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Abstract—In dispersion compensated systems, the intensity modulated interfering channels, gives the intensity distortion
distortion induced by the interplay between cross-phase modu- of a continuous-wave (CW) probe signal at the end of a
lation and fiber chromatic dispersion can be a primary cause .ompensated system. The key idea is the following. The XPM
of transmission degradation. This interplay is mostly studied by L L
time-consuming computer simulations. This letter introduces a atthe e_nd of the_ “nk_ IS t_he Su_m of the XPM Conmb_u“_ons g_en-
new model of this interplay in fiber transmissions with dispersion €rated in each infinitesimal fiber segment. Each infinitesimal
compensation, leading to a linear filter that, applied to the input XPM contribution gives an infinitesimal intensity distortion by
intensity of a modulated interfering channel, gives the intensity PM/IM conversion [2] at the end of the link. The linear model
distortion of a continuous-wave probe signal at the receiver. The ,qqyjates that such infinitesimal contributicatd upto give
model can be of significant value in the search for optimized - . . . ; -
dispersion maps. the total outp'ut intensity distortion. The range of applicability
of the model is roughly the same as that in [2]. The model can
be of significant value in the search for optimized dispersion
maps.

The paper is organized as follows. Section Il derives the
XPM intensity filters, both for a single fiber and for a compen-

. INTRODUCTION sated system composed of several spans. Section Ill compares
ISPERSION compensation in long-distance high-sped@eory and simulation to validate the model for typical span-
wavelength-division-multiplexing (WDM) transmissionby-span compensation schemes. Finally, Section IV concludes
systems should ideally suppress the linear distortion duetf® paper.
group velocity dispersion (GVD) while strongly reducing four-
wave mixing effects [1]. However, self-phase modulation II. THEORY
(SPM) and cross-phase modulation (XPM), interacting with . . i
GVD, can still be primary causes of transmission degradation.COnSIder one span of single-mode fiber (SMF) of length

This letter concentrates on XPM. While the phase-t(\)'\-”th two copropagating channels,and p, having the same

intensity (PM/IM) conversion induced through GVD [2]polarlzatlon.Probechannels is CW, whilepumpchannelp is

by a phase modulation present at theput of the fiber intensity modulated, being,(0,«) the Fourier transform of

can be perfectly undone by a compensating fiber, the Olltlsé power at the beginning of the fiber. Let andv, be the

induced by XPM components generated away from the inpdfoUp velocities of the two channels, and &}, é_l/vs -
cannot be perfectly compensated, and the resulting residbidtr = DAXs, be the walkoff parameter [3], wittD the
intensity distortion impairs the performance of intensitjiPer dispersion at the probe wavelength akd,, the channel
modulated, direct detected systems. Such intensity distortiIPACINY- . o
has been mostly studied by means of computer simulations "€ Pump power at coordinate along the fiber, in the
because the nonlinear Sekinger equation is not analytically @ssumption of undistorted pumpas Fourier transform (with
solvable for general pulses when both the nonlinear and #ig$Pect to a time frame [moving with the probe group ve-
dispersive terms are present [3]. Simulations involving XPNecity) given by P,(z,w) = P,(0,w)exp((—a + jwdsp)z).
are almost prohibitively time consuming, because they requifée imaginary argument of the exponential term accounts
the propagation of all the WDM channels. for the time shift due to channel walkoff. The probe phase
This letter introduces a new linear model based on the ondisluced atz through XPM by propagation of such pump over
[2] leading to a filter that, applied to the input intensities of than infinitesimal segmentz is df,,(z,w) = —2vP,(z,w) dz.
Such phase modulation enters the remainingz km of fiber:
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where (P;) is the time averaged output probe powerthe 4
probe wavelength and the light velocity. The SPM induced £ 3 | —
by such infinitesimal power distortion is neglected. If th® g .,
infinitesimal intensity contributions add up, the total relativi& E, 1 Input
output power distortion on the probe is obtained by integratirnz_ | Power
(1) in dz over the fiber length: 0 ‘
335 T T
AP, @ Simulation
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where we defined the XPM/IM filter as a9 E 545 . Theory
c% 3051 (dashed))
H.p(w) 2%y 2 0 2 4 6 8 10
L 2 . .
/ A
2 47/ exp((—a+jwdsp)z) sin [wQ—D(L—z)} dz Normalized Time
0 dme Fig. 1. Simulations of a NZDF+ SMF system,R = 10 Gb/s,M = 10

spansAX = 0.8 nm. Top row: Input and output pump power (mW). Bottom
row: Output probe power. Time is normalized to the bit time 1/R.

= =293 exp(j(A?/4mc)D,w?)

4 ) . . . } ) .

g 3 P :

1—exp(((—a+j(dspw—(A? J4mc) Dw?)) L) £ . 1 | A Power j

. A2, o £ S, OUIDUL :
a—J(dspw_RDw ) ng. ; i | U \U | Pgwer i

— exp(—j(A\?/4nc)D,pw?)

