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Abstract—The spectral characteristics of cross-phase modu- the nonlinear Kerr effect and phase-noise to intensity-noise
lation (XPM) in multispan intensity-modulation direct-detection  conversion through fiber dispersion.

(IM-DD) optical systems are investigated, both experimentally In this paper, we report the results of an experimental

and theoretically. XPM crosstalk levels and its spectral fea- .
tures are found to be strongly dependent on fiber dispersion and theoretical study on the frequency response of XPM-

and optical signal channel spacing. Interference between XPM- induced crosstalk in multispan WDM optical systems, both
induced crosstalk effects created in different amplified fiber with a single fiber type and with mixed fiber configurations.
spans is also found to be important to determine the overall Section Il presents the theoretical analysis, where the crosstalk
frequency response of XPM crosstalk effects. XPM crosstalk |aye) js found to be dependent on the both optical channel
between channels with different data rates is evaluated. The . . . .
crosstalk level between higher and lower bit rate channels is spacing and the fiber dispersion. _Inte_rference betyyeen XPM'
found to be similar to that between two lower bit rate channels. induced crosstalk effects created in different amplified optical
The effect of dispersion compensation on XPM crosstalk in spans is found to have a strong impact on the overall spectral
multispan optical systems is discussed and per span dispersionfeature of XPM-induced crosstalk. A simple analytical ex-
fﬁé“gfefgif‘g‘f’”xvp"ﬁ I:?gggtzta(l)kbe the most effective way to minimize yregsjon is obtained to describe the XPM-induced crosstalk.
' Section Il details the experimental procedure, major results
and the comparison with theory. The impact of XPM crosstalk
I. INTRODUCTION on the system performance will be discussed in Section IV.
ROSS-PHASE modulation (XPM) has an important iml? particular, XPM crosstalk between channels with different
pact on the performance of high_speed Wave|ength (ﬂata rates is evaluated in hybrld WDM Optlcal SyStemS. The
vision multiplexing (WDM) optical fiber communication sys-Crosstalk level between high and low bit rate channels is
tems [1], [2]. XPM originates from the Kerr effect in opticalfound to be similar to that between two low bit rate channels.
fibers, where intensity modulation of one optical carrier cah€ effect of dispersion compensation on XPM crosstalk in
modulate the phases of other copropagating optical signglsltispan optical systems is also discussed, and per span
in the same fiber. Unlike coherent optical systems, intensitfiSpersion compensation is found to be the most effective way
modulation direct-detection (IM-DD) optical systems are ndp Minimize the impact of XPM crosstalk.
particularly sensitive to signal-phase fluctuations. Therefore,
crosstalk-induced phase modulation alone is not a direct source [I. THEORETICAL ANALYSIS

of performance degradation in IM-DD systems. However, du€The theoretical analysis begins with the nonlinear wave

to the chromatic di;perfsion of optical fibgrs, phase mOdU|atiB'ﬂopagation equation [5]. Consider probe and pump optical
can be converted into intensity modulation [3] and, thus, C&ynals, A;(t, z) and Ag(t, z), copropagating in the same
degrade the IM-DD system performance. optical fiber. The evolution of the probe wave is described

It has been reported previously that XPM created phaseg; (a similar equation can be written for the pump wave)
modulation is inversely proportional to the signal baseban

modulation frequency [4]. Since only the phase modulation OA;(t, 2) _ C At 2) - 1 94A4(¢, 2)
was analyzed in [4], the results are not directly applicable 0z 2707wy ot

to IM-DD optical systems. On the other hand, the effect i O A;(t, 2)

of phase-noise to intensity-noise conversion through fiber T T 9,2
dispersion was also studied [3] for single channel optical + ivypi(t, 2)Ai(t, 2)

systems where the phase noise is originated from semicon- i 2 (F — At 1
ductor lasers. In WDM-IM-DD optical systems, XPM-induced 2t = 2fu, 2)44(¢ 2) @)
crosstalk involves both phase-modulation generation througihere « is the attenuation coefficient of the fibe#; is the

_ _ _ _fiber chromatic dispersion parameter, = 27ns/(\; Aeg) is
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different from that in the literature (e.g., [5, eq. (7.1.17)])The Fourier transformation of this phase variation gives

