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Raman-Induced Timing Jitter in Dispersion-Managed
Optical Communication Systems

Jayanthi Santhanam and Govind P. Agravallow, IEEE

Abstract—The moment method is used to calculate the Raman- ~ The Raman jitter occurs for both soliton and nonsoliton sys-
induced timing jitter generated by amplifier-induced fluctuations  tems and results from the following sequence of events. Fluctu-
in the energy, frequency, and position of optical pulses propagating 4tions in the pulse energy induced by the ASE noise at the loca-

inside dispersion-managed fiber links. Using a Gaussian form for _. . - .
chirped optical pulses in combination with the variational analysis, tion of lumped optical amplifiers are converted into frequency

we obtain an analytic expression for the timing jitter whose predic- fluctuations through intrapulse Raman scattering, which are in
tions agree well with the numerical results obtained by solving the turn translated into timing jitter by the group-velocity disper-

nonlinear Schrodinger equation directly. The effects of third-order  sion (GVD). The Raman jitter has been studied in the context of
dispersion are also included in the analysis. We also apply the mo- constant-dispersion fibers [7] as well as dispersion-decreasing

ment method to standard solitons propagating inside dispersion- :
decreasing fiber as well as to chirped return-to-zero (CRZ) light- fibers (DDFs)[8]. However, most lightwave systems make use

wave systems. We apply our results to a specific 160-Gb/s Systemofdispersion management. In this paper, we consider the impact
and find that the Raman jitter resulting from intrapulse Raman  Of Raman-induced timing jitter on dispersion-managed (DM)
scattering limits the transmission distance in all three cases. systems and show that such systems are inherently limited by
Index Terms—bispersion management, optical fiber communi- it at bit ra.tes of 80 Gb/s or more. Our approach is bas?d on
cation, optical solitons, Raman scattering, timing jitter. an extension of the moment method that has been applied re-
cently to calculating the GH jitter in dispersion-managed sys-
tems [9]-[12]. This approach allows us to obtain the analytic
expressions for the timing jitter even when the contributions of
ODERN dispersion-managed lightwave systems ab®th the intrapulse Raman scattering and third-order dispersion
limited mainly by the nonlinear effects occurring insidé TOD) are included.
optical fibers and by the amplified spontaneous emission (ASE)The paper is organized as follows. We presentin Section Il the
added at the amp”ﬁers [1]_[3] Optica| solitons can solve tH@Ievant details of the moment method and show in Section Il
first problem to some extent since they use the self-phase mb@w this method provides a simple expression for the Raman-in-
ulation (SPM), a dominant nonlinear mechanism, to balanégced frequency shift in DM systems. In Section 1V, we obtain
the residual dispersion [4]. However, the ASE noise remaiA8 analytic expression for the timing jitter by focusing on the
a serious limitation of soliton systems; it manifests througfse of DM solitons. The same technique is used in Section V
a reduced signal-to-noise ratio and an increased timing jitféf standard solitons propagating inside DDFs. Section Vl is de-
at the optical receiver [2]. At bit rates of up to 10 Gb/s or sy/0ted to quasilinear CRZ systems. In Section VII, we compare
timing jitter results mostly from the Gordon—Haus (GH) effec®ur analytical results with the numerical simulations and apply
that has its origin in ASE-induced frequency fluctuations [5{hem for calculating the timing jitter for a specific lightwave
However, at higher bit rates for which the pulsewidth becomé&¥Stem designed to operate at a bit rate of 160 Gb/s. The main
shorter than 5 ps, the Raman-induced timing jitter is likely tg°nclusions are summarized in Section VIII.
become the most limiting factor. The origin of Raman jitter lies
in intrapulse Raman scattering [4], a phenomenon responsible
for the soliton self-frequency shift (SSFS) and occurring for
short optical pulses whose spectrum ig wide enough that itsy typical DM system consists of a periodic sequence of
high-frequency components can amplify the low-frequency,omalous- and normal-dispersion fibers. An optical amplifier
components of the same pulse through the Raman effect [6]is inserted for compensating fiber losses after one or several
map periods. Each amplifier restores pulse energy to its original
input value, but at the same time, adds the spontaneous-emis-
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Propagation of short optical pulses inside optical fibers ishere the last term has been added phenomenological to ac-
governed by the following nonlinear Schrédinger (NLS) equaount for the effects of lumped amplifiers. More specifically,

tion generalized to include the Raman contribution [4] is the gain and £;, 65};, andéT; are random fluctuations in the
pulse energy, frequency, and position, respectively, introduced
OA B PA B3 0PA +A]A)A by theith amplifier located at a distaneg The amplifier gain is

1 1 . .

