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IntroductionIntroduction

•• Fiber optic communicationFiber optic communication
–– Theoretical bandwidth >10THzTheoretical bandwidth >10THz
–– Wavelengths at 1550 nm with rates up to 100 Wavelengths at 1550 nm with rates up to 100 Gb/sGb/s
–– Dispersion problem solved with DSFDispersion problem solved with DSF
–– Optical amplifiers (EDFA) for large transmission distancesOptical amplifiers (EDFA) for large transmission distances

•• WDM technologyWDM technology
–– Multiple wavelength channels in a single fiberMultiple wavelength channels in a single fiber
–– DWDM to provide more capacityDWDM to provide more capacity
–– Multiplexer and deMultiplexer and de--multiplexer to combine and separate channelsmultiplexer to combine and separate channels

•• Modulation formats and simulation toolsModulation formats and simulation tools
–– NRZ and RZ formats used for communicationNRZ and RZ formats used for communication
–– VPI and MATLAB to simulate the models are a few usedVPI and MATLAB to simulate the models are a few used
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IntroductionIntroduction

•• Purpose of this ThesisPurpose of this Thesis
–– Tight spacing of wavelength channels in DWDMTight spacing of wavelength channels in DWDM
–– Optical signal in one wavelength affects the phase, amplitude Optical signal in one wavelength affects the phase, amplitude 

and time jitter of the neighboring channeland time jitter of the neighboring channel
–– Power in one channel phase modulates the neighboring channelPower in one channel phase modulates the neighboring channel
–– Chromatic dispersion conversion effectsChromatic dispersion conversion effects
–– XPM induced time jitter and analytical modelingXPM induced time jitter and analytical modeling
–– NRZ and RZ format discussionNRZ and RZ format discussion
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IntroductionIntroduction

•• Importance of this workImportance of this work
–– RWA in optical networksRWA in optical networks

•• Opaque, Translucent and Transparent networksOpaque, Translucent and Transparent networks
•• Greater scalability with transparent networksGreater scalability with transparent networks
•• Linear and nonlinear effects in the optical signalLinear and nonlinear effects in the optical signal
•• Power dependent and power independent effectsPower dependent and power independent effects
•• Physical links must be characterizedPhysical links must be characterized

–– Routing considerationsRouting considerations
•• An analytical model to characterize these impairmentsAn analytical model to characterize these impairments
•• Reject the low quality links, select the better linksReject the low quality links, select the better links
•• Model must be fast enough to reduce network delaysModel must be fast enough to reduce network delays
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Fiber CharacteristicsFiber Characteristics

•• Fiber basicsFiber basics
–– Core and cladding of different refractive indicesCore and cladding of different refractive indices
–– Step index and graded indexStep index and graded index
–– Single mode and multi mode fibersSingle mode and multi mode fibers
–– LED and Laser diodes for excitationLED and Laser diodes for excitation

•• Chromatic DispersionChromatic Dispersion
–– Different frequency component travel in slightly different speedDifferent frequency component travel in slightly different speed
–– Wavelength dependent group delaysWavelength dependent group delays
–– Different amount of time is taken for different spectral componeDifferent amount of time is taken for different spectral componentsnts
–– Results in pulse spreading with timeResults in pulse spreading with time
–– Measured in ps/nmMeasured in ps/nm--kmkm
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Fiber CharacteristicsFiber Characteristics

•• Fiber nonlinearitiesFiber nonlinearities
–– Dielectric in response to light will be non linearDielectric in response to light will be non linear
–– Increases with increase in data rates, span lengths and channelsIncreases with increase in data rates, span lengths and channels
–– Gives rise to detrimental effects which reduce the signal qualitGives rise to detrimental effects which reduce the signal qualityy

•• Nonlinear Index of RefractionNonlinear Index of Refraction

–– Dependence of refractive index on the intensity of optical signaDependence of refractive index on the intensity of optical signall
–– Produces XPM, SPM, FWMProduces XPM, SPM, FWM
–– XPM is mainly considered in this thesisXPM is mainly considered in this thesis
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Fiber CharacteristicsFiber Characteristics

