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~ Abstract—We study numerically the impact of random The system performance is quantified by the well-kno@n
dispersion fluctuations on the performance of 40-Gb/s dis- parameter that is related to the bit-error rate in a simple way.
persion-managed lightwave systems designed using either theq,r emphasis is on identifying how the nonlinear effects are

chirped return-to-zero or the soliton format and employing . . ;
backward-pumped distributed Raman amplification. We consider affected by dispersion fluctuations and how the local value of

two-section dispersion maps with3, = +4 and +8 ps?/kmand average dispersion affects the interplay among the nonlinear
show that the Q parameter decreases rapidly in both cases as effects and dispersion fluctuations.
the nonlinear effects become stronger. The impact of dispersion  The paper is organized as follows. We discuss in Section Il the
fluctuations can be reduced by lowering the average input power, ,merical approach and focus on the nonsoliton systems based
but the system length is then limited by amplifier noise. - .
_ _ _ _ _ on the chirped return-to-zero (CRZ) format. In Section Ill, we
_Index Terms—Dispersion fluctuations, dispersion management, consider DM soliton systems. We first address the questions of
dlstrlbute_d Raman ampllflc_:atlon, nonlinear optics, optical fiber the optimization of input parameters for a given dispersion map
communication, optical solitons. ) . . . ) )
and then investigate the influence of dispersion fluctuations on
the system performance. The main conclusions of the paper are

|. INTRODUCTION summarized in Section IV.
HE performance of modern dispersion-managed (DM)
lightwave systems depends on a large number of factors, Il. CRZ SrsTEMS

the two most important being the noise added by optical ampli-Propagation of optical pulses in single-mode fibers is de-

fiers and the nonlinear effects taking place inside the fiber linderibed by the nonlinear Schrédinger equation [11]

[1]. It has become apparent in recent years that the dispersion _
of an optical fiber, which is designed to have a fixed value,0u .32 9%u

. . = V— ——=
can vary over a considerable range because of unavoidabi: 2 Ot?

variations in the core diameter along the fiber length [2]_[61A/hereg(z) anda,(#) account, respectively, for the local gain

Even though such axial variations are static, they can 'mpag(f.if signal loss inside the fibeg (2) is the nonlinear coefficient,
z
i

the system performance because of the nonlinear nature ) is the second-order dispersion parameter, #nc, ¢)

the puls_e propagation pmb'?m- A second source of d'SperSrepresents the contribution of noise along the fiber length. This
fluctuations is related to environmental changes. For example; . " . . . .
eﬁuanon is written for the case of distributed Raman amplifica-

if temperature quctugtes atagiven Iocguon, the local dlsper3|8on_ We use this technique of amplification for our simulations
would also change in a random fashion. Such dynamic flug-

tuations can also degrade the system performance. Although. . it provides a better signal-to-noise ratio (SNR) com-
dispersion fluctuations rarely impact a 10-Gb/s system, th |rred with lumped fiber amplifiers and is rapidly being adopted

. n practice.

e e e o 0 % solv (1) numericalyusing e spistep Fourer metc
tight. and model dispersion fluctuations as

In this paper, we present the results of extensive numerical Ba(2) = Ba(2) + 8 (2) )
simulations performed to identify the impact of dispersion
fluctuations on the performance of 40-Gb/s DM lightwavevheref,(z) is the average value of local dispersion apd(z)
systems. Although dispersion fluctuations have been consisla small random variable assumed to have a Gaussian distribu-
ered in some recent papers [7]-[10], the emphasis was mosihn with zero mean. In numerical simulations, we chafige
on the broadening of a single pulse transmitted through theery step size (0.3 km) along the fiber length using a Gaussian
fiber link. In contrast, we model a realistic lightwave systemmandom variable with zero mean and with standard deviation of
in which a data-coded pulse train consisting of 0 and 1 bitsup to 0.232(z). We use 15 different realizations of stochastic
transmitted through a periodically amplified DM fiber link.Gaussian process representing 15 different fiber links. To ac-

count for the amplified spontaneous emission (ASE) noise for
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there are no dynamic fluctuations during a single run for a b 35 35
stream of 128 bits or less. Assuming static and dynamic dispe

sion fluctuations to be independent events, the impact of bo 304
types of fluctuations can be treated by considering the resul

of propagation of the same bit stream over multiple fiber link:

with different realizations of dispersion fluctuations.