Oz 2 o2 6 I3 chosen such that it compensates for all fiber losses accumulated
up to that point. As a result, pulse energy decreases exponen-
tially as Ey exp[—a(z — 2;)] and recovers its input valug, at

. . ) the next amplifier.
whereA(z,t) is the slowly varying amplitude of the pulse enve- 1o Raman-induced frequency shift appears in (8) through

!ope,a accounts for fibgr losses .is the GVD coefficient,Bg. the first term while the second term includes frequency fluctu-
is the TOD parametet is the nonlinear parameter responsiblg s induced by ASE. Equation (9) shows that the pulse posi-
for SPM, and the Raman paramef&g¢ accounts for the SSFS i, changes in a deterministic fashion both by SSFS and TOD.
effect. Equation (1) cannot be solved analytically because (3@ erministic changes in soliton frequency and position are not
parametersy, /3, {3, and~ are not constants, but vary along concern as they do not produce any timing jitter. However,
the flber link in a penodlf: f?.ShIOI’]. Approxmate solutions cajf the pulse energy fluctuates because of ASE noise, the SSFS
be obtained using a variational technlqug and are found to @&elops a random part which leads to jitter. This is the physical
reasonably accurate through numerical simulations [13]-{15}iqin of the Raman jitter. More specifically, ASE-induced am-
In the variational technique, each chirped Gaussian pulsg e fluctuations are converted into timing jitter by the phe-
launched initially is assumed to maintain its shape approXjs menon of intrapulse Raman scattering.
mately, and the optical field is written as The timing jitter induced by both Raman and GH effects can
be calculated using? = (1) — (T')?, where the angle brackets
+ip—iQt-T) indicate average over the ASE noise. For this purpose, we need
@) the second moments of&;, 6X2;, anddT; at every amplifier.
These moments can be calculated using

i 9| Al?
— A TrrA
g AR,

1)

1+ —T)?
A(z,t) = aexp _%
where the amplitude, phaseg, frequencys?, time delayT’,
chirpC, and widthr all are functions ot. The use of variational x N Y
method shows that the pulsewidthand chirpC’ evolve withz (8A7()0A;(#)) = 56,8t = 1) (10)

and satisfy the following set of two equations [13]-{15] where§4; is the change in the optical field from its average

value (i.e,{64;) = 0) at theith amplifier, S = n,h/ (G —
P (3) 1) isthe ASE spectral density of for an amplifier with gaih
A T . . . .
dC B(14+C?)  ~a? [_3], ngp IS the spontaneous-er_nlssmn factor related to the noise
==+ —=. (4) figure asF,, = 2n,,, andhyv is the photon energy. The two
dz T V2 delta functions account for the fact that the each spontaneous-
The amplitudea can be related to the pulse energy throughMission eventis independent of all others. _
E(2) = [*_|A’dt = \/ma’r. The phase equation is not given Using (2)—(6) with (10), we obtain the following expressions

here because the dependence of phase plays no role in oJ r the variances and cross correlations of the three fluctuations
Ei, (591, andéﬂ

dr _pC

analysis.
In the absence of the ASE and the Raman effect, the Bhift ) 25C;
in the pulse position and the frequency skitfboth are zero in (6E7) =25E;, (6QuéE;) = N (11)
(2). The moment method introduces the following two moments s (1 N 02) ;
for calculating them [9] (6Q2) =———">, (6E;T;) =0 (12)
¢ Eﬂ'zz
1 [ ST SC;
T /_Oot|A|2dt ) (6T2) =75, (6%6T3) = (13)
:% (A" Ay — AAT)dt (6) wherek;, 7, andC; are the energy, width, and chirp of the pulse

