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Abstract: The influence of crossphase m odulation K PM ) and four-
wave m xing FW M ) on the perform ance of W DM  system s ushg
dispersion-shifted fibers 0 S) and non-zero dispersion shifted fibers
NNZDS) are studied and the role of these effects in the penalty for
different cases are discussed .

I. NTRODUCTDN

O ptdcal nonlnear effects can cause serious degradations
n the perform ance of wavelength division multplexed
W DM ) system s [1]. The nonlnear effects of crossphase
modulation XPM ) and fourwave mixing W M ) have
been considerad tw o of the m ost significant effects in the

signal degradation forW DM system s.

In XPM , the ntensity modulation of each m odulated
channel changes the refractive index of the fiber, which m
tum modulates the phase of the other co-propagating
channels. Durng propagation, the fber dispersion
converts this phase m odulation into am plitide m odulation,
degrading the system perform ance. FW M is a nonlnear
phenom enon in which 2 (or 3) photons m ixes to genemate
a thid (r fourth) at a firequency ... If the sysem
em ploys equal channel spacing, the FW M tone m ay have
the same fiequency as one of the W DM channels. The
crossak due to the nterference between aW DM channel
w ith the overlapping tones can significantly degrade the
system perform ance.

Considering the FWM does not have a significant
mpact n W DM system s using standard fibers © = 17
ps/Akm -nm ) due to the low FW M efficiency caused by high
dispersion, XPM is the main nonlnear effect n these
sysems R]. MW DM sysemsusingDS fibersorNZDS
fibers the XPM and FW M have different ttends depending
on the chamcteristcs of each sysem (g. channel
goacing, channel pow er, region where the channels are
allocated, efr) and the param eters of each fiber.

S.Tenetal. B] compared FW M and X PM in paim ents
naW DM system twough analysis of the Q param eter. Tn
this paper the system perform ance is evaluated In term s of
eye diagram penalty using different m athem atical m odels
t© evaluate the mfluence of XPM and FW M . In Section 2,
theW DM system characteristics are discussed and system

setup is show ed. Tn Section 3, the num erical results of the
sin ulations forthe system s are presented.

II.THEW DM SYSTEM

The M DD system setup is showed in fig. 1. Tt consists
of a set of deal tranam itters, mulbplexer, single-m ode
fivers DOSF or NZ-DSF), ideal optical am plifiers
fhoiseless), demulbplexer and a set of ideal optical
receivers.

A .The Tranam iter

Each tranam itterhas a laser source that em its a noissless
128 pseudorandom bit sequence. The optical signal isa 10

Gbps NRZ signal. The bit sequence is passed by an
electrical gaussian filterw ith a bandw idth of 9 GH z.

B.TheMUXDEMUX
They are idealm ultdplexerand dem ultplexer.
C .The Shgle-M ode F ibers

Two single-m ode fberswerrused:aD S fiberand aN Z -
DS fiber. The pamam eters of these two fibers are showed
on @bl 1. The N onlnear Schrddinger Equation w as used
form odeling the light propagation In the fber.

D .The O ptical Am plifier

The optical amplifier model is considered an ideal
noiseless EDFA wih constent gan. Each amplifier
com pensates the losses caused by the fiberattenuation .

E .The Receiver

A fter propagating through the optical 1link, the optical
gignal is received by an ideal PIN diode.
1=K -|a(zt)

The detector responsivity, K, chosen is 1 AN .
A ftevw axds, the detected photocunent is low -pass filtered
by a gaussian filerw ith a bandw idth of 9 GH z.
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Figure 1-System configuration

TABLE 1
CHARACTERISTICS OF THE FIBERS

DSF NZ-DSF
A ttenuation C oefficient 024 025
@B Am )
EffectiveArea (im?) 52 72
D ispersion Sope 0075 01143
fos/hm * km )
Chrom atic D ispersion* 06 42857
fos/m km )
Zer D igpersion 1550 =15125
wavelength m )

* Th a specific wavelength, DSF: A= 1558 nm ; NZDSF:
A= 1550 rm

IIT.NUM ERICAL RESULTS

The splitstep Fourer method is used to simulated
W DM signal propagation in the optical fibers. Two
different approaches are used In the sin ulations t© study
the iInfluiences of XPM and FWM in the signal
degradation. One apprach considers all Kerr effects
(SPM ,XPM and FW M ), and another neglects the FW M
effect. n this way, the wle of XPM and FW M nonlinear
effects In the W DM system s m ay be analyzed. A lthough,
the Stimulated Ram an Scattering effect is not lnclude
the models simulated, the results showed here do not
suffer considerably difference if the SRS were included
[45].