We start by considering a perfectly linear 40-Gb/s systen@
For numerical simulations, we use two dispersion maps. Eag
map consists of two fiber sections of nearly equal lengtlS
(5 km) with opposite signs of the dispersion parameter (b
the same absolute value). For magsd,= +4 ps?/km, while 15
for map 2,8, = =48 ps/km. In both cases, the average
dispersionss” is —0.01 ps?/km, andL, = 8L, = 80 km,
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where L, and L., are the amplification and the map periods, P =2mwW i
respectively. We adopt the dense DM techniflig, << Ly) ; y0°= 0

because its use improves the performance of 40-Gb/s syste 5 E——
especially when DM solitons are used [12]. Nonlinearity is 0 500 1000 1500 2000 2500

set to zerqy, = 0) temporarily and losses are included suct
thatas = 0.2 dB/km in each fiber section. We employ the
teChnique of Raman distributed amplification with baCkwa'Hg. 1. Influence of dispersion fluctuations in a linear 40-Gb/s CRZ DM
pumping for compensating fiber losses. The gain praofile) system with3, = +8 ps*/km. TheQ, parameter is shown as a function of
is obtained by solving the appropriate equations for the Raméisiance for‘)15 fiber links with 5% dispersion fluctuations (standard deviation
amplification process [11]. The pump power is chosen sulR = 0.4 ps*/km). The insert show&, in the absence of fluctuations.
that fOL“ g(2)dz = a,L4. We use 6-ps input pulses with the
input chirpCy = 0.3. We also use optical filters with 400-GHzfiber links used. The reason for the small differencé)ialong
bandwidth separated by, . the distance for 15 fiber links comes from additional accumu-
We calculate thé) parameter in two ways. The first measurdated dispersionl,. = fOL 802(z)dz that varies randomly for
Q)1 uses the detector current filtered with a Butterworth filter ddifferent fibers. This additional contribution broadens the pulse
35 GHz(Af = 0.875 B) at the receiver. More specificall); even more during signal propagation [7],[8]. The value and the
is calculated using [1] sign of this additional broadening depend®ifi8]. This random
L1 broadening leads to a change in Bevalue. For the 15 fiber
S S (3) links usedd, at 2400 km ranged from-12.6 p$ to 22.8 p$
a1+ 00 when 5% of dispersion fluctuations were introduced, while the
wherel; andI, are the average values for 1 and O bits at théeterministic value of accumulated dispersion at this distance is
center of the bit slot, and; ando are the corresponding stan-—24 ps.
dard deviations. In this approach, and I, correspond to the =~ We consider now the worst cagg parameter at 2400 km.
peak power of the optical pulse (assuming that the timing jitt&ig. 2 shows the dependence of the worst a@ser the two
introduced by Raman amplification is negligible). In the secordaps on the standard deviation of dispersion fluctuations. The
approach, we calculate the optiag@l parameter by using the levels of fluctuations used correspond to the standard deviation
pulse energy obtained by integrating over the entire bit slot and ranging from 0 to 20% of the local dispersion value. For each
define@ as value of standard deviation, the same 15 sequences of random
BB numbers, scaled accordingly, were used, and the fiber link with
Qy=-—2—"2 (4) the worst value of) at 2400 km was then considered.
As seenin Fig. 2, th€® parameter decreases in all cases, even
whereE; andE, are the average energies for 1 and 0 bits anidla purely linear system, as the standard deviation of dispersion
o1 andog are the corresponding standard deviations. fluctuations increases. Although this decrease is relatively slow,
For the 15 fiber links, we find th@ parameter (averaged overeventuallyl) becomes small enough that the system will be lim-
1280 pulses for each fiber link) as a function of propagation died by dispersion fluctuations. The decrease offtgarameter
tance for several values of the standard deviation of local digith increased; fluctuations even for a linear system is due to
persion. As an example, Fig. 1 shows the parameter for all the larger values of, for larger amounts of fluctuations. The
15 fiber links for the map with, = +8 ps’/km with 5% of results indicate that, for a given fiber ling) can be improved
dispersion fluctuations, which corresponds to the standard dy-post-compensating or periodically compensating the accu-
viation op of local dispersion of 0.4 ggkm for this map. The mulated random dispersion.
input peak power of each pulse £ = 2 mW, which corre-  We note from Fig. 2 thaf); is up to 1.1 dB larger tha®,.
sponds to an average power of 0.42 mW for the pseudorand®he reason is related to the fact tiiat samples the pulse power
bit sequence. The insert shows the parameter in the absenceat the bit center whil€), measures the pulse energy spread over
of fluctuations. We see that, in the linear case,dhparameter the entire bit. As a result, th@, parameter is much more sensi-
does not change much in the presence of fluctuations for all thée to timing jitter than@,. This result suggests that the use of
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Fig. 2. Worst cas€) parameter at 2400 km for two linear 40-Gb/s CRZ DM
systems. Dispersion map is such that fa) = +4 ps’/km and (b)3> = Fig. 3. Influence of dispersion fluctuations in the presence of nonlinearity for
+8 ps’/km. Solid and dashed lines shai; and (. calculated using peak the same 40-Gb/s CRZ system shown in Fig. 1. The inserts €hpin the
powers and pulse energies, respectively. absence of fluctuations. The input peak powers are (a) 1 mW and (b) 2 mW.

