM channel for L = 25, L'.A.=Inm, Pin = 10 dBm and f= 10Hz. It is

found that crosstalk increases approximately linearly, because unlike XPM, crosstalk

from far channels can not be neglected while considering SRS crosstalk.
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FigA.14: SRS crosstalk level in central channel with varying number of wavelength

channel for L = 25, D.A=I nm, Pio= 10 dBm and f= IGHz

Hence, the characteristics of SRS crosstalk can be summarized as below:

I. Crosstalk is dominant at lower modulation frequency.

2. Up to certain modulation frequency (500 MHz), crosstalk increases with

increasing channel spacing.

3. SRS crosstalk is essentially constant for all fiber link length.

4.3 COMBINED EFFECT OF SRS & XPM CROSSTALK

Based on constructive and destructive SRS+ XPM theory discussed in chapter 3, this

section analyzes the effect of combine effect of SRS and XPM crosstalk. As

mentioned earlier SRS crosstalk is dominant at highest wavelength channel while

XPM crosstalk in central channel. So, it is an interesting issue to find the worst

channel in presence of both SRS and XPM induced crosstalk.
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Fig.4.15 shows crosstalk level due to com nbined influence of SRS & XPM in three

different channels with varying link length for Pin=IOdBm, f= 0.5 GHz and LlA=3nm.

From the figure it is found that up to 65 km 3rd channel (highest wavelength) suffers

more crosstalk than 2nd channel (central channel) due to higher channel spacing and

low modulation frequency.

-15

-20

E -25
CD:s.
""ro -30u;
'"e
(.J

:;; -35
0-
X
+
(IJ0: -40(IJ

-45

...............
........~ .

.' -,:"' .••..•..-.-. ..•:......... •..•..-

,-~.~.>.(: ,.... /,//---- ..~~-----.Ch 1

.... \ ;,' Ch 2
.. ,' \ ,/
./ '. --Ch3

" \ " ". :
•••• " I ,\ I.. \','

.
ff! \.' \ !

,I:
"
"""

~

-50
10 20 30 40 50 60 70

Fiber link length (km)
80 gO 100
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varying link length for Pin=IOdBm, f= 0.5 GHz and LlA,=3nm.

If channel spacing is reduced to I urn then XPM crosstalk increases while SRS

crosstalk decreases. In that case 3'd channel suffers more crosstalk than 2nd channel up

to 40 km which is shown in Fig.4.16.
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Now, if modulation frequency is increased to I GHz, SRS crosstalk further decreases

while XPM crosstalk increases. Hence the combined crosstalk is dominated by XPM

and 2nd channel suffers crosstalk mostly even at low fiber length as 12 km.

Hence it can be concluded that highest wavelength channel suffers mostly by

combined crosstalk due to SRS & XPM for low modulation frequency, short link

length and higher channel spacing. Central channel suffers mostly in the contradictory

conditions ie high modulation frequency, long link length and dense channel spacing.

4.4 . EFFECT OF FWM INDUCED CROSSTALK

FWM efficiency decreases with increasing channel spacing, chromatic dispersion or

transmission length due to increased phase mismatch between the signals. Fig.4.l8

shows the FWM efficiency with varying channel spacing for both DSF and SMF for

L;25 km. It is noted from the figure that FWM efficiency is high only at low channel

spacing. With large chromatic dispersion, for example, signals of 1550 nm

propagating through a conventional SMF mixing efficiency drops beyond 0.2 nm

channel spacing while for DSF this value is 0.5 nm. Therefore, the effect of FWM

may be significantly stronger when conventional fibers are used with 1330 nm

sources or when dispersion shifted fibers are used with 1550 nm sources.
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Fig.4.19 shows the effect ofFWM crosstalk as a function of fiber link length for M=3,

N=50, Pin=0 dBm and !'J.'A.= 0.5 nm. Since FWM power is generated due to launch

power to fiber input, FWM crosstalk decreases with increasing fiber link length due to

fiber attenuation. It is also found from the figure that for a link length 25 km FWM

crosstalk is -52.5 dBm for SMF and it is increased to-32 dBm for DSF. Since DSF has

higher crosstalk level than SMF, further analysis is limited to DSF only.