at the output of theth amplifier. For a soliton-based system,
he pulse recovers its input parameters at each amplifier if we
ssume that the map peridg, is an integer multiple of the

amplifier spacingL 4. This feature simplifies the timing-jitter

where the subscrigtdenotes a time derivative. We use (1)—(6
to find thatZ, 7", and{2 evolve along the fiber link as

dE calculation considerably for solitons.
- z—aE+Z(g7¢E+6E7¢)6(z—z7¢) (7)
49 TorE I1l. RAMAN -INDUCED FREQUENCY SHIFT

= 3T Z 82:6(z — i) (8) Along the fiber linkE, €2, and?” evolve as dictated by (7)—(9)
dz 27T ‘ ) J th _ _ _ edr :
' o ) in a periodic fashion. Itis useful to consider the first fiber section
dr —3,Q + M +/339_ + Zgﬂg(z — ) (9) of _Iength L, and iptegrate_t_hese_equations to fibll €2, _and
dz 127 6 ; T just before the first amplifier. Since the noise terms in these
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equations can be set to zero, their solution is relatively simple IV. TIMING JTTER FORDM SOLITONS
and is given by We now consider the entire fiber link and include the effects
_ of amplifier noise as well. Denoting by the subscrighe value
E(La) =p(La)E(0) (34) o E, Q, andT at the end of théth amplifier and adding the
QL) =20) + brE(0) (15)  fluctuations produced by that amplifier, we obtain the following
T(L4) =T(0) + b2Q(0) 4 bar E(0) + bz + b3a2*(0) simple recurrence relations from (14)—(16)
+ bpaFE(0)Q(0) + bsp E*(0) (16) E; =E; 1+ 0E; (22)
wherep(z) = exp [— [, a(z)dz] represents the power-reduc- Q; =Qi1 +brEi1 + 68, (23)
tion factor at a distance. All new parameters involve integra- T =11 + 0oy +bopEy_y + 03+ 615, (24)
tion over the amplifier spacing and are defined as where, for simplicity, we have neglected the contribution of

L La g o2 higher order terms in (24) containirgg,, b3g, andbgr. These

£ . 1 . _

by :/ Bo(2)dz, by = / Bs( +2 )dz 17) terms involve the product of two small parameters and can be ne
0 0

127 glected in most case of practical interest. The dominant contri-
La 1 rla bution of the TOD effects is stillincluded in the analysis through
br =~ / q(z)dz, bzq = 6/ Badz the b5 term.
OL . N 0 The recurrence relations in (22)—(24) can be solved for a chain
bop = — / dzﬁg(z)/ dz' q() (18) of Vamplifiers; we refer to [11] for details. The important quan-
0 0 tity we need is the total temporal shify; of the pulse at the end

| La - of N amplifiers. Of course, when calculatiffy,, we also need
bpo =— - dzf3(2) / q(#")d7 (19) €, andE; atintermediate amplifiers as seen from (24). The net
6./o 0 result is thatl’y involves, single, double, and triple sums over
La N. When these sums are carried out, the average temporal shift

— / !
bap = - 6 /o dzfs(z) UO a(z )d"} at the end ofVth amplifier is given by

q(z) :M. (20) (In)=

2/773(2) 61
Note that several parameters involve local values of the pulse - Q[bQRS +b2br Eo]N(N —1) + (bs + bar Eo) N
width and chirp within the map period. These can be obtained (25)

by solving the yariational (3) and (4)._ _ whereE, is the input pulse energy.