Due to chromatic dispersion, the pump and the probe waves ~ ‘ ,

generally travel at different speeds and this difference must dd; (2, 2) = 27;pi(Q, 0)el—oHiRZ g 3)

be taken into account in the calculation of XPM because it

introduces the walk-off between the two waves. We use Neglecting the intensity fluctuation of the probe channel,

and vy, to represent the group velocities of the two channelghis phase change corresponds to a change in the electrical
On the RHS of (1), the first term is attenuation, the secoi@!d, £; exp[id; (T, 2')] ~ E;[1 + id¢;(T, 2')], or, in the

term is linear phase delay, the third term accounts for chrbourier domaink;[1 +id¢; (€2, 2')], wheredg;(Q2, 2') is the

matic dispersion, the fourth term is responsible for self-phakeurier transform ofl¢; (T, »') and E; represents the average

modulation (SPM) and the fifth term is the XPM in the probéeld amplitude.

signal (), induced by the pump signak). The strength of = Due to chromatic dispersion of the fiber, this phase variation

the XPM is proportional to the optical power in the pump angenerated at = 2’ is converted into an amplitude variation

the fiber nonlinearity. In order to simplify the analysis anét the end of the fiber = L. Taking into account only

focus our attention on the effect of XPM induced interchann#ie dispersion and a source term of the phase perturbation

crosstalk, we neglect the interaction between SPM and XPalz = #’, the Fourier transform of (2) becomes

and pretend that these two act independently. We will assume. R,

that the probe signal is operated in continuous wave (CV\I?EJ(Qv z) - 1522 E{(Q, 2)+E;[1+idp(Q, 2)]6(z—2)

whereas the pump signal is modulated with a sinusoidal wave 9z 2

at a frequency. Although the effect of SPM for both thew ere the Kronecker deli@& = — 2') is introduced to take into

probe a_md the pump channels are neglected in tr_ns XP¥count the fact that source term exists only in an infinitesimal
calculation, a complete system performance evaluation MESE: section at: — 2. Therefore. at the fiber output= L
take into account the effect of SPM and other nonlinear effeq?e probe field is . '

separately. This approximation is valid as long as the pump
signal waveform is not appreciably changed by the SPM-£.(Q, L) = E; +idg;(, 2)E; explifQ®(L — 2')/2).
induced distortion before its optical power is significantly

reduced by the fiber attenuation. Under this approximation, weThe optical power variation caused by the nonlinear phase

neglect the fourth term on the right-hand side (RHS) of (1) ijodulation created in the short sectidn at z = 2 is thus
our XPM evaluation. Using the substitutiois= ¢t— z/v; and

A (t, z) = E;(T, 2) exp(—az/2), we have, Ad( 2, L) =|E;(Q, L))? - E3
= — 2E%d¢;(Q, 2) sin[BQ*(L - 2) /2]

an(T, Z) Lﬁg 82Ej(T, Z) :
Oz N 2 or? 2T = djez, 0) where a linearization has been made considering dhatis
-exp(—az)E;(T, z) (2) infinitesimal.

Using E;(T, z) = A;(T + z/v;, z) exp(az/2) and (3),
whered;;, = (1/v;) — (1/vg) is the relative walk-off between integrating all pross—phase_modu'lation cont'ributions along the
the probe and the pump. Using a linear approximation, ﬂffger,_ we obtain the total intensity fluctuation at the end of
walk-off d;, can be expressed ag;, = DA);,, where the fiber
D = —(2rc/A\%)B, is the fiber dispersion coefficient\ ‘ L
and ) are, the wavelength spacing and the average wavelengfks;x(Q, L) = — 4v;p;(0)e= (=7 /vl / pr(£2, 0)
between the probe and the pump, respectively, ams the . O‘Qd y
light velocity. Here a linear approximation is used . for -sin[ B0 (L — 2) /2e” (T q - (4)
simplicity and higher order dispersion effects are neglected. R R .
This is valid when the channel spaciny);, is not too Where,p; = [A;|* and Asj(Q, L) = Aan(Q, L)e™
large. Coincidentally, this is the condition where cross-pha&gPresents the fluctuation of;. After integration, we have,
modulation is significant.