Effect of number of WDM channel on crosstalk is shown in Fig.4.20.The figure

shows the crosstalk level as a function number of subcarriers per channel with

different values of M for !'J.'A.=0.5nm, Pin=OdBm, L=25 km in a dispersion shifted

fiber. Crosstalk increases sharply with increasing M values as the FWM generating

terms increases largely with increasing M. In this example system, crosstalks for 50

subcarriers per channel are -50.2 dBm, -46.2 dBm and -43.8 dBm for 3, 4 and 5

wavelength channels respectively.
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FigA.21 illustrates the effect of wavelength separation with varymg number of

subcarriers per WDM channel for Pin=OdBm, M=3 and L=25km for a DSF. FWM

crosstalk increases with decreasing channel spacing as it is predicted from FWM

efficiency curve in FigA.16. For example, for 50 subcarriers per WDM channel

crosstalk level is -32 dBm for 0.2 nm spacing, -48 dBm for 0.5 nm spacing and it

further decreases to only -62 dBm for I nm spacing.
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Fig.4.22 shows the FWM induced crosstalk level with varying optical channel per )..

channel for 6,).. =0.5 nm, L=25, M=3, N=50 for a DSF. It is found that crosstalk

increases linearly with input launch power as FWM crosstalk increases as a factor of

Pin
3
,

Hence FWM crosstalk characteristics.can be summarized as below:

I. FWM induced crosstalk is dominant at low dispersive fiber.

2. For dense wavelength separation (less than 0.5 run) FWM crosstalk is strong.

3. FWM crosstalk increases with increasing number of subcarriers and largely

with increasing number of wavelength channel.
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4.5 PERFORMANCE ANALYSIS USING SMF

From the crosstalk analysis in the previous section, it is clear that in dispersive fiber

and dense wavelength spacing FWM is the dominating crosstalk source while in

standard SMF, XPM and SRS is the major crosstalk contributing phenomena. So,

while performing analysis in DSF fiber FWM crosstalk is counted and combined

influence of SRS and XPM is considered in SMF.

FigA.23 shows the variation of BER of the system with varying optical input power

per channel for different values of link length at bit rate =10 Gb/s, receiver sensitivity

= -14dBm, M=3, N=50, Ll1c=1nm. As link length increases, due to phase modulation

of a signal increases and with fiber chromatic dispersion it converts to intensity

modulation, thus an increased crosstalk. So, less optical power is allowed to launch to

fiber input with long distance system.

, --L=25km
. -----, L=50 km
i L=75 km,

L=100km
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FigA.23: BER as a function of optical input power per channel for different link

length at bit rate =10 Gb/s, receiver sensitivity = -14dBm, M=3, N=50, Ll1c=1nm.
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Fig.4.24: Maximum allowable optical input power at BER of 10-9with varying fiber

link length at bit rate =10 Gb/s, M=3, N=50, L'>1..=1.0urn & receiver sen.= -14 dBm.

To investigate the allowable launch optical power per channel, received power is kept

constant which can be done by using an attenuator in the receiver.

Fig. 4.24 shows maximum allowable input power per channel with varying fibre link

length at bit rate =10 Gb/s, M=3, N=50, 111..=1.0nm & receiver sensitivity= -14 dBm

and BER =10-9• As mentioned earlier, an increased link length allows less power to

launch into fiber input. For example, maximum allowable input power per channel is

6 dBm, 1.5 dBm and -2.5dBm for link length of 25 km, 100km, and 200 km

respectively.

