576 CHINESE OPTICS LETTERS / Vol. 1, No. 10 / October 20, 2003
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In this paper, the dispersion managed soliton (DMS) transmission equation is built on considering the

effects of polarization mode dispersion (PMD) and filter control.

The DMS transmission of filtering

control in constant birefringence fibers is firstly analyzed by varitional method, from which the evolving
rules of characteristical DMS parameters are obtained. Secondly, the stability of DMS transmission and
its timing jitter are investigated in the random varying birefringence fibers with the conventional model
of PMD. The results reveal that filter control DMS system has powerful robustness to PMD effects and
DMS’s timing jitter can be decreased considerably with the help of filters.

OCIS codes: 060.5530, 060.2340, 060.2420, 320.7110.

Recently, the dispersion managed solitons (DMSs) are of
great interest in soliton communication systems. They
provide some prior advantages compared with conven-
tional solitons, such as higher pulse energy and signal
noise ratio, lower averaged dispersion line and timing jit-
ter. However, in the dispersion managed systems, lower
averaged dispersion line can be lead to polarization mode
dispersion (PMD) becoming even more obvious at higher
bit rates and longer transmission distance, which may
induce to lots of dispersion waves and the differential
group-delay (DGD) accumulating. In the conventional
soliton systems, the inline filters have been proved favor-
able effect in constraining several perturbations of sys-
tem. A very important issue is that what it would happen
if filters are used to control PMD in DMS links.

In Ref. [1], the method of numerical integrating has
been used to evaluate the PMD in conventional soliton
filtering system. In Ref. [2], the perturbational approach
of adiabatic was used to study filtering DMS system,
but not considering the PMD effect. In Ref. [3], there
had been proved experimentally that conventional soli-
ton and DMS robust to PMD, but not putting forward
how to further restraining the PMD in high speed rates
and long distance transmit systems. In this paper, we
will study the effects of the PMD and filter control in
DMS system theoretically.

We firstly consider an erbium-doped fiber amplifier
(EDFA) transmission line, the filters are inserted after
every amplifier, and then the normalized DMS transmis-
Si(E% equation incorporating filter effects can be written
as
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where U, Z, T and Q(Z) represent normalized amplitude,
distance, time and factors of nonlinear and amplifier, re-
spectively, d(Z) is the normalized group-velocity disper-
sion parameter, and § is an excess gain that compensates
the loss caused by the transmission control, k}’ is the
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strength of the filter, wy = pZ # 0 is the difference
of center frequency of the filter and soliton, where p is
the normalized sliding rate if wy slides linearly with dis-
tance Z. while the filter center frequency is constant and
equated to the soliton center frequency, wy = 0.

Now we assume

: 0
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when k; < D) (D is real value of path averaged of
group-velocity dispersion parameter). Then Eq. (1) can
be written formally as DMS equation of perturbation
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At the same time, propagation of orthogonal polarized
optical pulse components U and V in a dispersion man-
aged line is described by the so called coupled nonlinear
Schrodinger equation (CNSE) of the form!'. Assuming
that the beat length is much smaller than the disper-
sion distance or period of soliton, then the CNSE can be
transformed into
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where -y represents the coefficient of nonlinear across
phase modulation (XPM) between U and V, d, =
[(dB./dw) — (dB,/dw)]Lp/(2te) = AB'/ty is the DGD,
AB = Lp(Be — By)/2 (Bs = na2w/A;). Combining Egs.
(3) and (4), we now can get the DMS transmission equa-
tion that incorporates the effects of PMD and filter con-
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trol at same time
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In Egs. (5), the terms between two equals signs are per-
turbations of system, in which the first terms are effects
of filter including the excess gain and the filter strength,
the second terms are effects of PMD including DGD and
XPM, which can lead to DMS timing jitter and nonlinear
coupling between polarized amplitude components.

Now assuming stable solution of Eq. (5) is

U(Z,T) = Au(Z) fu(r) exp(idy),
V(Z,T) = Ay(Z) fv(7)exp(idy),
f(r)= exp(;72/2) 7 =By(Z)T — T,
= SBREN(T — Tyy(7))?
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i=UorV, (6)
where A, B, C, k, Ty, 6 represent soliton amplitude,

width, ChlI’p, frequency, position and phase, respectively,
we can solve it by varitional method!®
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where 1/P? = 1/(BZ+BZ) EsoL = /7(A2/B; +A2/B )
represents the pulse energy, “4” or “—” before d, corre-
spond to U, V respectively.