In general, dispersion and nonlinearity act together along Asje(2, L) -
the fiber. However, in an infinitesimal fiber sectidh, we = 2p; (L), % pi(2, 0)
can assume that the dispersive and the nonlinear effects act exp(iB2Q*L/2) — exp(—a + iQd;1 )L
independently, the same idea as used in the split-step Fourier ’ { i(o— i, + 132927 )2)

method [5]. LetE; (T, z) = |E;| explig; (T, z)], where|E;|

and ¢; are the amplitude and the phase of the optical field,

respectively, of the probe channel. Taking into account the

effect of cross—phas.e modulation a!oneg:# #', the nonlinear where p;(0) and p;(L) are the probe optical power at the

phase modulation in the probe signal induced by the pumip, ;v and the output of the fiber, respectively. Under the

signal in the small fiber sectiotiz can be obtained as assumptions thatxp(—aL) < 1 and that the modulation

bandwidth is much smaller than the channel spacing, i.e.,

do;(T, 2') = v;2pi(T — d;r7, 0) exp(—az’) dz. djr > 3:92/2, we find a simpler frequency domain description

exp(—if2Q2L/2) — exp(—a + i§2d;) L 5
B (o — iQdjy, — i32922/2) } ®)
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of the intensity fluctuation in the probe channel caused by theAfter the square-law detection of a photodiode, the electrical
intensity modulation of the pump channel power spectral density is the Fourier transform of the auto-
sin(5021,/2) L correlation of the time domain optical intensity waveform.
———— € 7.

A8k (Q, L) = 4v;p;(L)pr(£2, 0) o — Therefore, we have,
ik

_ _ B pi(@, Ly) = P {pi(La)E(Q) + [ASH(Q, Ly)P} (10)
Equation (6) can be generalized to analyze multispan opti-
cally amplified systems, where the total intensity fluctuatiomhere 6 is the Kronecker delta ang is the photodiode
at the receiver is the accumulation of XPM contributionsesponsivity. For? > 0, the XPM induced electrical power
created by each fiber span. For a system having a total splectral density in the probe channel, normalized to its power
N amplified fiber spans, the XPM created in thgh span level without this effect can be expressed as,
produces an intensity modulatiaﬁ§§’,l’)(9, Ly) at the end

of the system. Even though the phase modulation creation Apjr (S, ij’)
depends only on the pump power and the walk-off within the _ 7?|AS(Q, Ly)?
mth span, the phase-to-intensity conversion depends on the o 772p§(LN)
accumulated dispersion of the fibers from théh to the Nth
spans. Therefore, we have N -
A, L) =2 J4upk) (@ 0) exp [0 Y7 d) L
m—1 =1 n=1
= 4y (Ly)p™ (2, 0) exp | > YL .
n=1 N
N sin |2 Zﬁén)L(") 2
sin Q2 S gWrm /o —
,;l 2 . ’ e (11)
@ exp(iQLy /v;)  (7) o — iQdy
o — 'L'de?C

N ) . . ) )
where, Ly = 3, L™ is the total fiber length in the we defineAp,, (€2, Ly) as the normalized XPM power trans-
system,L(™ andﬁgm) are fiber length and dispersion of thefer function, which can be directly measured by a microwave
mth span [whereL(® = 0], p{"™(©, 0) is the pump signal network analyzer. It is worth mentioning here that in the

input power spectrum in thexth span andigzl) is the relative derivation of (11), we have neglected the intensity fluctuation
walk-off between two channels in theith span, [where Of the probe signal before it reaches the end of the system. This
) = 0 To generalize 6) 0 (7), e lersu(°L/2) 1 ndeed sl sne spprocaton, whih s vaid when
in (6) is replaced byin[Q2 3N 80 L™ /2] in (7) to take yap P

into account the linear accumulation of dispersion. Anoth sirgnal. .The justification of the.sm_all signal approxi.mation has

important effect that must be taken into account i;s that tri!eeen discussed in [8]. In fgct, if this crosstalk level is less than,

pump and the probe waves travel at different speec;Is The ph % e*amp'e' 2.0% OT the S|gna!, the second-orde_r eﬁect_caused
' his small intensity fluctuation through SPM is considered

difference between the pump and the probe waves at the infoxtbe negligible
of the mth span is different from that at the input of the firs gligiote.