Fig.4.25 shows BER variation with optical input power per channel for different

values of channel spacing at bit rate 10 Gb/s, M=3, receiver sensitivity -14dBm and

L=25 km. It is shown in the crosstalk analysis that due to combine influence of SRS

and XPM, denser wavelength spacing increases crosstalk. So, large channel spacing

allows much power to launch into fiber input.

57



c<:
w
co

--0.5nm
-----. 1.0 nm
.•..•...... 2.0 nm

• 4.0 nm :
__~.J

2 4 6 8
Pin per channel (dBm)

10 12

Fig.4.25. BER as a function of optical input power per channel for different channel

spacing at bit rate =10 Gb/s, receiver sensitivity = -14dBm, M=3, and L=25km.

13

12

11

E 10
co
:2-
x 9
III
:;;
c 8Cl:

7

6

5a 1 2 3 4 5 6
WDM channel spacing (nm)

Fig.4.26: Maximum allowable optical input power at BER of 10-9 with varying channel

spacing at bit rate =10 Gb/s, M=3, N=50, L=25km and receiver sensitivity= -14 dBm.

58



Effect of channel spacing is further confirmed in Fig.4.26 where maximum allowable

input power is plotted as a function of wavelength channel spacing at BER of 10-9,bit

rate ~ I0 Gb/s, M~3, N~50, L~25km and receiver sensitivity= -14 dBm. Allowable

input power increases to 5.8 dBm to 9 dBm for an increase of channel spacing from

0.5 nm to 2.0 nm.
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Fig.4.27. BER as a function of optical input power per channel for different

modulation frequency at for Ll.}.~1.0,receiver sen. ~ -14dBm, M~3, and L~25km.

Fig. 4.27 shows the effect of modulation frequency on BER performance of the

system for Ll.}.~1.0,receiver sen. ~ -14dBm, M~3, and L~25km. As mentioned earlier,

if modulation frequency is increased, crosstalk also increases. Hence BER of the

system will also increase.
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Fig. 4.28 shows maximum allowable input power per channel with .varying

modulation frequency at BER of 10.9, M=3, N=50, .6.1,.=1.0nm & receiver sensitivity=

-14 dBm. As mentioned earlier, an increased modulation frequency increases

crosstalk and allows less power to launch into fiber input. For example, maximum

allowable input power per channel is 15 dBm, 11.5 dBm and 9.5 dBm for modulation

frequency of I GHz, 2 GHz and 3 GHz respectively.
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4.6 PERFORMANCE ANALYSIS USING nSF

While using DSF, FWM is the major crosstalk contributing phenomena. In this

section performance results are given for DSF considering FWM effect.

FigA.29 shows the carrier to noise plus crosstalk ratio with varying receiver

sensitivity for different values of optical input power per channel at bit rate 10 Gb/s,

L=25 km, Ll),,=O.8nm, M=3, N=50. As mentioned earlier, with increase of input

power, crosstalk due to FWM increases as a factor of Pi/ and thus decreasing CNR of

the system. For example, with a receiver sensitivity of -15 dBm, for optical input

power of -5 dBm, 0 dBm and 3 dBm, CNR are 22 dBm, 16.2 dBm and 9 dBm

respectively:
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FigA.29: CNR of a RF channel with varying received power for different values of

input power at bit rate 10Gb/s, L=25 km, Ll),,=O.8nm, M=3, N=50.
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BER in presence of FWM crosstalk with varying receiver sensitivity for different

optical input power per channel is shown in FigA.30 at bit rate 10 Obis, L=25 km,

"'1..=0.8nm, M=3,N=50. With increasing input power crosstalk increases and thus a

higher receiver sensitivity is required for a given BER. For example, at BERIO,9

required receiver sensitivities are -14.75 dBm, -11 dBm and -2.5 dBm for input power

of -5 dBm, 0 dBm and 3 dBm respectively.
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FigA.31: BER as a function of optical input power per channel for different link

leng1hat bit rate =10Gb/s, M=3, N=50, ~A=0.5 nm and receiver sensitivity= -14 dBm.