a receiver that integrates the signal over the bit slot rather theower of 1.5 mW is shown in Fig. 4 for several levelscg§.
makes a measurement at one point would improve the systéra see that fluctuations withp = 1.6 ps®/km can lead to
performance. Since most receivers currently sample the sigabbut 6.5-dB degradation of tiigparameter. We note also that,
at the bit center, we use tligy parameter for system characterfor all fiber links considered, the worst cageat 2400 km for
ization in this paper. CRZ systems is usually obtained in the fiber that has the largest
The results shown in Fig. 2 were obtained by turning off theisndom accumulated dispersidnat 2400 km.
nonlinear term in (1) by settingy = 0. However, the nonlin-  The results of Figs. 3 and 4 are summarized in Fig. 5, which
earity is inherent in any real system. In the presence of nashows the worst casg; at 2400 km for several values of input
linearity, the pulse propagation is affected by the interplay bpeak power as a function ef,. Comparing with Fig. 2, we see
tween the local dispersion and nonlinearity (rather than beigtghat in all cases th@ parameter degrades much faster with in-
dependent only on the total accumulated dispersion). We c@peasing dispersion fluctuations than in a linear system. The rate
sider next how the impact of dispersion fluctuations is changefldegradation increases when the nonlinear effects are intensi-
when the nonlinear effects are taken into account by choosifigd using larger input powers.
Y0 = 2.5 W~'/km in all fiber sections. For any CRZ system, an optimum input power exists that
Fig. 3 shows th€); parameter as a function of distance for therovides the best system performance for a certain propagation
15 fiber links for the DM system witt#, = +8 ps®/km using distance [13]. For input powers smaller than the optimum, the
Py = 1 and 2 mW. For both peak power levels, the standa@RZ system becomes limited by noise added by amplifiers,
deviation of local dispersion is 5% (0.4%&m). The inserts while for larger input powers it is limited by the increased
show@); inthe absence of fluctuations. We see that, as nonlinganlinear effects. An example of such a behavior at a distance of
effects become stronger, the impact of dispersion fluctuations 2400 km for the 40-Gb/s system designed vith= +8 ps’/km
system performance becomes much more noticeable. While thahown in Fig. 6, where we plad; as a function of input
decrease i), at 2400 km is at most 0.46 dB for 1-mW peakpower. The optimum peak power in the absence of dispersion
power, it becomes 1.8 dB at 2 mW. fluctuations is about 2 mW. Even 5% dispersion fluctuations
For any peak power, larger fluctuations lead to more degr@tandard deviation 0.4 pgkm) reduce the optimum peak
dation. As an example, the worst ca3e parameter at a peak power to near 1.3 mW while lowering the value®@fby about
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To increase the system tolerance to dispersion fluctuations J
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= ]
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[II. DM SOLITON SYSTEMS 4
A natural question is how the impact of dispersion fluctua- 3]
tions on system performance is affected when DM solitons are ]
used as bits. In this section, we answer this question. Since DM 2

0.0 05 1.0 1.5 20 25 3.0 3,5 4.0 45
Input peak power (mW)

soliton systems require a balance between the dispersive ant
nonlinear effects, the presence of dispersion fluctuations might
break this balance and degrade the system performance even
more. We study how much the rate of degradation increaseg 6. Dependence of the worst cage parameter on the input peak power
when the input power and, hence, the nonlinear effects in Dt the same 40-Gbl/s system shown in Fig. 5(b) for several levels of dispersion
soliton system become larger. fluctuations.