span. The walk-off dependent tererp[i€2 3" d') L]

n

in (7) takes into account the walk-off between the probe and IIl. EXPERIMENTS
the pump channels before they both enter intostitl fiber An experimental setup designed to measure the XPM fre-
span. guency response is shown in Fig. 1. Two external-cavity

Finally, contributions from all fiber spans add up antunable semiconductor lasers (ECL) emitting gt and A,
therefore, the intensity fluctuation induced by the cross-phagspectively, are used as sources for the probe and the pump

modulation of the whole system can be expressed as signals. The probe signal is CW and the pump signal is
N externally modulated by the signal from a microwave network

Agjk(Q, Ly) = Z A§§"’)(Q, Ly). (8) analyzer. The two optical signals are combine_d by a 3_—(_18

- coupler and then sent to an erbium-doped fiber amplifier

. . . . (EDFA) to boost the optical power. A tunable optical filter is
In the time domain, the probe output optical power Witljseq 4t the receiver to select the probe signal and suppress the
XPM-induced crosstalk is, pump signal. After passing through an optical preamplifier, the
. N = p (L - : probe signal is detected by a 32-GHz bandwidth photo diode,
pinlts Lv) = pilLr) + A85x(F L) ®) amplified by a 10-GHz bandwidth microwave amplifier, and
where AS,.(t, Ly) is the inverse Fourier transform ofthen sent to the receiver port of the network analyzer.
AS‘jk(Q, Ly) andp;(Ly) is the probe output without XPM.  Fig. 2 shows the normalized XPM frequency response mea-
AS;i(t, Ly) has a zero mean. The originally CW probe isured at the output of a fiber link consisting of a single
intensity modulated by the pump through the XPM process114 km span of nonzero dispersion-shifted fiber (NZDSF).
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Fig. 1. Experimental setup. ECL: external cavity semiconductor laser. MOD: optical modulator.
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Fig. 2. XPM frequency response in the system with single span (114

km) nonzero dispersion shifted fiber. Stars: 0.8 nm channel spacipfg. 3. XPM frequency response in the system with two spans (114 and

(Aprobe = 1559 nm and Apump = 1559.8 nm), open circles: 1.6 nm 116 km) of nonzero dispersion shifted fiber. Stars: 0.8 nm channel spacing
channel spacing\yrobe = 1559 Nm andApump = 1560.6 nm). Continuous (Aprobe = 1559 nm andApump = 1559.8 nm), open circles: 1.6 nm channel

lines are corresponding theoretical results. spacing Aprobe = 1559 nm andApump = 1560.6 nm). Continuous lines
are corresponding theoretical results.

The channel spacings used to obtain this figure were 0.8 nm

(\; = 1559 nm, \;, = 1559.8 nm) and 1.6 nmX; = 1559 nm, intensity-modulation through fiber dispersion was not included
Ax = 1560.6 nm). Corresponding theoretical results obtaine@nd the phase variation caused by the XPM process has a
from (11) are also plotted in the same figure. In order to hal@~-pass characteristic. In an ideal IMDD system, this phase
the best fit to the measured results, parameters used in fitedulation of the probe signal at the receiver does not affect
calculation were chosen to bgy = 1520.2 nm, S, = 0.075 the system performance. However, when a nonideal optical
ps/lkm/nnf, ny = 2.35-1072° m3/W, A.q = 5.5-107 1 m?and filter is involved, it may convert the phase noise to the
« = 0.25 dB/km. These values agree with nominal parametéitensity noise. This is significant in the low frequency part
values of the NZDSF used in the experiment. Both the proméere XPM induced probe phase modulation is high. The
and the pump signal input optical powers were 11.5 dBm, adiscrepancy between theoretical and experimental results in
the pump channel modulation frequency was swept from #@e low frequency part of Fig. 2 is most likely caused by
MHz to 10 GHz. In order to avoid significant higher order hartthe frequency discrimination effect introduced through the
monics generated from the LiNBMach—Zehnder intensity narrow-band optical filter.