The Raman-induced frequency shift is governed by (15) andrg calculate the Timing jittes? after N amplifiers, we also
depends on the pulse energy and the paramgtgivenin (18). need the second momefit? ). As seen from (24), its evalua-
In the case of constant-dispersion fibers and ideal distributggh requires the variances and cross correlation& f .,
amplification(c = 0), the pulsewidth remains constant, and thgnd 1’y all of which can be obtained with the help of (11)—(13).
integral in this equation can be carried out analytically. Usingfter considerable algebra, we obtain the following analytic ex-

2

bobr

SN(N — 1)(N — 2)

Q(0) = 0, the frequency shift at a distanees given by pression for the timing jitter:

_ TryE(0) _ Tr|P| o} = oy + Ri ((SE)?) + Ry (5 E6Q) + Hab (26)

z) = - INZZr I 2t i (21) b
0 0 whereogy is the GH contribution to timing jitter and is given

where we usedE(0) = /7Pyr together with P, = DY
1821/ (v7&) for fundamental solitons. This equation shows that, b3 5
the Raman-induced frequency shift scales with the pulsewidtf® ~ EN(N — DEN - 1){e)
as, *, a result first derived in 1986 for standard solitons [6]. +ba N(N — 1)(6Q8T) + N(sT?) (27)

The factor of 1/2 appears in place of 8/15 because the pulse, o quantities, , Ro

o o andR5 are defined as
shape has been assumed to be Gaussian in deriving (21).

In the case of DM solitons, the situation is quite different f1 :N(NQ_ 21)
FII’Stl, the pulseW|dt_I°r is .not constant_ but varies in a per.|0d|c % |:bRb2 (N3 — 10N? + 29N — 9)
fashion along the fiber link. It takes its minimum value in the 120
middle of each fiber section forming the dispersion map. As a babrbor 5 . b3n
result, the maximum contribution to the integral in (18) comes - 96 (19N" — 65N +48) + T(2N - 1)}
from this region. Itis sometimes concluded that SSFS is smaller (28)

for DM solitons if we assume that, in (21) corresponds to
the minimum width of a DM soliton [16]. However, one should b b
note that the pulse energy(0) is enhanced considerably for % [ 2 R(N —2)(3N — 1)+ 2_3(2]\7 _ 1)} (29)
DM solitons. Moreover, the contribution where the pulsewidth 12 3

is minimum is reduced because of losses. For these reasons, ﬁE'g?:N(N — )by [b—?’(N _ (N -2)+ @(N _ 1)} '
Raman-induced frequency shift of DM solitons can exceed that 370

of standard solitons. (30)

Ry =N(N — 1)b,
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The R; and R, terms originate from the Raman-induced fre- The variance of timing jitter can now be calculated analyti-
guency shift. For this reason, their contribution is referred to aally following the same method as before and is given by
the Raman jitter in this paper. TH& dominates in practice for R3S

N > 1 because of itsV® dependence. Th&; term results o} = oty + B ((6E)%) + - (42)

from the TOD effects and becomes quite important for puls@scomparison of (26) and (42) show that the only difference
much shorter than 1 ps. In the absence of the Raman and TRDRhe absence of th&, term and different definitions of the

effects, we recover the expression for the GH jitter obtained HérameteréR, by andbs . The GH contribution is also different
our earlier paper [10]. and is given by

2
V. TIMING JTTER FORSTANDARD SOLITONS ol = %N(N — 1)(2N — 1){6Q%) + N(6T?).  (43)

The preceding analysis of timing jitter is for DM solitons. The  As expected, the leading term in timing jitter is due to SSFS
use of standard unchirped solitons requires propagation insigtl grows asV® whereas the GH term grows a&*. Both of
DDFs to ensure that the soliton shape and width is preservedhiese contributions agrees with the earlier results of Essiambre
spite of fiber losses [8]. In DDFs, the dispersion decreases adred Agrawal [8]. The same expression applies for constant-dis-
rate that matches the power loss. The GVD coefficient of supkrsion fibers with minor changes. In particular, in the coeffi-
fibers decreases exponentially@$z) = 32(0) exp(—az) and cientsbs, andbs L.g are replaced with. 4 becaused; and s
reaches a valugy® at the end of each DDF section. are constant along the fiber. The paraméteremains the same

We can use the moment method for standard solitons piwst coefficientboz changes tdyTr(Leg — L)/ (15a73).
vided we use a pulse shape of the form