5 395 Theory

1—exp(—a+j(dspw—+ (A2 /dmec) Dw?)) L) 2 3% N ﬁy@/d%ﬁed/ -

. A2, % Z 345 NS T /”\m\ A\ \/\A\/Aﬂ ,,,,,,, .

a—j(dspw+ RDW ) X E 505l ¢ %’i S/‘/;;él//af/bn -

@) o g ‘  (sote)
4 0 4 8 12 16 20
whereD, 2 DL is the residual accumulated dispersion from Normalized Time

Rl beglnnlng of the fiber to the end of the sy;tem. Fig. 2. Simulations of a SMF+ DCF system,R = 10 Gb/s, M = 10

Now consider the general case of a chain Mf end- spansAX = 0.8 nm. Top row: Input and output pump power [mW]. Bottom
amplified fiber links, witha;,v;, D;, (;, dg;)) the attenuation, row: Output probe power. Time is normalized to the bit time 1/R.
nonlinear and dispersion coefficients, the length and the

walkoff parameter of theth link, ¢ =1, - -, M, respectively. e present, the total relative probe power distortion can be

Suppose that théth amplifier has gairGy for the pump, S0 \yritten as the sum of the contributions due to each pump.
that the pump power at the input of thh link, in the undis-

torted pump assumptiofs F,(Ly,w) = CI(,’“)PP(O,w), where I

A ko1, (k) A rrk—1 NN
Lf“ B E(’Sl Alz and iy __Hi:1 exp((—ai +‘1w,d5p)lz),Gp ' In Figs. 1 and 2, we compare the results of simulations
with ¢, = 1. The residual accumulated dispersion froMye fomed by the split-step Fourier method [3] with the
thek bAeglnnmg of thekth link to the end of the system sy agictions of (2). Simulations include the effects of GVD,
D 2 %M, Dil;. Reasoning as before, the XPM contributiorspy and XPM for the pump, and GVD and XPM for the
A6 (z,w) = =2 Py(Ly,w)exp((—ay + jwds))z) dz probe. Simulations are carried out for a 10 span WDM system,
generated at coordinate of the kth fiber enters a “purely perfectly compensated after each span, with 5 dBm peak power
linear equivalent fiber” so that its contribution to the relativéor both pump and probe and channel spacioy = 0.8 nm.
output power distortion on the probeGSP§1’f)(z,w)/(PS>) = The pump is on—off keying (OOK) modulated with nonreturn-
—2sinfw?(\2/4rc)(DY) — Dyz)] d6) (z,w). Integrating as to-zero (NRZ) raised cosine pulses (rolloff 0.8) at a bit rate
before over the:th fiber length and adding the contributions® = 10 Gb/s, while the probe is CW. Fig. 1 refers to a
of all fiber segments, the overall XPM/IM filter for th&/ System in which the transmission fiber for each span is a

. SIMULATIONS

links becomes nonzero dispersion fiber (NZDF), with dispersidh = —2
Iy ps/nm/km, length! = 85 km, and a standard SMF with
H,p(w) = Zcﬁk)Hs(ﬁ)(w) @ D =17 ps/nm/km and lengthh = 10 km is used for span

compensation. Other parameters common to the two fibers
are the dispersion slop®’ = 0.07 ps/km/nni, the nonlinear
whereHﬁz’i)(w) is given by (3) with the appropriate parametersoefficienty = 2.35 W—1.km~! and the attenuatioa = 0.21

of the kth fiber. The relative probe power distortion at th&B/km. Fig. 2 refers to a system in which the transmission
system end is given again by (2). When several pump chanridter is a SMF as before, with = 57 km, and a dispersion

k=1
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100 ! probe corresponding to the ONE power level, and three
" e j compensating schemes are compared: the NADEMF and
NZDFSSME . o o SMF + DCF are the maps leading to Figs. 1 and 2; the third,
T ey DCF + SMF, uses the same fibers as the SMIPCF, but the
o e compensating fiber is placed right after the amplifier. We see
| T SMRDCE ; that the system minimizing the XPM-induced intensity noise is
w2l /S ‘ the SMF+ DCF, while the more common inverse map DEF
SMF, which optimizes the effect of SPM [6], performs worse
! in terms of XPM-induced intensity noise because of the large,
108 ‘ uncompensated XPM generated at the beginning of the SMF

0.0 100 20.0 30.0

Number of spans fiber, where the power level is still high.

DCF+SMF

o (MW)

Fig. 3. Probe power standard deviationversus number of spans in three
different maps. Solid: Simulation. Diamonds: Theory. Two neighboring pumps
at AX = £0.8 nm, OOK modulated at 10 Gb/s. Peak power of 5 dBm/ch. IV.- CONCLUSION
In this letter, we introduced a new linear model for the
compensating fiber (DCF) witlh = —95 ps/nm/km,l = 10.2 XPM-induced intensity distortion on a CW probe in a dis-
km, D’ = 0.07 ps/lkm/nni, v = 6 W—L.km~!, « = 0.6 dB/km persion compensated transmission system. By comparison to
is used for compensation. In both figures, the wavelength $fmulations we have shown that the model well captures the
exact compensation is halfway between channels. The figuessence of the interaction between XPM and GVD, giving
show the power of the pump both at the input and at the outggcurate predictions within the applicability range of the model
of the whole link (top), and the output power of the prob#& [2] upon which it is based, and within the validity of
(bottom), both simulated and predicted by (2). The pattethe undistorted probe assumption. The model neglects XPM-
“10110 111" is visible in the pump intensity. As seen from thanduced SPM effects on the probe. It is possible to extend the
figures, the linear model predicts reasonably well the shapeesent model to include the SPM generated by a modulated
of the output probe power (bottom graphs), even when tpgobe [7]. As long as the intensity distortions due to SPM
hypothesis of undistorted pump is violated (top graphs). Thisaed XPM can be considered asiditive and independent
due to the lowpass filtering action of walkoff on the generatidifie system performance evaluation greatly simplifies, and
of XPM [4]. We note that the probe modulation is larger ilPM-induced intensity modulation can be treated as additive
the NZDF + SMF system, because the XPM generation igtensity noise. We believe the model, together with its exten-
more efficient than in the SMA DCF system, and thus thesions to SPM, can be of great value in both quickly evaluating
intensity distortion is larger, as per (1). system performance and in the search for optimized dispersion
In Fig. 3, we consider the XPM-induced power modulatiomaps.
caused by two neighboring pumps on a central CW probe.
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