•• Cross Phase Modulation (XPM)Cross Phase Modulation (XPM)
–– Power variations Power variations refractive index changes refractive index changes phase variationsphase variations

time jitter and intensity modulations due to chromatic dispersiotime jitter and intensity modulations due to chromatic dispersionn
–– Phase shift of the signal depends on power of other channel [1]Phase shift of the signal depends on power of other channel [1]

–– The nonlinear phase shift depends on the effective length and thThe nonlinear phase shift depends on the effective length and the e 
power of the probe and pump channelspower of the probe and pump channels

–– XPM also depends on bit patterns and wavelength separationXPM also depends on bit patterns and wavelength separation
–– If separation is wide enough, XPM effects are weak due to walk oIf separation is wide enough, XPM effects are weak due to walk offff
–– DWDM systems have narrow spacing thus increasing XPMDWDM systems have narrow spacing thus increasing XPM
–– Can be analyzed by solving SchrCan be analyzed by solving Schröödinger equationdinger equation

•• [1] [1] G.P.AgarwalG.P.Agarwal, Nonlinear Fiber optics,, Nonlinear Fiber optics, 33rdrd ed, Academic Press, San Diego, CA, 2001.ed, Academic Press, San Diego, CA, 2001.

( 2 )NL
j eff j m

m j

L P Pθ γ
≠

= + ∑



9

Fiber CharacteristicsFiber Characteristics

•• Self Phase Modulation (SPM)Self Phase Modulation (SPM)
–– Converts power fluctuations into phase fluctuations in the same Converts power fluctuations into phase fluctuations in the same 

wavewave
–– Time varying intensityTime varying intensity time varying refractive indextime varying refractive index time time 

varying phase changevarying phase change frequency shift from initial valuefrequency shift from initial value
–– Leading edge and falling edge frequency shifts Leading edge and falling edge frequency shifts –– Blue and red Blue and red 

shiftsshifts
–– Pulse broadens as it travels down the fiberPulse broadens as it travels down the fiber

•• Four Wave Mixing (FWM)Four Wave Mixing (FWM)
–– Spurious signals fall right on the original signalSpurious signals fall right on the original signal
–– Dispersion is inversely proportional to mixing efficiencyDispersion is inversely proportional to mixing efficiency
–– M cross products for N Wavelengths: M=NM cross products for N Wavelengths: M=N22/2(N/2(N--1)1)
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Fiber CharacteristicsFiber Characteristics

•• Eye DiagramsEye Diagrams
–– Qualitatively measures the signal quality with oscilloscope dispQualitatively measures the signal quality with oscilloscope displaylay
–– Helps in evaluating the system performanceHelps in evaluating the system performance
–– Undistorted eye will be clear and wide openUndistorted eye will be clear and wide open
–– Eye with signal impairments such as timing jitter and intensity Eye with signal impairments such as timing jitter and intensity 

modulations will have reduced eye openingmodulations will have reduced eye opening
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Analytical ModelingAnalytical Modeling

•• BackgroundBackground
–– Ref [2] and Ref [3]Ref [2] and Ref [3]
–– [2] involves only PM[2] involves only PM--IM and PMIM and PM--PM mechanismsPM mechanisms
–– Considered only intensity and optical phase fluctuationConsidered only intensity and optical phase fluctuation
–– Did not calculate timing jitterDid not calculate timing jitter
–– [3] involved only intensity distortion[3] involved only intensity distortion
–– Did not consider timing jitterDid not consider timing jitter
–– Did not consider RZ formatDid not consider RZ format

•• Our Analytical modelOur Analytical model
–– Considers both NRZ and RZ formatsConsiders both NRZ and RZ formats
–– Considers both intensity distortions and timing jitterConsiders both intensity distortions and timing jitter

•• [2] G. [2] G. GoegerGoeger, M. , M. WrageWrage, and W. , and W. FischlerFischler, , ““CrossCross--Phase Modulation in Multispan WDM systems Phase Modulation in Multispan WDM systems 
with Arbitrary Modulation Formatswith Arbitrary Modulation Formats””, IEEE photonics technology letters, , IEEE photonics technology letters, VolVol 16, No 8, August 2004. 16, No 8, August 2004. 