modulator, the modulation index is chosen to be approximatelyThe XPM frequency response for a two-span system with
50%. High-pass characteristics are clearly demonstratedlit4 and 116 km of NZDSF is also measured and shown
both curves in Fig. 2. This is qualitatively different from thén Fig. 3 with 0.8 and 1.6 nm optical channel spaces. The
frequency dependence of phase-modulation obtained in [dptical power launched into each fiber span was 11.5 dBm.
In that analysis, the conversion from phase-modulation @orresponding theoretical results calculated from (11) are also
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Fig. 4. Freqyency differences t_)etween adjacer_1t notches in the XI.DM Spﬁ‘?f} of NZDSF ar?d oneyspaﬁ (75 km) of n)(/)rmal SMF Starg' 0 8(nm channel

trum versus signal wavelength with channel spacing 1.2 nm. Calculation usgpacing Borobe = 1559 nm and\ = 1559.8 nm) 6pen ci.rclleS' 1.6 nm

: _ 90 ¢ _ I probe — 19 pump — LIJJI 1 Bl

fiber parameters,y = 1520.2 nm, andSy = 0.075 ps/km/nn¥. channel spacingobe = 1559 "M andApump = 1560.6 nm). Continuous
lines are corresponding theoretical results.

displayed. Here, we see that the shape of XPM frequency

response is strongly dependent on the channel spacing iINZDSF spans, to intensity modulation. In other words, if the
system with multiple optical spans. The ripples in the XPMtandard SMF was placed at the first span near the transmitter,
spectral shown in Fig. 3 are due to interference between XPiMe XPM crosstalk level would be much lower.

induced crosstalks which are created in different fiber spans.
For this simple two-span system, it can be shown from (11)

: ) IV. SYSTEM IMPACT AND DISCUSSIONS
that the notches in the spectrum are located at frequencies

which satisfy approximately the relation So far, the normalized frequency response of XPM induced
N crosstalk has been analyzed. In this section we will discuss
14l — o (12) its impact on the performance of optical transmission sys-

. . tems. Even though the CW waveform of the probe channel
and, therefore, the frequency difference between adjacg@by in our analysis simulates only the continuous “1"s in
notches of a spectrum &/ = 1/(d;.L1), whereL, is the an nonreturn-to-zero (NRZ) bit pattern, the results may be

fiber length of the first span. o _ generalized to pseudorandom signal waveforms. It is evident in
In order to verify the simple relationship shown in (12)g) that the actual optical power fluctuation of the probe output
we measured\ f versus the signal wavelength at the fixed,,sedq by XPM is directly proportional to the unperturbed

channel spacing of 1.2 nm. The measured results are shoWioo| signal of the probe channel. Taking into account the
in Fig. 4. The theoretical results plotted in Fig. 4 are obtaingd,| waveforms of both the pump and the probe, XPM induced

using the fiber parameters listed above. This reasonably g%‘?gsstalk from the pump to the probe can be obtained as
agreement between theory and experiment suggests that this is

also an alternative way to precisely measure fiber dispersio _
parameters in the sysi/em.p ’ PO ) = I{F[m’“(t)]\/Apj’“(Q’ L)\/HJ(Q)}mj(t)
The XPM frequency response measured in a three-span (13)

system is shown in Fig. 5, where the first two spans are 114

and 116 km of NZDSF and the third span is 75 km of standaveherem ;(¢) is the normalized probe waveform at the receiver
single-mode fiber (SMF). In this experiment, the EDFA’s arandm, () is the normalized pump waveform at the transmitter.
adjusted such that the optical power launched into the first tWor pseudorandom bit patterns,; »(¢) = u; x(t)/2Pav; &
spans of NZDSF is 11.5 dBm and the power launched into thgth v , the real waveforms, anttav; 5, the average optical
last span of standard SMF is 5 dBm. Taking into account thadwers. ¥ and F—! indicate Fourier and inverse Fourier
the spot size of the standard SMF isx810~ 11 m2, which transformationsH,(2) is the receiver electrical power transfer
is larger than that of the dispersion shifted fiber, the XPNunction for the probe channel.