BER of the system in presence of FWM as a function of optical input power per

channel is shown in Fig. 4.31 for a receiver sensitivity of -14 dBm at different fiber

link leng1h at bit rate =10Gb/s, M=3, N=50, ~A=0~5nm. It is found that BER

increases with increasing input power per channel as FWM crosstalk increases with

increasing input power. Again as leng1h increases, FWM generated power decreases

for fiber attenuation. Thus long distance system allows launching of large input power

per channel.

FigA.32 shows the maximum allowable power per channel with varying input power

at a BER of 10'9.bit rate =10 Gb/s, M=3, N=50, ~A=0.5 nm and receiver sensitivity =
,

-14 dBm. As discussed earlier, long distance system allows launching of large power

to fiber input. For example, Maximum allowable power is -4.97 dBm, -3.3 dEm, 0.2

dBm and 7 dBm for link length of25 km, 50 km, 100km and 200 km respectively.
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FigA.33 shows BER of the system considering FWM with varying optical input

power per channel for different number of WDM channels at bit rate =IOGb/s,

N=50, 6.),,=0.5nm, L=25km and receiver sensitivity= -14 dBm. While increasing

M, as predicted in the theoretical analysis, crosstalk increases and thus allowing

less optical power to launch to fiber input. It is further confirmed in Fig. 4.34,

where maximum allowable power for a BER of 10,9is shown for different values

of M at receiver sensitivity of -14 dBm. As shown in the figure, maximum

allowable power per channel decreases to -9.2 dBm from -5.2 dBm while

increasing number ofWDM channel from 3 to 10.
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FigA.34: Maximum allowable optical input power at BER of 10,9with varying

number ofWDM channel for Bit rate =IOGb/s, N=50, 6.),,=0.5nm, L=25km and

receiver sensitivity= -14 dBm.
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FigA.35, BER as a function of optical input power per channel for different channel

spacing at bit rate =10 Gb/s, receiver sensitivity = -14dBm, M=3, N=50 and L=25 km.

FWM crosstalk increases largely while decreasing channel spacing of WDM channel

as FWM phase mismatch efficiency is at very high value at channel spacing below 0,5

nm for a dispersion shifted fibre. Thus while increasing channel spacing, more power

is allowed to launch into fibre input for a particular BER as shown in FigA.35.

Maximum allowable input power per channel as a function of channel spacing is

shown in Fig 4.36 at bit rate =10 Gb/s, M=3, N=50, L=25km and receiver

sensitivity= -14 dBm. It is found from the figure that for decreasing channel spacing

from I nm to 0.2 nm maximum allowable power decreases from -I dBm to -II dBm.
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FigA.36: Maximum allowable optical input power at BER of 10-9with varying channel

spacing for Bit rate ~10 Gb/s, M~3, N~50, L~25km and receiver sensitivity= -14 dBm.

So, we can conclude that allowable optical input power per WOM channel decreases

with denser WOM channel spacing or larger number of M and N or decreasing fibre

link length.
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CHAPTER-5

CONCLUSION AND FUTURE WORK

1.1 CONCLUSION

A detailed theoretical analysis is carried out to evaluate the impact of fiber nonlinear

effects viz. cross phase modulation (XPM), stimulated Raman scattering (SRS) and

four-wave mixing (FWM) on the performance of a subcarrier multiplexed WDM

transmission system. The subcarrier modulation is considered as MSK with optical

intensity modulation and in the receiver side direct detection is used while coherent

detection is used for subcarrier. Performance result is evaluated at a bit rate of 10Obis

for both standard SMF and DSF at a wavelength of 1550 nm for a several set of

system parameters.