•• [3] Rongqing [3] Rongqing HuiHui, Kenneth R. Demarest, and Christopher Allen, , Kenneth R. Demarest, and Christopher Allen, ““Cross phase modulation in Cross phase modulation in 
multispan WDM optical fiber systemsmultispan WDM optical fiber systems””, J of , J of LightwaveLightwave Tech.,  Tech.,  VolVol 17, No. 6, June 199917, No. 6, June 1999
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Analytical ModelingAnalytical Modeling

•• Basic Considerations and EquationsBasic Considerations and Equations
–– CW (Continuous Wave) probe waveformCW (Continuous Wave) probe waveform
–– Pump with high power in the order of 13 Pump with high power in the order of 13 dBmdBm
–– Phase variation of probe channel due to Kerr interaction with Phase variation of probe channel due to Kerr interaction with 

pump channel along the fiber is [2]pump channel along the fiber is [2]

–– The above equation represents the power of the pump channel The above equation represents the power of the pump channel 
and the non linear coefficientand the non linear coefficient

–– The power of the pump channel is expressed as [2]The power of the pump channel is expressed as [2]

( , ) 2 ( , )i i kd z P z dzθ ω γ ω= −

,( , ) (0, ).cos( ).exp( / )k k k g kP z P q z z i z vω ω α ω= − −



13

Analytical ModelingAnalytical Modeling

•• This phase fluctuation will evolve into intensity modulation This phase fluctuation will evolve into intensity modulation 
(PM(PM--IM) and phase delay (PMIM) and phase delay (PM--PM) due to chromatic PM) due to chromatic 
dispersion [4]dispersion [4]

–– Since time jitter is the main focus of this thesis, the second Since time jitter is the main focus of this thesis, the second 
equation is taken into consideration to derive the analytical moequation is taken into consideration to derive the analytical modeldel

•• [4] J. Wang and K. [4] J. Wang and K. PetermannPetermann, , ““Small signal analysis for dispersive optical fiber communicationSmall signal analysis for dispersive optical fiber communication
systems,systems,”” J.LightwaveJ.Lightwave TechnolTechnol., ., volvol 10, pp.9910, pp.99--100, Jan 1992100, Jan 1992

( ) [ ], ,( , ) 2 ( )exp / ( ) .sin ( ) ( , )XPM i i g i i idP z P z i v L z q L z d zω α ω θ ω⎡ ⎤=− − − − −⎣ ⎦

( ) [ ], ,( , ) exp / ( ) .cos ( ) ( , )XPM i g i i id z i v L z q L z d zθ ω α ω θ ω⎡ ⎤= − − − −⎣ ⎦
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Analytical ModelingAnalytical Modeling

•• Concept of Walk offConcept of Walk off
–– Non linear interaction is effective only in the first walk off lNon linear interaction is effective only in the first walk off length of ength of 

the fiberthe fiber
–– Dispersion takes on from there onDispersion takes on from there on
–– Walk off length introduces intensity changes due to the relativeWalk off length introduces intensity changes due to the relative

alignment of the bit patternsalignment of the bit patterns
–– If no change in alignment, more fluctuations due to continuous If no change in alignment, more fluctuations due to continuous 

interactioninteraction
–– If the wavelength separation is large, the signals are well If the wavelength separation is large, the signals are well 

separated and results in lesser crosstalkseparated and results in lesser crosstalk
•• Phase noise to intensity noise conversionPhase noise to intensity noise conversion