A = a sech <3> expli¢p — i1Q¢]. (31) ) _
T In CRZ systems, input pulses are often prechirped but they
Note that the chirp parameter does not appear for standard sdéi-not follow a periodic evolution pattern. In general, the chirp
tons. Its absence simplifies the analysis considerably. One cénd the pulsewidth cannot be calculated analytically because of
sequence of the absence of the chirp is that all cross correlatigfts nonlinear effects. However, in quasi-linear links in which
amongS E;, 6€2;, andsT; vanish at every amplifier. More specif- the GVD of each fiber section is so large that the pulse spreads

ica”y, the variances and cross correlations atdhaamp“ﬂer over several bit SlOtS, the pulse evolution is nearly linear along
are given by the DM link. The chirp and the pulsewidth of the pulses as a

function of distance can then be found analytically [1]. Since

VI. TIMING JTTER FORCRZ SYSTEMS

2 _— . . —
(8E7) =25Eo, (6Qu8F;) =0 (32) the CRZ system is not periodi€; and+ have different values
(502) = 28 S, (SE:STY) =0 (33) at different amplifiers. This feature complicates the .calculation
3EoTH somewhat, but the procedure is straightforward. Atitheam-
2872 lifier, the chirp and the pulsewidth are given b
(612) =210 (s0.613) = 0, (3a) P pandihep gvenby
. 0 e C; =Cp + — (44)
The Raman-induced frequency shift is also affected by the T2
change in the soliton shape. In fact, (7)—(9) are replaced with i2b2
ng P (7-9) P 72 =72 (14 C2) + 2iCoby + - 2’2 (45)
=—aE+ Y (g:E+6E)8(z — z) (35) _ N _ Tm _ _
dz p wherer,, is the minimum pulsewidth related to the input width
4o ATRpvE of the chirped pulse throughf = 72 (1 + C3). When these

5= 158 + ) 628(x — 2) (36) equations are used in (11)-(13) together with = Eo, a

p ; @ . problem is encountered for terms with in the denominator.

T B3 We solve this problem by assuming that the average dispersion
=320 I3 — 6T:6(% — 2;). (37 o y ;

dz patd + 1872 + /s 6 + 27: (z =) (7 over each amplifier spacing is small enough that the pulsewidth

In each fiber section of length_, between two amplifiers, we does not change much between two amplifiers. This is often the
’ Ase in practice. By expanding ' in a Taylor series in (11)

can set the noise terms to zero. The integration is then stra;g U12) th " d vari imatelv ai
forward. In fact, (14)—(16) remain unchanged but the coe ind (12), the moments and variances are approximately given

cients are modified and are given by by )
3(0) Legr <6Ei > =25 E,,
by =f32(0)Leg, bs = 3,2 (38) 28 iby
(1873) (6QU6E;) = 73 [00 -1+ 203)}
b — — 4vTRLeg (39) ﬁ’/‘m (1 + Cg) Tm
f (1573) (46)
29TR2(0) L2 2 _S(A+CF) s < z‘la)
= ZITvrel Uelt o) =———— 66Ty = — | Co+ —
b?R (157_03) (40) < Z> EOTOQ ’ < 4 > EO 0 + 7_’31
where L. is the effective length defined as (47)
_ —al. S 2iCob 1202
L= Lt eXpCE aLa)l (41) (6T7) IE—OT% [(1 +C3) + —5— 741

As before, we neglect the coefficieriis,, b:r andbgqg. (6E;0T;) =0. (48)
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The timing jitter can now be calculated from (22)—(24) fol- 0.4
lowing the procedure outlined earlier. The result is given by 0.35
28
2 _ 2 2 2y—1/2
= Ry ((6FE 1+ C
7t = oG + R ((OB)) + = (14 Cp) 03
R"b R.S m
x [R’QCO - =22 +2c§)} + 222 (49) 2025
T E [0] .
m E 0.2 Gordon-Haus Jitter
whereogy is the GH contribution to the timing jitter and is 2
given by i§0.15
572 by N\ 0.1
oly = — N |1+ <Co + = ) (50)
m 0.05
and the quantitie®),, R, and R} are defined as o
bobp(N—1)2 b IN—1 0 200 400 600
Ry, =N(N —1)by [ 2 R(3 ) + 25 3 )} (51) Distance (Km)
1 bo Fig. 1. Timing jitter for a 10-Gb/s DM soliton system with 80.8-km ampilifier
RQ :N(N—l)ﬁ spacing. The solid line shows the analytical prediction of the moment theory

