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In this paper, the timing jitter in dispersion-managed soliton-like systems with the Gaussian pulse is studied by

using two methods. Firstly, the derivation of the dynamic equations for the evolution of soliton-like parameters and the

timing jitter expressions for the dispersion-managed soliton-like systems are carried out by the perturbed variational

method. By analysing and simulating these timing jitter expressions, one can find that the timing jitter is induced by

the amplified spontaneous emission noise and the frequency shift, etc. Nonlinear gain can suppress the timing jitter.

The chirp sign and the filters action have also effects on the total timing jitter. Secondly, the timing jitter is calculated

and analysed by using the moment method. The results of the two methods prove to be consistent with each other.
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1. Introduction

The idea of periodic dispersion management is
quite simple. It involves mixing fibres with positive
and negative group velocity dispersions in a periodic
fashion so that the total dispersion over each period is
close to zero. If the average dispersion of each map pe-
riod is nearly zero, the dispersion can be compensated
over each map period.l] Optical solitons may soon be
the primary carriers for long- and short-distance infor-
mation transmission because, unlike pulses in a linear
dispersive fibre, solitons are self-confined, propagat-
ing over a long distance without changing their shape.
So solitons are being studied widely.2~6 Dispersion-
managed soliton (DMS) has been attracting consid-
erable interest recently in optical communication sys-
tems because of their superb characteristics which are
not observed in conventional solitons.[”8! In partic-
ular, sufficiently strong periodic dispersion manage-
ment allows for stationary propagation of nonlinear
return-to-zero pulses with finite energy when the av-
erage dispersion is close or even equal to zero. This
helps suppress the Gordon-Haus effect without sac-
rificing the signal-to-noise ratio (SNR). Furthermore,
the amplitude of DMS can be made sufficiently large
to maintain sufficiently large SNR by a proper choice
of the magnitude of the dispersion map. That is, a
DMS can be very robust in periodically amplified all-

TE-mail: ligiliang2@yahoo.com.cn
http://www.iop.org/journals/cp http://cp.iphy.ac.cn

optical transmission systems. !

Optical signal transmission in long-haul optical
communication systems is limited by amplified spon-
taneous emission (ASE) added to optical amplifiers
The ASE
induces frequency shifts that accumulate and intro-

needed for compensation of fibre losses.

duce timing jitter in the presence of group velocity
dispersion (GVD) as the signal propagates along the
fibre.'?) The time variance was calculated for the
first time by Gordon and Haus for a hyperbolic se-
cant soliton pulse propagating in a fibre with uni-

n.l'012] They drew a conclusion that

form dispersio
the timing fluctuations along the transmission line
grow as the cube of propagation distance.['3) How-
ever, one cannot directly apply the Gordon-Haus
theory in most cases because the pulse shapes in
DMS systems differ significantly from the hyperbolic-
secant shape. For DMS, the pulse shapes range from
hyperbolic-secant to Gaussian to flattop, depending
on the strength of the dispersion management.['4—16]
In the former research, Gordon-Haus timing jitter in
dispersion-managed systems was calculated using the

moment method.[}7—19]

In this paper, the timing jitter in the DMS sys-
tem with filters and amplifiers is studied by using the
perturbed variational method. This paper is orga-
nized as follows. In Section 2 the perturbed nonlinear
Schrodinger equation (NLSE) and the noise correla-
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tion properties are introduced. In Section 3 the tim-  written as
ing jitter of the DMS system is calculated and anal-
ysed. Firstly, we derive the dynamic equations for the By = Por, 0<2z< L,
evolution of soliton-like parameters and timing jitter B2, L1 <2< Luap,
expressions in the presence of the quadratic nonlinear
where L., = L1 + L2, Lpap is the dispersion-

gain, filter and ASE action, and analyse various fac-
tors of induced timing jitter. Secondly, we simulate
the DMS system with the positive and negative chirps,
obtain the figures of the timing jitter versus transmis-
sion distance, and analyse these figures. Thirdly, in
order to validate the timing jitter calculated by the
perturbed variational method, we recount the timing
jitter by using the moment method, and compare the
results obtained by the two methods. Finally, in Sec-
tion 4 the main results of this paper are summarized.