–– Conversion matrix by [4] gives the conversion of PMConversion matrix by [4] gives the conversion of PM--IM and PMIM and PM--
PM mechanismsPM mechanisms
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Analytical ModelingAnalytical Modeling

•• XPM involving only intensity distortionXPM involving only intensity distortion
–– AssumptionsAssumptions

•• SPM and XPM act separatelySPM and XPM act separately
•• Usually they act together in a dispersive fiberUsually they act together in a dispersive fiber
•• But for infinitesimal length of fiber (considered here), they acBut for infinitesimal length of fiber (considered here), they act t 

independentlyindependently
•• Intensity distortions and crosstalk are represented as [3] Intensity distortions and crosstalk are represented as [3] 

–– mmjj(t(t) ) andand mmkk(t(t) ) are normalized probe waveform at the output and pump are normalized probe waveform at the output and pump 
waveform at the inputwaveform at the input
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Analytical ModelingAnalytical Modeling

•• XPM involving both intensity and time jitterXPM involving both intensity and time jitter
–– Power variations Power variations refractive index changes refractive index changes phase variationsphase variations

time jitter and intensity modulations due to chromatic dispersiotime jitter and intensity modulations due to chromatic dispersionn
–– Two separate effects combines to distort the signalTwo separate effects combines to distort the signal
–– Intensity distortions Intensity distortions –– broadening of railsbroadening of rails
–– Timing jitter Timing jitter –– broadening of edgesbroadening of edges
–– Frequency shift at the edges depends on channel spacing and Frequency shift at the edges depends on channel spacing and 

intensityintensity
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Analytical ModelingAnalytical Modeling

•• Model DerivationModel Derivation
–– Pump and probe channels with 0.8 nm spacingPump and probe channels with 0.8 nm spacing

– Let dz be the small section of fiber for the analysis 
– Let z’ be the portion of the fiber at a distance (z’-z)
– Phase of probe changes due to power of pump channel

dz

z L
dΦ(z,ω)

z z'
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Analytical ModelingAnalytical Modeling

•• Model DerivationModel Derivation
–– As a result of crossAs a result of cross--phase modulation, the phase variation of the phase modulation, the phase variation of the 

signal channel (signal channel (ii) due to the presence of pump channel () due to the presence of pump channel (kk) in a ) in a 
short fiber section short fiber section dzdz at at zz is [9]is [9]

–– The equivalent wavelength variation isThe equivalent wavelength variation is
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Analytical ModelingAnalytical Modeling

•• Model derivationModel derivation
–– After integration, the time jitter at the output of the fiber isAfter integration, the time jitter at the output of the fiber is given bygiven by

–– The term A(The term A(ωω) is given by) is given by
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Analytical ModelingAnalytical Modeling

•• Model derivationModel derivation
–– Term B(Term B(ωω) is given by) is given by

–– For MultiFor Multi--span system, the nspan system, the nth th span will see the Dispersion in the span will see the Dispersion in the 
(n+1) spans.(n+1) spans.
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•• Model derivationModel derivation
–– With Dispersion compensation AWith Dispersion compensation Ann((ωω) is) is
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Analytical ModelingAnalytical Modeling

•• Model derivationModel derivation
–– With Dispersion compensation With Dispersion compensation BBnn((ωω) is) is

–– Time jitter = Time jitter = 
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Simulation ModelsSimulation Models

•• Simulation models availableSimulation models available
–– VPI (Virtual Photonics Inc)VPI (Virtual Photonics Inc)
–– Almost physical realization of a systemAlmost physical realization of a system
–– Test the existing systems and build networksTest the existing systems and build networks
–– Provides laser diodes, modulators, filters etcProvides laser diodes, modulators, filters etc
–– Simulates SPM, XPM, FWM, SBS, SRS, PMD etcSimulates SPM, XPM, FWM, SBS, SRS, PMD etc
–– Disadvantage: Very slow in simulating the impairmentsDisadvantage: Very slow in simulating the impairments
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Simulation ModelsSimulation Models