Cbob (12N3 AON2 r3) while the asterisks show the numerical values obtained by solving the NLS
_ —5 . ; . ; ~ 0.¢ _
v 20R = +b2R(9N2 _3N — 13)} equation. The dispersion map is such thag 0.2 ps/km

(52) (27). The agreement is quite reasonable and justifies our use of
Ry =N(N - 1)bs the variational and moment methods.
y [b3(N—1)(N-2) +4—b2 (1+02)_1/2 To include the Raman jitter, we next consider a dispersion-
6 3Tm 0 managed system capable of operating at 160 Gb/s. The use of
Co o Do dense dispersion-management is essential at such high bit rates
x <7 —(2N-1) (1+2C5) 32 )} (53) ' [17]. The dispersion map consists of 1.0 km of anomalous-GVD
Because of the dependence of chirp and pulsewidth on dista fiber with D= 2.5ps/(kmnm) and 1.0 km of normal GVD

Lo . 5 r with D = —2.35ps/(kmnm). All other parameters re-
the contribution ofR} grows asV° as well. When the .Raman in the same. We also need the valuesTgrand s we
effect and TOD are absent, we recover the expression for énh?

N X . . ooseTr = 3 fs andf3; = 0.1 ps’/km. Optical amplifiers
jitter for CRZ systems obtained in our earlier paper [10]. are spaced 40 km apart for this system. The input-pulse param-

eters were again found using the periodicity condition and have
valuesry = 1.25 ps,Cy = 1, andEy = 0.12 pJ. The FWHM

The analytic expressions for the timing jitter obtained in thisf the pulse is only about 2 ps because of the 6.25-ps bit slot
paper are based on the variational and moment methods andaast60 Gb/s. This feature makes the Raman effect important
sume a specific pulse shape is maintained during propagate@rough that we expect it to dominate the jitter. We compare
of the pulse. Before using them, we compare their predictiohe analytical results obtained using (26) to the results of nu-
with the results obtained numerically by solving the NLS equanerical simulation (stars) in Fig. 2. Notice the rapid growth of
tion (1) while adding the noise at each amplifier. We use thke jitter because of the Raman contribution to the total timing
well-known split-step Fourier method for this purpose [4] anjitter. The numerical values are somewhat larger compared with
launch a 32-bit pseudorandom bit sequence into the fiber lirtke predicted values. We attribute this discrepancy to the jitter
Timing jitter is calculated by performing the integral in (1) ovemduced by the intrachannel effects that are not include in our
the bit slot of each 1 bit. To collect a large enough sample for tamalysis but are automatically included in the numerical simu-
timing-jitter values, the NLS equation was solved repeatedlylations. This fact should be kept in mind.

We first consider a 10-Gb/s dispersion-managed system. Th&Ve now use our analytic results to study the role of the Raman
dispersion map consists of 10.5 km of anomalous-GVD fiband TOD effects. All of the following results are for a 160-Gb/s
with D = 4 ps/(km-nm) and 9.7 km of normal-GVD fiber with DM system using the same map that was used for Fig. 2. Fig. 3
D = —4 ps/(km-nm). Each fiber section has 0.2-dB/km losseshows the the timing jitter for the DM-soliton case as a func-
and a nonlinear parameter= 1.7 W—1/km. The amplifiers tion of distance. The dashed line show the contribution of GH
spacing is 80.8 km. The spectral noise density was calculajétér, while the solid line adds the contribution of the Raman
usingn., = 1.3. The input-pulse parameters were found usingter. Solid dots are obtained when the effects of TOD are also
the periodicity conditions for solitons and have valugs= included. The most important conclusion one can draw from
12 ps,Co = 0.52, and £y = 0.03 pJ. The pulsewidth [full- Fig. 3 is that the Raman contribution begins to dominate after a
width at half-maximum (FWHM)] of about 20 ps needed for thdistance of 400 km (ten amplifier spacings) because aWits
10-Gb/s system is large enough that the contribution of Ramdependence on the number of amplifiers but the TOD contribu-
jitter is expected to be negligible. This is indeed found to be thi®n is negligible. Since the Raman contribution dominates the
case. Fig. 1 shows the timing jitter obtained numerically (showjitter after 500 km, the system performance is likely to be lim-
by asterisks) and compares it with the results obtained usiibgd by the Raman-induced frequency shift at high bit rates.