2. Basic theory

In dispersion-managed schemes, optical pulse
propagation can be governed by the following per-
turbed NLSE:[!3:20]

.@+
182

1 0%u

552@ +7ylul*u = ieR,

(1)

where u(z,t) is the slowly varying envelope of elec-
tric field, z is the propagation distance and ¢ is the
retarded time. (5 is the GVD coefficient and can be

(x(2,1))
(x(z,t)x

) = <X(th)X(2/7tl)> =0,
“(2',t')) = 2gohwonsp(2)6(z — 2')d(t — 1),

managed period and (3; is the GVD parameter for the
fibre segment of length L;(j = 1,2);v = 2mna/AAeq-
is the Kerr nonlinearity coefficient, where ng is the
nonlinear refractive index and Agg is the fibre’s ef-
fective area. For a strong dispersion management,
path average dispersion coefficient (82) approximates

to zero, namely

(B2) = (B21L1 + P22L2)/Linap = 0. (2)

By considering the combined action of excess
gain, quadratic nonlinear gain, filters and ASE, per-
turbation R has the following form

3)

where « is the excess gain or loss coefficient, k is the

1 , &
eR = 5(0<+2’€|U| +77@)U+X(Zat)a

quadratic nonlinear gain or loss (which describes, for
instance, fast saturable absorption, 2-photon absorp-
tion if negative), n = 2In2/(B?z¢) represents the fil-
ter strength parameter, Bs is the filter’s band width
and z is the filtering period.?!! ASE is accounted for
as the additive white Gaussian noise (AWGN) term
X(z,t), with the following correlation properties:

where g is the amplification coefficient inside the am-

plifier, hiwy is the photon energy at the signal fre-

quency, and ngp, is the spontaneous emission factor.
Assuming that a chirped Gaussian pulse is

(t—T)>
272

u:Aexp{— + i [w(

launched initially and maintains the Gaussian form
during propagation, the optical field at any point
along the fibre can be written as

t—T)+c(t—T)2+9}}, (6)

where A, T, 2v/In27, w/2m, ¢/47w, and 0 represent the pulse’s amplitude, temporal position, width (FWHM),

frequency, chirp and phase, respectively.
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3. Calculation and discussion on
timing jitter

3.1. Calculation and analysis by the per-
turbed variational method

Now we study the timing jitter of the DMS sys-
tems using the perturbed variational method. The
unperturbed Lagrangian density of Eq.(1) has the fol-
lowing form
2

L= % (u*% —u%) — % % + %|u|4. (7)
The averaged Lagrangian density L is defined as
+00
L= / Lt (8)

Since one sees R as the perturbation and it is
independent of u*, the perturbed variational equation

can be written as[22:23]

+oo
d OL oL
S (e I
dz <8Xj> 0X; Re/

— 00

ou*
—dt
sRan ,

(9)
where Xj can represent A, T, T,w,c, 0 separately and
X represents 9X;/dz. Substituting Eq.(6) into (7),
integrating the Lagrangian density L’ in Eq.(7) over ¢
from —oo to +00, we can find the averaged Lagrangian

density L
L = ﬁuﬂ'/ﬁg — ﬁA2T3% — ﬁA2Td—9
dz 2 dz dz
—gﬁzAz - gﬁzszQT
-
—/TBe A% T3 4 %71441 (10)

We also can obtain the dynamic equations by use of
Egs.(9) and (10)

+oo
dT
o= (B2 —n)w+ —=Re / [—ixu®(t — T)]dt, (11a)
dw 2. [ t—T
w « |t .
o= ERe {—Xu [ = +i2¢(t — T)] } dt, (11b)
d 1 +o00 LT +o00
e _ 2(B2 —n)et + = ¢ 2Re / —ixu*g dt — 7Re / (—ixu™)dt », (11c)
dz E T
dA A A o i (t—T)?
a e (=
- — (B2 —m)Ac+ - + °F 3Re /(—1xu )dt 2Re/ [ xu'——s— }dt , (11d)
—+oo
de  (Bo—n)(1—4r*c?) V2A(y—k) 1 / L1 (t—T)?
dz 274 472 + E Re [ xu 72 74 e (11e)
do 1 9 9 5v/2 9 a
e (B — D)+ YT A2y — ) — =
Y e B mer? 1)+ 22 ) -
1 +o0 +o0 +o0 ¢ T2
+ — { dwRe [— iu* (t — T)}dt “sRe [ yurdt+2me [ B2 g L (11f)
2E 72

— 00

where E = fjof |ul?dt is the energy of the pulse.