The system perform ance analysis is based on m easuring
the eye diagram closure compared to a back-to-back
situation.

A .Non-Zero D ispersion Shifted F ber

The first M DD system studied utilizes NZ-DS fiber.
This system consists of 3 goans of 80 km , form ing a 240-
km optcal Iink. hidally, the penalty In the channel 1 as
fimction of the variation In the num ber of channels 1 the
W DM system is analyzed. In the case showed In Fig. 2,
the num berof channels in the system wasvared from 1 t©
10 (1, Fg. 2b), and the channel spacing is 100 GHz
Fig.2a) and 50 GHz Fi.2 D). The sin ulated procedure
consisted of propagating a single channel nitally; this
channelw as located In the 1550 nm w avelength . A fter this

propagation, another channel is added w ith a fiequency
separation of 100 GHz Qa), or 50 GHz @b), and the
sim ulation is repeated. This procedure continues until the
system reaches 10 (11) channels, being channel 1 a central
channel.
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Figure 2 - Penalty In the channel 1 (central) as a function of the
num berof channels in a 240-km W DM tansnm ission system w ith
FWM (open symbols) and wihout FW M (0lid) for a channel
spacing of @) 100 GHz, ) S0GHz.
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Ih the Fig. 2 a for 100 GH z spacing, is possble to see
thatthe FW M influence in the penalty of channel 1 could
be negligible without losing the accuracy for the three
different peak powers sinulated. W hat m eans that the
XPM is the m ain nonlnear effect to mfluence the signal
degradation I this system . Th the other way, when the
channel spacing is decreased t© 50 GHz, Fig.2b shows a
great difference am ong the results w ith and w ithout FW M
for optical peak powers where the nonlnear penaltes
become significant (7 mW and 15 mW ). The lower
channel spacing increases both the mfluence of XPM and
FW M effects. The FW M m xing efficiency becom es so
In portant that is not possible t neglect this effect like in
Fig. 2 a. Another in portant feature observed In the two
grephs is the penalty satumation when ncreasing the
num ber of channels. The num berof channels n w hich this
saturation is verified depends on how stong is the
nonlineareffect.

To analyze the behavior of W DM system s in different
r=gions of the fiber bandw idth, a six-channel @40 km)
W DM system was sin ulated and the results are showed n
Fig. 3. The wavelength of channel 1 has vared
fw avelength range is 1530 nm t© 1590 nm ), although the
rlative pogition among the channels has been kept
constant My, Ay = A+hg, Ay = AAg, Ay = A+2hg, As = Aq-
2As, A¢ = A+3Ag) . The channel spacing utilized w ere 100
GHz Ba)and50GHz B b).
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Figure 3 - Penalty I the channel 1 as a fimction of is
wavelength h a 240 km -6 channelsW DM tranam ission system
wih FWM (pen symbols) and wihout FW M (0ld) for a
channel spacing of @) 100 GH z, (o) 50 GH z.

Fig. 3 a show s a good agreem ent am ong the results w ith
and without FW M . However, this difference could be
Tncreased w hether the chl w avelength becom es low ex than
1530 nm , causing a Jow er digpersion and consequently a
better FW M efficiency . If the peak pow er becom e higher
than 15 mW the difference am ong the results w ill tend ©
ncrease to. For the siuation showed In Fig.3a, FW M
could be neglected. n Fig. 3 b, fora channel spacing of 50
GHz, there are great differences In the results when the
pesk power is over 05 mW (@Epproximately a lnear
system ). The FW M effect becom es srong and nfluences
greatly the system penalty, but the FWM tends to
din inich, as the chl wavelength tends to Increase, due to a
higher dispersion. The increasing in the FW M efficiency
due the channel spacing causes these differences.