generated in the last span of standard SMF is significantlylt is important to mention here that the expression of
smaller than in the first two spans of NZDSF. Comparingp,.(€2, L) was derived for a CW probe waveform, so
Fig. 3 with Fig. 5, the increase in the crosstalk power transfér3) is not accurate during probe signal transitions between
function added by the last span of standard SMF is evidetfd.”s and “1”s. In fact, XPM during probe signal transitions
The reason for this crosstalk increase is the high dispersionnmay introduce an additional time jitter, which is neglected
the last span. This high dispersion results in a high efficiencyiof our analysis. However, a very recent work [9] verified
converting the phase modulation, created in the previous twmperimentally that XPM-induced time jitter due to probe
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Fig. 6. Time domain waveforms. Trace (a): input pump signal [10 Gdfs—- 1) pseudorandom bit pattern]. Trace (b): XPM crosstalk of the probe
channel in a single span 130 km NZDSF system. Trace (c): XPM crosstalk of the probe channel in a three-span system with 130 kst NZDSF
km NZDSF + 75 km normal SMF.

pattern effect is negligible compared to the XPM-induced eye- ¢ ; , . . ‘ ; : : .
closure at signal “1” and therefore, the CW probe method is
an effective approach. =

Another approximation in this analysis is the omissiond
of pump waveform distortion during transmission. This mayg
affect the details of the XPM crosstalk waveforms caIcuIatec'E= -
by (13). However, the maximum amplitude 6f ;(¢), which &
indicates the worst case system penalty, will not be aﬁecte@;
as long as there is no significant change in the pump signa
optical bandwidth during transmission.

In general, the impact of XPM crosstalk on the systems
performance depends on the bit rate of the pump channek
XPM power transfer function of the system as well as thé< -
baseband filter transfer function of the receiver.

ert

POW

-50 1 1 1 1 ! I L L L
o 1 2 3 4 5 [] 7 8 9 10

A. Waveforms of XPM Crosstalk Modulation frequency (GHz)

In order to understand the impact of XPM on the systegi o -
o . _ Ig. 7. XPM power transfer functions: (a) corresponds to trace (c) in Fig. 6
performance, it is helpful to look at time-domain waveformgnd (b) corresponds to trace (b) in Fig. 6.

involved in the XPM process. As an example, Fig. 6 trace (a)
shows the normalized waveform (optical power) of the pump

channel, which is a 10 Gb/&{— 1) pseudorandom bit pattern, X ) ; : )
band-limited by a 7.5 GHz raised-cosine filter. The probe w49main waveforms obtained with different system configura-

launched as a CW wave and its amplitude was normalizedgns: Fig- 7 shows the XPM power transfer functions in the
“1.” Due to XPM, the probe channel is intensity modulated b{féduency-domain corresponding to the trace (b) and the trace
the pump and the waveforms created by the XPM process } in Fig. 6. In the single span case, the crosstalk indeed has
two different system configurations are shown in Fig. 6. TragSimple high-pass characteristic. For the three-span system,
(b) in Fig. 6 is obtained for a single span system with 130 kikowever, the XPM power transfer function has a notch at
NZDSF, while trace (c) shows the XPM crosstalk waveforrifie frequency close to the half bit rate, which suppresses the
calculated for a three-span system with 130 km NzD§F crosstalk of “0101” bit pattern in the time-domain.

115 km NZDSF+ 75 km standard SMF. Looking at these It is worth mentioning that the crosstalk waveforms shown
traces carefully, we can see that trace (b) clearly identifiednaFig. 6 were calculated before an optical receiver. In reality,
simple high-pass characteristic, which agrees with the similée transfer function and the frequency bandwidth of the
waveform been recently measured and reported in [6] inreceiver will reshape the crosstalk waveform and may have a
single span fiber system. However, in multispan systems, XP#tong impact in the system performance. After introducing a
transfer functions are more complicated. Trace (c) in Fig.réceiver transfer function, XPM induced eye closure “eyeclo”
shows that the amplitude of the crosstalk associated withthe receiver of a system can be evaluated from the amplitude
periodic “0101" pattern in the pump waveform is suppresseih the crosstalk waveform for the probe channel. The worst

In order to understand better the features in the time-
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Fig. 8. Normalized power crosstalk levels versus the receiver bandwidth fgg- 9.  Normalized power crosstalk levels versus the receiver bandwidth for