— 00 — 00

The fundamental parameter determining the timing jitter is the variance of the temporal position 7. So

we choose the dynamic equations related to 1" and change them slightly:

—+o0
ar i . .
T =G-nw+ g [E-T0Cu -, (120)
d L [t-T i
w - * * i _ ®, *
- & 7_—2()( u+ xu*)dt + T / 2¢e(t = T)(x u — xu™)dt. (12b)

— 0o

— 0o
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From Eq.(12b), one can see that the frequency shift
is induced by the ASE noise and is related to the
time offset and the pulse chirp. The frequency w will
The time shift
comes from the common action of the GVD and the

not change without the noise terms.

frequency shift, which can be seen from Eq.(12a). The
term (2 —n)w represents a contribution to the timing
jitter, and is produced by the GVD, the filter action
and the frequency. From this term, one can see that

+oo
T= / (t— T)(x"u — xu*)dt,

5w:——/t_ (X u+ xu )dt+—/2ct—T)(X u — xu*)dt,

the filter action may suppress the increase of the tim-
ing jitter. Neglecting the impact of the noise terms,
the temporal position T will breathe periodically. In
Eqgs.(12), the noise terms are approximate due to the
stochastic characteristic of the ASE noise, whereas the
term (B2 — n)w is exact.

Now we evaluate the variances and cross correla-
tion of the noise terms in Eqs.(12) using Eqgs.(4)—(6).
For simplicity, we define the following variations

(13a)

(13b)

— 00

where 6T and dw represent the random time and frequency shifts due to the ASE noise. It is not difficult to

find that
25 1 S
2 211294 . °P7T
<5T>_ﬁ/(t—T) |u| dt_f, (14)
2S ( ) S(l +4c27?)
2
ase [ 25¢r?
_ 4Sc 2 124,  28cT
(0Tdw) = =z /(t —T)|ul*dt = —% (16)
where S = 2gohwonsp. Solutions of Egs.(12) are
T="1T,+1Ts, (17)
where
= /(52 —nwdz’,
= —/ / Y(xFu — xu*)dt | d2, (18)

z —+o0
1 t—T
w:——/ /( )(X*u—l—xu dt| dz’ +
E
0 L-oo

As is seen from Eq.(17), the temporal position T
is a superposition of the time shift 77 induced by the
frequency shift and the time shift 75 due to the di-

z

/ /20t— T)(x*u — xu*)dt | d2’.

0 Lo

rect impact of the noise on the pulse. Using Eqs.(5),
(17) and (18), we can calculate the variance of the
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temporal position 7', define the following components:
dq1 = 2iy/ghwonsp(t — T)u/E,
0f = (T?) — (T)? = (I?) + 2(TV'T>) + (T3).  (19) 5qo = ghwonsy (t — T)u/ET?, (20)
dqz = 4iv/ghwonsp(t — T)cu/E.
In order to make calculation compact and explicit, we ~ We find that
|
z —+oo
(T?) = / [B2(21) — )] dz1 / B2(z2) )] dzo - / / (8g20q5 + dq3dqy)dt | d2,
0 0 0 l-oo
z z1
211%3) = [ 18a(e1) — (1)) [ / Sqdaidt | ds (21)
0 0

In Eqgs.(21), (T?) represents the timing jitter in-
duced by the frequency shift alone, (T3) represents
the timing jitter induced by the time offset alone, and

—+o0

/ e

— 00

When (82 —n)c is positive, the timing jitter increases;
otherwise the timing jitter decreases. From these de-
scriptions, one can find that the timing jitter of the
DMS system is induced by the frequency shift, the
time offset and the interference between the two ef-
fects. Moreover, the chirp sign and the filter action

have also effects on the total timing jitter.