B .D ispersion Shifted F ber

I the second part, system s using DS fiber have been
studied. This system consists of 6 gpans of 80 km  form Ing
a 480-km optical link. The procedure used t© obtain the
penalty in the channel 1 as fimction of the number of
channels In the system is the same utilized In the last
section @ ),butnow the channel spacing is100 GHz Fig.
4a) and 200 GHz Fig. 4b). The first channel was
allocated In 1558 nm , and the num ber of channels was
varied from 10 9,Fig.4a,and fiom 1t©6,Fig.4 b.
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Figure 4 — Penalty In the channel 1 as a fimction of the num ber
of channels in a2 480-km W DM tranam ission system w ith FW M
(Open sym bols) and w thout FW M (e01id), fora channel spacing
of @) 100GHzand b) 200 GH z.

Fig. 4a (channel spacing of 100 GHz), shows great
differences in the results w ith and w ithout FW M forpeak
powers higher than 05 mW . The soong FW M  effect
causes the eye close wih as few channels as showed In
Fig.4 a.Forsystem s w ith two and three channels the eye
diagram closes alm ost com pletely for pesk pow ers of 7
mW and 15 mW , respectively. These results show how
stong FWM is In a system using DSF and 100 GHz
channel spacing, and it is possible t© conclide that FW M
is the dom nantnonlineareffect n this system . W Fig.4 b
for a channel spacing of 200 GH z the results are =ally
different of Fig. 4a. In this case the Increase In the
channel spacihg vield a lower mfluence of FW M 1 the
system penalty.Only forapesk powerof 15 mW there is
considerably differences in the results. The higher channel
gpacing caused a decrease It the FW M efficiency .

To analyze the behaviorofaW DM system using DSF In
different r=gions of the fiber bandw idth, a fourchannel
W DM system is sinulated and the results are howed in
Fig. 5. The wavelength of channel 1 was vared

fw avelength range is 1530 nm t© 1590 nm ), although the
rlhtive pogition among the channels has been kept
constant A1, Ay = A+Ag, As = AiAg, Ay = A+2Ag). The
channel spacing utilized isf; = 200GHz B a).
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Figure 5 - Penalty In the channel 1 as a fimction of is
wavelength in 2 480 km -4 channelsW DM tranam ission system
wih FWM (Open symbols) and wihout FW M (0ld) for a
channel spacing of 200G H z.

Inh Fig. 5 is possble to see a great difference in the
reaults with and wihout FW M 1n the rgion near 1550
mm . It is because 1550 nm is the wavelength of zero
dispersion n the DS fiber (@ble 1) and near this point the
FW M efficiency is very high due a Iow dispersion.W hen
the channel 1 wavelength get aw ay of this r=gion the wo
approaches have the sam e results.

IV .CONCLUSDN

W e studied numerically the influience of XPM and
FWM in10GbpsW DM system susing tw o different fiber
types,NZD S and D S fibers.

In the NZD S fiber , the sim ulations have shown that for
channel spacings lrger than 50 GHz, FWM could be
neglected w ithout loss of accuracy, i. e., XPM is the
dom Inant nonlnear effect n the NZD S fiber system s to
degrade the signals in the C and L band, even w ith high
optical pow ers. H ow ever, for channel spacings of 50 GHz
or ower, the FW M nfluence becom e higher and could
notbe neglected.

W ih DS fiber, the FW M effect was the soongest effect
o degrade the system perfom ance In the r=gion near the
zero-digersion point due t© the good phass match.
However, In rgions far fiom this pont, L band for
example, the FW M mIfluence drops drastically, and the
XPM m ay becom es the m ain nonlinear effect. For channel
goacing of 200 GH z, FW M w as the m aln effect to degrade
the signal n a r=gion betw een 1540 nm and 1560 nm , but
outside this region X PM becam e the m ain nonlineareffect
and FW M could be neglected.
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