•• VPI Block diagramVPI Block diagram
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•• MATLABMATLAB
–– Our analytical model is Our analytical model is 

implemented in MATLABimplemented in MATLAB
–– Text output from VPI is used Text output from VPI is used 

for fair comparisonfor fair comparison
–– 1. Intensity fluctuation transfer 1. Intensity fluctuation transfer 

functionfunction
–– 2. Bessel low pass filter2. Bessel low pass filter
–– 3. Time jitter transfer function3. Time jitter transfer function
–– 4. Pump 1549.6 nm4. Pump 1549.6 nm
–– 5. Probe 1550.4 nm5. Probe 1550.4 nm
–– 6. Normalization block 6. Normalization block 
–– 7. Dispersion and SPM effects7. Dispersion and SPM effects
–– 8. Eye diagram8. Eye diagram
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Simulation ModelsSimulation Models

•• Model DifferencesModel Differences
–– Not possible to measure the time jitter in case of CWNot possible to measure the time jitter in case of CW
–– Both channels are modulated in VPIBoth channels are modulated in VPI
–– Output probe waveform is affected by SPM, dispersion, XPMOutput probe waveform is affected by SPM, dispersion, XPM
–– SPM and dispersion implemented separately in MATLABSPM and dispersion implemented separately in MATLAB
–– Split step Fourier transform is used for SPMSplit step Fourier transform is used for SPM
–– Time jitter and Intensity modulation are added onto the probe Time jitter and Intensity modulation are added onto the probe 

waveform to see the effectswaveform to see the effects
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MATLABMATLAB VPI
At laser diode output

Comparison criteria for NRZComparison criteria for NRZ
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Power
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Average power = Peak power / 2
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MATLABMATLAB VPI
At laser diode output

Comparison criteria for RZComparison criteria for RZ

Simulation ModelsSimulation Models

Peak 
Power
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ResultsResults

•• Transmission of single probe channelTransmission of single probe channel
•• Comparison with [5]Comparison with [5]
•• NRZ analysisNRZ analysis

–– Single spanSingle span
–– Three spanThree span

•• RZ analysisRZ analysis
–– Single spanSingle span
–– Three spanThree span

•• [5] [5] -- MichealMicheal EiseltEiselt, Mark , Mark ShtaifShtaif, and Lara D. Garrett, , and Lara D. Garrett, ““Contribution of timing jitter and Contribution of timing jitter and 
amplitude distortion to XPM system penalty in WDM systemsamplitude distortion to XPM system penalty in WDM systems””, IEEE photonics tech , IEEE photonics tech 
letters, letters, volvol 11, no 6, June 1999.11, no 6, June 1999.
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ResultsResults

•• Transmission of single probe channelTransmission of single probe channel
–– Exhibits no distortionsExhibits no distortions
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•• Comparison with [5]Comparison with [5]
–– Dispersion of 2.7 ps/nmDispersion of 2.7 ps/nm--km, length of 100 Km, NRZ formatkm, length of 100 Km, NRZ format
–– Calculates intensity and timing jitter for NRZ systemsCalculates intensity and timing jitter for NRZ systems
–– Focuses mainly on intensity distortionsFocuses mainly on intensity distortions
–– Horizontal eye closure of Horizontal eye closure of ±± 10 ps10 ps
–– Eye closure of 10 ps with the model and 13.6 ps with VPI for 180Eye closure of 10 ps with the model and 13.6 ps with VPI for 180

ps delay between pump and probeps delay between pump and probe
–– Gradual walk off effect account for difference in valuesGradual walk off effect account for difference in values
–– Power levels from 5 to 20 mW were consideredPower levels from 5 to 20 mW were considered
–– Comparison is made between the analytical model and VPI modelComparison is made between the analytical model and VPI model

ResultsResults
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ResultsResults

•• Comparison for 5 mW of pump power levelComparison for 5 mW of pump power level
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ResultsResults