3.2. Analysis of the timing jitter in the
DMS system

To study the timing jitter of a chirped DMS sys-
tem with a Gaussian pulse, we consider a 40Gbit/s
soliton-like system with a dispersion map consisting of
50 km of anomalous-GVD fibre (3, = —3.75ps?/km)
and 50 km of normal-GVD (8,, = 3.73ps?/km), (32) =
—0.01ps?/km. The parameters for the input Gaus-
sian pulse have values 79 = 3ps, co = 0.03ps~2, Ey =

T)?|ul?dt =

2(TyT») represents the interference between the two
effects, which can either increase or decrease the total
timing jitter depending on the sign of the ¢, due to

4y/mghwonspc A>3
E? '

0.13pJ. Other parameters’ values are as follows: Am-
plifier spontaneous emission factor ng, = 1.5, the
strength of filter = 0.04ps?/km, the central wave-
1.55um, thus the pho-
ton energy fiwg = 1.283 x 10~ "pJ, the periods of the

length of optical wave A =

lumped amplifiers are 100km, the Kerr nonlinearity
coefficient v = 1.7W~!/km, and the quadratic non-
linear gain x = 0.17W~!/km.

We obtain the timing jitter versus distance z for
the positive chirped DMS system using Eqs.(19)—(21),
and we also show the individual contributions of (T?2),
2(T1T3) and (T%) in Fig.1. One can see in Fig.1 that
the curves take on indentations, which result from the
With-
out the dispersion compensation the timing jitter will

compensation of anomalous dispersion fibres.

be very serious, and then cause the SNR to decrease.
So the compensation improves the transmission per-
formance of the system. From Fig.1 and Eqgs.(21) one
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Fig.1. Timing jitter versus distance z for a positive chirped dispersion-managed soliton-like system. In (a), (b) and (c) are shown
the individual contributions of the (T2), 2(T1T2) and (T2) to timing jitter, (d)shows the total timing jitter versus distance z.

can find that (T2) and (T%) are always positive. How-
ever, for the positive chirp, 2(T1T») is negative, which
means that the positive chirp can suppress the timing
jitter caused by the frequency shift and time offset. On
the contrary, if we only change the sign of the c, we

1.0
0.9 (a)

0.8 | "
0.7 I

0.6
0.5
0.4
0.3
0.2

Timing jitter/ps

0.1V |

0 r " A A
0 1000 2000 3000 4000 5000
Distance/km

can simulate the timing jitter versus distance z for the
negative-chirped DMS system in Fig.2. As 2(T1T5) is
positive, the total timing jitter increases. Hence, the
chirp sign has effect on the total timing jitter.
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Fig.2. Timing jitter versus distance z for a negative-chirped dispersion-managed soliton-like system. (a) shows the
individual contribution of the 2(T1T>) to timing jitter, (b)shows the total timing jitter versus distance z.
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Fig.3. Timing jitter versus distance z for a positive- and negative-chirped dispersion-managed soliton-like system.

Solid curve is for the case of the positive chirp, dashed curve is for the case of the negative chirp.
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Figure 3 shows the timing jitter versus distance z
for the positive- and negative-chirped DMS systems.
This figure explicitly presents the effect of the chirp
on the total timing jitter. After soliton-like pulses are
transmitted for 5000km, the timing jitter of the DMS
system is 4.89 ps in the case of the negative chirp; how-
ever, the timing jitter of the DMS system is 4.80 ps in
the case of the positive chirp. Thus, the timing jit-
ter reduces by 0.09 ps, which numerically reflects the
effect of the chirp sign on the total timing jitter.