2.5, 10, and 40 Gb/s bit rates in the pump channel. The 130-km single-figep: 10, and 40 Gbys bit rates in the pump channel. There are five cascaded

span with fiber dispersion of 2.9 ps/nm/km and optical channel spacing is #" spans (100 km/span) with fiber dispersion of 2.9 ps/nm/km and optical

nm. The launched pump optical power at each span is 11.5 dBm. _ch%nge(lj;pacmg at 0.8 nm. The launched pump optical power at each span
is 8. m.

case eye closure.happenswi;ﬁ)(t) - 1{ and ?yedf’mﬁl) ~ rate channels. An important implication of this is in hybrid
{max[C,(#)] —min[Cj (#)]}/2. We define this eye closure as\yp systems with different bit rate interleaving, for example,
normalized XPM crosstalk. In a complete system performangﬁannels 1, 3, and 5 have high bitrates and channels 2, 4, and

evaluation, this normalized XPM crosstalk penalty should Be 5.6 o\ it rates. The XPM-induced crosstalk levels in

added on top of other penalties, such as those causedyyh high and low bit rate channels are very similar and they
dispersion and SPM. Considering the waveform distortion due, ¢ higher than the crosstalk level in the system of low

to transmission impairments, the received probe waveform Bt rate. However. when the channel spacing is too low, XPM

ically hasm;(¢) < 1, especially for isolated “1"'s. Therefore, . sqtaik from channel 3 to channel 1 can be bigger than that
normalized XPM crosstalk gives a conservative measure 1?6m channel 2 with a low bitrate

the system performance. Similar to Fig. 8, Fig. 9 shows the normalized crosstalk

levels versus receiver electrical bandwidth in a five-span
NZDSF system with 100 km/span. The fiber dispersion is
In WDM optical networks, bit rates of different wavelengtt2.9 ps/nm/km and the launched optical power at each span
channels may not be the same. The impact of the proise8.5 dBm. Here, there is little difference in the crosstalk
channel bit rate on its sensitivity to XPM-induced crosstallevels for the 10 Gb/s system and the 40 Gbh/s system. This
can be determined by the receiver bandwidth. Fig. 8 shows tilsdecause in systems with higher accumulated dispersion, the
normalized power crosstalk levels versus the receiver electriéd®M power transfer function peaks at a lower frequency and
bandwidth for 2.5, 10, and 40 Gb/s bit rates in the puntbe high-frequency components are strongly attenuated.
channel. This figure was obtained for a single span system of-ig. 10 shows the normalized crosstalk versus the fiber
100 km with a dispersion of 2.9 ps/nm/km, launched opticdispersion for the same system used to obtain Fig. 9. The
power of 11.5 dBm and a channel spacing of 0.8 nm. fixed receiver bandwidths used for the 40, 10, and 2.5 Gb/s
this particular system, we see that for the bit rate of highsystems are 30, 7.5, and 1.75 GHz, respectively. The worst
than 10 Gb/s, the XPM-induced crosstalk is less sensitive gase XPM crosstalk happens at lower dispersion with higher
increases in the bitrate. This is because that the normaliz@gnal bitrate. It is worth noting that for the 10 Gb/s system, the
XPM power transfer function peaks at approximately 15 GHaorst case XPM crosstalk happens when the fiber dispersion
for this system. When the pump spectrum is wider than Harameter is 2.5 ps/nm/km, and therefore the total accumulated
GHz, the XPM crosstalk efficiency is greatly reduced. This dispersion of the system is 1250 ps/nm, which is about the
the reason why the difference in the XPM-induced crosstadiame as the dispersion limit for an uncompensated 10 Gb/s
between 40 and 10 Gh/s systems is much smaller than thgstem.
between 10 and 2.5 Gb/s systems. It needs to be pointed out that, for simplicity, in both Figs. 8
Typical receiver bandwidths for 2.5, 10, and 40 Gh/s syand 9, the signal optical powers were chosen to be the same for
tems are 1.75, 7.5, and 30 GHz, respectively. From Fig. 8, wgstems with different bit rate. However, in practice, a higher
can see that when the receiver bandwidth exceeds the bapalwer level is normally required for a system with a higher
width of the pump channel, the XPM-induced crosstalk levéit rate. A generalization of these results to the case with
is no longer increased by increasing the receiver bandwidthfferent signal power levels can be made using the simple
Indeed, the crosstalk between high bit-rate and low bit ralieear dependence of XPM crosstalk on the launched power
channels is comparable to the crosstalk between two low #vel as shown in (6).