While analyzing effect of XPM induced crosstalk on SCM-WDM system, it is found

central WDM channel is mostly affected by XPM crosstalk. It is also found that XPM

crosstalk is dominant in standard SMF than DSF. For example, for Pinper channel 10

dBm, f=l OHz, fj,1.. = 1 nm & L=25 km crosstalk in SMF is -15 dBm while for DSF-

.35 dBm. It is also found that with increasing fiber link length, XPM crosstalk

increases due to more interactions among the channels. It is further noticed that, XPM

crosstalk is dominant with dense wavelength separation and large modulation

frequency.

A contrary characteristic is found for SRS induced crosstalk. SRS crosstalk is

dominant .at large channel separation (up to a limit) and lower modulation frequency.

Again, highest wavelength channel is mostly affected SRS, unlike XPM where it is

central channel. So, while investigating combined influence of SRS & XPM induced

crosstalk, it is an interesting issue to find the worst channel - central channel or

highest wavelength channel. Computed results show that for a three channel WDM

system, 10Hz modulation frequency, 1 nm WDM channel spacing and. 10 dBm

optical power per channel, the highest wavelength channel suffers mostly by crosstalk

up to 40 km and central channel beyond this length.
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FWM crosstalk is dominant in DSF that normal SMF. For example, for M=3, N=50,

Pin=0 dBm, L=25, bit rate 10 Gb/s and !if..= 0.5 nm, FWM crosstalk is -52.5 dBmfor

SMF and -32dBm for DSF. FWM crosstalk level is plotted for a set of system

parameters such as channel separation, number of WDM channels, number of

subcarners per channel etc. It is found that FWM crosstalk is larger in denser

wavelength separation. It is further noticed that FWM crosstalk increases with

increasing number of subcarners and largely with increasing number of wavelength

channel.

To determine BER performance considering fiber nonlinear effects, FWM is

considered for DSF and SRS & XPM for SMF. To investigate the effect of FWM,

receiver sensitivity is kept constant while input power is varied. The results shows

that there is a significantamountof increasein the systemBERwith increase in inputpower

per channel,p;", due to increasedFWMeffect.However,at longer fiber length,FWMpower

is less due to fiber loss whichresults in lowerBER for samep;". While increasing number

of WDM channels, crosstalk due to FWM increases and thus allowing less optical

power to launch into fiber input. For example, fElfbit rate =IOGb/s, N=50, !i)"=0.5

nm, L=25km and receiver sensitivity= -14 dBm maximum allowable power at a BER

of 10"9decreases to -9.2 dBm from -5.2 dBm while increasing number of WDM

channel from 3 to 10. Increasing channel spacing, crosstalk decreases, thus increasing

maximum allowable power. For example, for <'.1,.=0.5nm Pin max is -5 dBm whereas it

increasesto 3.5 dBmfor <'.1,.=2.0urn. For SMF, it is found that as combined crosstalk of

SRS and XPM increase with fiber link length, long length system limiting the

maximum allowable input power to fiber. For example, at bit rate =10 Gb/s, M=3,

!i)..=l.Onm, receiver sensitivity= -14 dBm and BER =10"9maximum allowable input

power per channel is 6 dBm, 1.5 dBm and -2.5dBm for link length of 25 km, 100km,

and 200 km respectively. It is shown in the crosstalk analysis that due to combine

influence of SRS and XPM, denser wavelength spacing increases crosstalk, thus

maximum allowable power increases with increasing channel spacing.
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1.2 FUTURE WORK

Future work can be carried out to investigate the effect of self phase modulation
(SPM), Stimulated Brilliun Scattering (SBS) and polarization mode dispersion (PMD)
on SCM-WDM system. Two nonlinear terms generated in MZ modulator is
composite second order (CSO) and composite triple beat (CTB). Future study in CSO
and CTB is suggested. Analysis can also be carried out for other modulation format
for subcarrier modulation such as AM-VSB, QPSK, M-ary QAM etc.

Future work in this area can also be carried out for the experimental validation of the
theoretical results and to determine the optimum system parameters for reliable
system performance.
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