The above equations are the evolvement of soliton pa-
rameters in DMS system incorporating the effects of con-
stant birefringence and filter. From Egs. (7), we can
know that the effect of birefringence fiber (4, and +)
on the pulse of polarized mode leads the frequency ex-
cursion, and makes pulse width broadening Eq. (7e). But

the filter (shown by k% in Egs. (7)) has an ability of con-
trol in the parameters amplitude A, width B, excursion
of the position AT and the frequency Ak.

Equations (7) represent the PMD effects in constant
birefringence fiber such as PANDA fiber, but in fact, the
usually practical fiber line is random varying birefrin-
gence fiber, and mode coupling between the polarized
components varies with wavelength and its transmission
distance. Here we use the conventional model of PMD
in fibers, which is modelled as a cascade of many small
segments with constant birefringence. We assume that
all the segments have the identical length z;, which is
the mode-coupling length. The orientation of the bire-
fringence and DGD §, varies randomly without corre-
lation between adjacent segments, and d, satisfies with
Gaussian distribution. When in condition of periods of
dispersion managed fiber longer than the mode-coupling
length (usually 100 m), d, obeys Gaussian distribution
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Now Egs. (7) regard as randomly varying differential
equations in whole fiber line, and effects of PMD ex-

press as (Aﬁ’z)zhm. Through the Egs. (7d) and (7e),
we can study the stability and the timing jitter of the
system with the adiabatic or conservation perturbation
method.

Let £ = Ak, y = AT, and terms of AT in equations
expand linearly around AT = 0, we obtain the ordinary
differential equations for the difference of frequency and
time position in the form

dx
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Assuming a = —2k'}'BZC, b = 2QvP3EsoL//7, ¢ =
Qk}’C — d, the linear equation groups have two values
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When a? 4+ 4bc < 0, or
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Egs. (9) have a formally stable solution
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And the filters have a ability of making the DMS systems
into stable state. From Egs. (8) and (11), we can get the
excursions of center position and frequency of DMS in
effects of filter control in random birefringence fiber

it [ e
A2 — M Jo

_e—)\2(Z—Z’)) 69(ZI)dZ17

(12a)

1 d A(Z'—Z)
7) = O R
y(2) :F)Q_)\I/O (@ e

—(a- Az)e—M(Z’-Z)) 5,(2")dZ". (12b)

The mean square of DMS timing jitter is
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If no filter is inserted in fiber line, k% = 0, Eq. (13) would
be simply expressed as

a2 in(+/
(AT?)yp = QZ [1 S \(/%;(‘EZ)], (14)

where dy = —(B2)20/t2 is path averaged group-velocity
dispersion. The result is similar to that of Ref. [9]. When
b = 0, we can simplify Eq. (13) to situation of linear
transmission

V(AT?), = Vo2 Z. (15)

The result of Eq. (15) consists with other published
papersl?-8,

Equations (11) can apply to analyze the characteristics
of DMS transmission with Fig. 1. We consider a DM
link made of an arrangement of {; = 35 km anomalous
dispersion fiber Dy = 17 ps/(nm-km) and I, = 5 km
of normal-dispersion fiber Dy = —118.2 ps/(nm-km),
yielding an averaged dispersion of D = 0.1 ps/(nm-km),
and assuming they have same loss and Kerr coefficients,
we now investigate the propagation of Gaussian pulse of
to = 5 ps, bit duration at 40 Gb/s in the system men-
tioned above.

Figure 2 shows the evolution of timing jitter along
the distance numerical computing from Eqs. (13), (14)
and (15), respectively. It can be seen from Fig. 2 that,
without in-line filtering, the DMS is rapidly affected
by PMD, the time jitter fluctuates larger and larger
along with the distance, it is about 3 ps at distance of
z = 3000 km smaller than the linear system situation
5.5 ps. These indicate that DMS scheme can reduce the
PMD effects considerably. However, the timing jitter
induced by PMD would effectively decrease to 0.5 ps at
z = 3000 km if applying in line filters.
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Fig. 1. Dispersion managed fiber line sketch map.
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Fig. 2. Evolution of root-mean-square of y/(AT?) in nonlin-

ear and linear systems. /(AB'2)z, = 0.1 ps/km%7 zr = 0.1
km. The filter strength k¥ = 0.015 and excess gain § = 0.02.

We have presented an analytical theory of combin-
ing the varitional method and conservation perturbation
method to show that filter control DMS system is pow-
erful in robustness to PMD. Proper filter strength can
strongly reduce the timing jitter of PMD induced. The
filter-induced stability of DMS will be more important
in high speed and long distance communications.
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