B. Crosstalk Between Channels with Different Bit Rates
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Fig. 10. Normalized power crosstalk levels versus the fiber dispersion fefy 17, Normalized power crosstalk levels versus the percentage of disper-
2.5, 10, and 40 Gb/s bit rates. There are five cascaded fiber spans (I} compensation in a 10-Gb/s, six-span system (100 km/span) with the fiber
km/_span) and the optical ch_annel spacing is 0.8 nm. The launched PUBIBpersion of 2.9 ps/nm/km. The 8.5 dBm launched pump optical power at

optical power at each span is 8.5 dBm. each fiber span: (1) dispersion compensation after each span, (2) dispersion

compensation after every two spans, (3) dispersion compensation after every

Although most people would think that XPM crosstalkhree spans, and (4) one lumped dispersion compensation in front of the

was significant only in low dispersion fibers, Fig. 10 clearl{fceiver.

indicates that for uncompensated systems, before the sysigmnhe second span but not for both of them. The residual
dispersion limit, higher dispersion generally produces moseo\ crosstalk level is higher in this case than that with

XPM crosstalk. On the other hand, in dispersion compensa@&npensaﬂon in each span. Similarly, trace (3) in Fig. 11
optical systems, high local dispersion helps to reduce thgys obtained with a dispersion compensator placed after every

XPM-induced phase modulation and low accumulated syst§ftee spans and trace (4) is with only one lumped compensator
dispersion will reduce the phase noise to intensity Nnoi$gaced in front of the receiver.

conversion. Obviously, when the number of dispersion compensators is

reduced, the level of residual XPM crosstalk is higher and
C. Dispersion Compensation Strategy the optimum value of dispersion compensation is closer to

It has been reported that XPM-induced crosstalk in fib@P”e of the.total system dispersiop. _T_herefpre, _in systems
systems can be reduced by dispersion compensation [7]. Mofgiereé XPM-induced crosstalk is a significant impairment, per
over, the position where the dispersion compensator is placdfi! dispersion compensation is recommended. However, this
is also important. The least amount of dispersion compensatw increase the number of dispersion compensators and thus
is required if the compensator is placed in front of the receivdfcréase the cost.

In this position, the dispersion compensator compensates XPM

crosstalk created in all the fiber spans. The optimum amount V. CONCLUSION

of dispersion compensation for the purpose of XPM crosstalkWe have investigated the spectral characteristics of XPM in

reduction is about 50% of the total dispersion in the systemultispan IMDD optical systems, both experimentally and the-

[7]. Although this lumped compensation scheme requires theetically. Interference between XPM-induced crosstalk com-

minimum amount of dispersion compensation, it does not gip®nents created in different amplified fiber spans has a strong
the best overall system performance. impact on the overall frequency response of XPM crosstalk in

Fig. 11 shows the normalized power crosstalk levels verstie system. Reasonably good agreement between theory and
the percentage of dispersion compensation in a 10-Gb/s, sixperiment has been obtained.
span system with NZDSF of 100 km/span. The dispersion ofIn uncompensated optical systems, a decrease in fiber
transmission fiber is 2.9 ps/nm/km and the launched optiatibpersion will increase XPM-induced phase modulation
power into each fiber span is 8.5 dBm. Nonlinear effects gfficiency, while an increase in fiber dispersion will increase
the dispersion compensating fibers are neglected for simpliciphase-to-intensity noise conversion efficiency. Dispersion
Different dispersion compensation schemes are compareccampensation was shown to be an effective way to reduce
this figure. Trace (1) is obtained with compensation in eaPM-induced crosstalk in IMDD systems. Different schemes
span. In this scheme XPM-induced crosstalk created framhdispersion compensation in multispan optical fiber systems
each span can be precisely compensated, so at 100%wefe evaluated and per span dispersion compensation was
compensation the XPM crosstalk is effectively reduced. Traéeund to be the most effective way to minimize the effect of
(2) was obtained with the dispersion compensator placX®M crosstalk.
after every two spans. In this case, the value of dispersionThe crosstalk level between high and low bit rate channels
compensation can only be optimized for either the first spavas found to be similar to that between two low bit rate
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