The new feature of DM solitons is that the system is designed
such that the pulse in each bit slot recovers its width, chirp, at@ L, . The periodicity can be ensured only if the input pulse
energy after each amplification period. Thus, all pulse param@arameters have specific values for a given dispersion map. As
ters vary periodically during the propagation with a period equahown in [12], the input width of a chirped pulsg and the
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input energyE, can be found using the following relations: 20 -
p ayLvo g g f=t4 ps?/km 3 10
>
1+ C? g '
TO = T’map I~ (5) —~ i $ o1 0.1
ol g " 3
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3161 (1 l £ =
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whereT,,.;, is a parameter with dimensions of time involving 7 I e &
the four map parameters min 5 l ‘
L To """"""" Lo i
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P | Barly — Paaly ) 0 N i
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bi = £ =02 Coli + T2, ¢ = +P2% (8b) min 1 |
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We note thaflj is the width of the chirped pulse at the begin- " : E
. - . L . 1 E -
ning of the map period, while the minimum pulsewidth at the SN ! | |
chirp-free point inside the map is given 8%, = Tiap/|Col 0 — by
[12]. In (6), constant: depends on the kind of amplification 183 (I)l:l?;ut energ EO([1)J) 1
scheme used and, in the regifity| < 1.3, is equal tok = Y %o
L z / / / -1 1
{(I/LA) fo exp[fo (g(z )—as(Z’ ))dz ]dz} ,g(z) beingthe Fig. 7. Input pulsewidtil; and corresponding minimum pulsewidlf, at

local gain andv(z) being signal loss in the system. the chirp-free point for a DM soliton system plotted as functions of the input
Equations (5) and (6) provide the values of input pulsewidthulse energy. The insert shows the dependence of input energy and pulsewidth
and energy as functions of input chirp. According to (5), th@" input chirp. The arrows indicate the input pulse parameters used in Figs. 8
. . L : and 9 simulations. Solid lines are numerical values; circles are analytical results.
input pulsewidthZy has a minimum valugy™" = /2 Tyap
when the input chirp i$Cy| = 1. In this case, the minimum
pulsewidthT?, at the chirp-free point is equal to the map paranincrease the possible bit rate of a DM soliton system [12]. For
eterT},..p, and the pulse is stretched by a factordf during that reason, dense dispersion management is used in this paper.
propagation. As discussed in[12], in the absence of noise but atse map parameter ..., ~ 3.17 ps andl,., ~ 4.47 ps for
counting for intrachannel pulse interactions, the best pulse prajystems with3, = +4 and+8 ps?/km, respectively.
agation occurs near this regi¢fly| ~ 1, Fy ~ F., whereF. We consider the same 15 fiber links with random dispersion
is the value of input energy corresponding€®| = 1. An ex- fluctuations as in the CRZ case. Fig. 8 shows¢heparameter
ample of the input parameters for chirp values ranging from 0.@3 a function of distance for the ma@p = +8 ps?/km for input
to 3 is shown in Fig. 7 for the same two maps used in the CRyvarameters sets correspondingtp= —1.2 and—2. The level
case. Solid lines are obtained by solving the variational equa-fluctuations is 5% op = 0.4 ps®/km) for both sets of input
tions [1] numerically, while circles represent the values obtaingérameters. The inserts sh@yy in the absence of fluctuations.
by using (5) and (6). The inserts show the input energy and in&inhce the input energy is increased fdy = —2, the nonlinear
width as functions of input chirp. We see that, as predicted lgjfects are much stronger in this case and@hparameter is
(5), the input pulsewidth has a minimum Bt corresponding affected much more by dispersion fluctuations than in system
to |Cy| = 1. In this section, we consider several input paranwith Cy, = —1.2. We have chosen to label the graphs with the
eters sets, with the energies ranging fréinto ~ 5F., where input chirpCy because, as described above, the optimization of
the nonlinear effects become quite strong. The sets of input plais parameter will apply to almost any dispersion map while
rameters used are shown with arrows in Fig. 7. For comparisthe optimum value of pulse energy is map dependent.
purposes, we employ the same two dispersion maps used eai-he dependence of the worst c&gge parameter on the stan-
lier for CRZ systems. We note from (7) that reducing the lengttard deviation of3, at a distance of 2400 km is shown on Fig. 9
of fiber segments decreases ffig,, parameter, which helps to for several input parameters sets. Bhgevalues are in the range
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Fig. 9. Effect of dispersion fluctuations of}; parameter in DM soliton
systems for the same two dispersion maps used in Fig. 5.
Fig. 8. Effect of dispersion fluctuations d; parameter for a DM soliton
system for the same map used in Fig. 3. The input parameters are obtained from