3.3. Derivation of the timing jitter by us-
ing the moment method

In order to validate the derivation of the timing
jitter using the perturbed variational method, we re-
count the timing jitter using the moment method, and
carry out the simulation. In the moment method, we

define the temporal position 7" and the frequency w’
[17]
as:

where u; stands for the time derivation. Using Eq.(1),

we can find the following dynamic equations for the
temporal position 77 and the frequency w’

ar’ N
o= (B2 — )’ + Z ST6(z — z5), (24a)
j=1
R ,
F Z dwid(z — Zj), (24b)
=1

where 6T} and fw’; are the time and frequency shifts

imposed on the pulse at the jth amplifier and N is
the total number of amplifiers used within the DMS
system. Comparing Eqs.(24) with Eqgs.(12) which are
derived by the perturbed variational method, we find
that the exact terms in Egs.(24a) are the same as those
in Egs.(12a) and the approximate terms all result from
the ASE noise. Although the expressions obtained us-
ing the two methods are different apparently, the real

—+oo
T — i / t|u|2dt (23a) physics contents are alike.
E )
—00 The variances and cross correlation of §7; and dw
; can be obtained by substituting Eq.(6) into the gen-
Y / (v uy — wug)dt, (23b)  eral formulas derived in Ref.[16]. After some algebra,
—o0 we obtain
o 25’ y 212 S'r?
T’ t—T")?|Bl*dt = — 2
077 = [ = TPIPa = (25)
1 4
(06?) /|Bt| at = 21 - S+ (26)
i 28'cr?
(T = 2 /(t ~1)(B'B, ~ BBj)t = 22T (27)
|
where B = uexp(iwt), S" = nephwo(G — 1), and G is  the two methods have the same expressions basically.

the gain of each amplifier. Comparing Eqs.(25)—(27)
with Egs.(14)—(16), we can find that the variances and
cross correlation of the timing and frequency shifts for

of = (T") —(T")* = ('/E)m[N(1 + 4c*r

2)+2N(N —

Now we consider the DMS system with N ampli-
fiers, and calculate the timing jitter oy using Eqs.(20)-
(23).

Dergd +1/6N(N — 1)(2N — 1)d?], (28)
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where d = 752 fOLA (B2 — m)dz, La is the amplifier
spacing. From Eq.(28), we can also find the effect of
the chirp sign on the total timing jitter. When cd is
positive, namely, ¢(2 —n) is positive, the timing jitter
increases; otherwise the timing jitter decreases. This
result is consistent with the above result obtained by
the first method.

From the simulation of the timing jitter for the
positive-chirped DMS system, we obtain the timing
jitter versus distance z obtained using the perturbed
variational method and the moment method in Fig.4,

Timing jitter/ps
w

2000 3000 4000

Distance/km

0 0 1000 5000
Fig.4. Timing jitter versus distance z obtained using
two methods for a positive-chirped dispersion-managed
soliton-like system. Solid curve is for the case using the
perturbed variational method, doted curve is for the case
obtained using the moment method.

respectively. The figure shows that the timing jit-
ter obtained by the perturbed variational method is
4.80ps and that by the moment method is 5.09ps after

soliton-like pulses are transmitted through 5000km.
The difference between the two results is very small.
Hence, it is feasible to analyse the timing jitter
for DMS systems by using the perturbed variational
method.

4. Conclusions

We have studied the timing jitter for the
Gaussian-chirped DMS system, and considered the ef-
fects of quadratic nonlinear gain, filters and ASE ac-
tion on the timing jitter. In Refs.[17]-[20] the chirp
sign and nonlinear gain were not considered. How-
ever, in the present paper we have considered the ef-
fect of them on the timing jitter: the positive chirp de-
creases the timing jitter; the negative chirp increases
it, and nonlinear gain can suppress the timing jitter
of DMS. The expressions and figures obtained by the
first method show that the timing jitter is induced by
the frequency shift and the ASE noise. Moreover, fil-
ter action makes the timing jitter grow slowly. So we
can suppress the increase of the timing jitter by filters.
By analysing the timing jitter expressions calculated
by the two methods, we can find that the chirp sign
has the same effect on the total timing jitter. Fur-
thermore, the simulations of the timing jitter show
that the two methods are consistent with each other.
Comparing with Ref.[16], in which the timing jitter
is calculated by using the moment method, we have
also calculated and analysed the timing jitter using
the perturbed variational method. Moreover, we also
have taken into consideration the quadratic nonlinear
gain action and the effect of the chirp sign on the tim-
ing jitter.
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