•• Comparison for 10 and 20 mW pump powerComparison for 10 and 20 mW pump power
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•• Comparison of time jitter Comparison of time jitter 
values for 180 ps delayvalues for 180 ps delay

Power in 
mW

MATLAB time 
jitter in 

ps

VPI time 
jitter 
in ps

5 2 4.8

10 4.6 7.9

15 7 10.5

20 10 13.6

Power versus time jitter values for MATLAB and VPI models
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•• Comparison of time jitter Comparison of time jitter 
values for 270 ps delayvalues for 270 ps delay

Power in 
mW

MATLAB 
time 

jitter in 
ps

VPI time 
jitter 
in ps

5 3.5 4.6

10 5.5 6.3

15 8 9.5

20 11.8 13

Power versus time jitter values for 270 ps delay between pump 
and probe data patterns
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ResultsResults

•• Delay versus time jitter valuesDelay versus time jitter values
–– Gradual walk off effect accounts for differencesGradual walk off effect accounts for differences

Time jitter versus delay in ps
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ResultsResults

•• NRZ 1 span comparison for 5 mW pump powerNRZ 1 span comparison for 5 mW pump power
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ResultsResults

•• 20 mW comparison20 mW comparison
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• NRZ 1 span time jitter 
comparison for 180 ps delay

Power in mW MATLAB time 
jitter in ps

VPI  time 
jitter in 

ps

5 14 17.3

10 16 18

15 18.2 19.2

20 19 20

Power versus time jitter values for 180 ps delay
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ResultsResults

•• NRZ 3 span system 5 mW comparisonNRZ 3 span system 5 mW comparison
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ResultsResults

•• 10 mW and 20 mW comparison10 mW and 20 mW comparison
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•• Time jitter comparison for 30 Time jitter comparison for 30 
ps delayps delay

•• Time jitter comparison for 180 Time jitter comparison for 180 
ps delayps delay

Power versus jitter at 30 ps delay between the pump and probe
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Power versus jitter at 180 ps delay between the pump and probe
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ResultsResults

•• RZ 1 span 5 mW and 20 mW comparisonRZ 1 span 5 mW and 20 mW comparison
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ResultsResults

•• Comparison for time jitter values for 270 ps delayComparison for time jitter values for 270 ps delay
Time jitter versus Delay
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Power in 
mW

MATLAB 
time jitter in 

ps

VPI time 
jitter in ps

5 3.25 3.75

10 3.5 3.85

15 3.75 3.95

20 4.1 4.2
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ResultsResults

•• Delay versus time jitter comparison for 1 spanDelay versus time jitter comparison for 1 span
–– Gradual walk off effect accounting for differencesGradual walk off effect accounting for differences

Time jitter versus delay
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ResultsResults

•• RZ 3 span analysis; comparison for 5 and 20 mW powerRZ 3 span analysis; comparison for 5 and 20 mW power
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ResultsResults

•• Comparison of time jitter values for 270 ps delayComparison of time jitter values for 270 ps delay
–– 3 dB difference3 dB difference

Power versus time jitter values for RZ 3 span system
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•• Execution timeExecution time

• We can see that our analytical model performs a lot faster than the VPI 
model

Number of 
spans

VPI execution 
time in s

MATLAB execution 
time in s

1 ~ 12 1.4

3 ~ 38 2.5

ResultsResults
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Conclusion and Future workConclusion and Future work

•• An analytical model is developed which efficiently models An analytical model is developed which efficiently models 
the XPM impairmentthe XPM impairment

•• Improvement in execution times therefore can be Improvement in execution times therefore can be 
efficiently used in RWA algorithmsefficiently used in RWA algorithms

•• RZ format performance was analyzed which was not dealt RZ format performance was analyzed which was not dealt 
with previous research paperswith previous research papers

• Future work includes implementing the gradual walk off 
effect in the analytical model to resolve the differences
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Thank you

Questions??Questions??
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