VII. RESULTS AND DISCUSSION
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Fig. 2. Same as in Fig. 1 except that bit rate is increased to 160 Gb/s drig. 4. Timing jitter for a 160-Gb/s soliton system based on DDFs with
amplifier spacing is reduced to 40 km. A dense dispersion map (map perio@mplifiers spaced 45-km apart. The dot-dashed line shows the Gordon-Haus

km) is used with3,, = —0.1 ps2/km. The Raman contribution becomes quitecontribution alone while the solid line adds the Raman contribution. The filled
important at such high bit rates. circles include the TOD effects. The average dispersienli275 pd/km.
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Fig. 3. Timing jitter for the 160-Gb/s DM solitons system with the map useliig- 5. Same as in Fig. 4 except that the avearge dispersion has been reduced
for Fig. 2. The dot-dashed line shows the GH contribution alone while the soff@l—0.1 p&/km for comparison with the case of DM solitons.
line adds the Raman contribution. The filled circles include the TOD effects.

magnitude is proportional to the pulse energy. In contrast, the

One may wonder whether the DDFs will help in reducing th&H jitter is inversely proportional to the pulse energy. Thus,
Raman jitter. We consider the 160-Gb/s soliton system agais the pulse energy decreases, the GH jitter increases but the
but replace the dispersion map with a 45-km-long DDF witRaman jitter decreases.
D(0) = 1.0ps/(kmnm). All other parameter remain the same Finally, we consider timing jitter in CRZ systems using the
but the input pulse energy was set to 0.9 pJ so that it corresposdme dense dispersion map used for Fig. 2. The pulse energy
to a standard fundamental soliton. Fig. 4 shows the dependen@s reduced by a factor of ten compared with the case of DM
of timing jitter on distance for such a system. The dashed liselitons to weaken the nonlinear effects. The average dispersion
shows the GH jitter obtained from (43), the solid line adds theas also lowered t6,, = —0.05 ps’/km by changingg. of the
contribution of the Raman jitter from (42), and solid dots includeormal GVD section of the map. The input chith was chosen
the effect of TOD as well. Notice that the timing jitter is mucho be equal tds.|L/72,, whereL is the total distance of prop-
larger for DDFs compared with the case of DM solitons. Thiggation, so that the pulse is unchirped at the output end. Fig. 6
is due to a relatively large value of the average dispersion.diiows how timing jitter varies as a function of distance. The
we design the standard soliton system with the same averagshed line shows the GH jitter expected in the absence of the
dispersion using a DDFs whok# | decreases from 0.24 to 0.03Raman contributiorfZz ~ 0). This component of the timing
psi/km over 45 km (required pulse energy of 0.17 pJ), we obtajitter first increases and then decreases because of precompen-
the results shown in Fig. 5. Timing jitter is now smaller than thaation of the GVD . This behavior was predicted in our earlier
for DM solitons shown in Fig. 3. This qualitative change is dupaper [10]. The solid line adds the Raman contribution while
to different energy dependence for the Raman and GH jittete filled circles show the total jitter with the TOD effects in-
The Raman jitter has its origin in energy fluctuations whosguded. Again, the TOD effects are negligible. The Raman jitter
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such systems cannot be operated over long distances unless a
jitter-reduction scheme is implemented. The use of parametric
amplifiers is likely to be beneficial in this context [18].
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