Fig. 7 for (8)Co = —1.2 and (b)Co = —2.0. IV. CONCLUDING REMARKS

In this paper, we have investigated numerically the influence
from 0 to 20% of the local dispersion for each map. Similarlgf second-order dispersion fluctuations on the performance of
to the CRZ case, the use of higher energy pulses (and highérGb/s systems designed with distributed Raman amplifica-
average power at the input end) decreases the system tolerdioce We have considered both the CRZ and DM soliton formats
to dispersion fluctuations. This behavior is the same for bo#md used th€&) parameter for judging the system performance.
maps. In the absence of both noise and dispersion fluctuatidie have shown that dispersion fluctuations can lead to perfor-
(< 6832 >= 0), the optimum value of th€) parameter is ob- mance degradation even in a linear system when the change in
tained for input chirp values near 1.1 [12]. In the presence tife total accumulated dispersion, introduced by fluctuations, is
noise but without dispersion fluctuationg,increases for larger not completely compensated. The presence of nonlinearity ag-
values ofCy because the use of higher energy pulses improvgsavates the extent of system degradation induced by dispersion
the SNR while the nonlinear effects are balanced by the usefloictuations for both CRZ and DM soliton systems. We have
DM solitons. However, dispersion fluctuations change this behown that this degradation increases fast when the nonlinear
havior because they perturb the balance between the dispersifects in the system are made stronger by using higher energy
and nonlinear effects. For example, in the presence of 10% disises. The system tolerance to dispersion fluctuations can be
persion fluctuations, it is better to reduce the pulse energy mgproved by employing a receiver that integrates the signal over
lowering the chirp in the neighborhood 6f, = 1.2. We con- some portion of the bit slot, rather than making a measurement
clude that while accounting for both noise and dispersion fluat the center of the bit slot. We discussed the impact of disper-
tuations, the optimum input parameters should remain in the s#en fluctuations on the optimum input parameters and showed
gion around’y =~ 1.2. Comparing DM solitons with the CRZ that, for CRZ systems, one should use the input peak powers
case, we note th&, decreases with increasiry fluctuations slightly smaller than the optimum values predicted in the ab-
in nearly the same manner, suggesting that the impact of dispggnce of fluctuations. For DM soliton systems, accounting for
sion fluctuations does not depend on the use of solitons as |ldrah noise and the presence of dispersion fluctuations, the op-
as the RZ format is employed. timum input pulsewidth and pulse energy should be calculated
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) ) ) ) ] G. P. AgrawalNonlinear Fiber Optics3rd ed. New York: Academic,
our simulations, dispersion values were changed after 2002, ch. 2.

every step, in effect making the correlation length of dispersiorﬁlz] E. Poutrina and G. P. Agrawal, “Design rules for dispersion-managed

fluctuations equal to the step size (0.3 km). The correlatiorm]

soliton systems,Opt. Commun.vol. 206, pp. 193-200, June 2002.
L. J. Richardson, V. K. Mezentsev, and S. K. Turitsyn, “Limitations of

lengthl. in actual fibers may vary over a considerable range 40 Gb/s based dispersion managed WDM transmission: Solitons versus
and is not often known precisely. Our results can be used for duasilinear propagation regime,” presented at@pical Fiber Com-

other values of.. by noting that the produetp?l. determines

munications ConfMar. 2001, paper MF5.

the extent of pulse broadening for long link lengths [8], where
op? is the variance of dispersion fluctuations. Thus, one should
scalesp with I. such thav p2l. remains constant.

Finally, we note that the fluctuations of the second-order di
persiong, result from the static or dynamic fluctuations in the
frequency-dependent refractive index. This implies that fluctuf
tions are present in all orders of dispersion. When the refracti
index fluctuations are dynamic, including the first-order dispe,
sion fluctuations results in the presence of one more fluctuatit
termin the nonlinear Schrédinger equation that depends on fltr
tuations in the group velocity and can lead to a new source'l:™
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