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Abstract—This paper studies the propagation of solitons through
an optical fiber, with strong dispersion-management in presence of
perturbation terms. The adiabatic parameter dynamics of the solitons
in presence of such perturbation terms have been obtained by using the
variational principle. In particular, the Gaussian and super-Gaussian
pulses have been considered.
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1. INTRODUCTION

The propagation of solitons through optical fibers has been a
major area of research given its potential applicability in all optical
communication systems. The field of telecommunications has
undergone a substantial evolution in the last couple of decades due
to the impressive progress in the development of optical fibers, optical
amplifiers as well as transmitters and receivers. In a modern optical
communication system, the transmission link is composed of optical
fibers and amplifiers that replace the electrical regenerators. But the
amplifiers introduce some noise and signal distortion that limit the
system capacity. Presently the optical systems that show the best
characteristics in terms of simplicity, cost and robustness against the
degrading effects of a link are those based on intensity modulation with
direct detection (IM-DD). Conventional IM-DD systems are based on
non-return-to-zero (NRZ) format, but for transmission at higher data
rate the return-to-zero (RZ) format is preferred. When the data rate is
quite high, soliton transmission can be used. It allows the exploitation
of the fiber capacity much more, but the NRZ signals offer very high
potential especially in terms of simplicity.

There are limitations, however, on the performance of optical
system due to several effects that are present in optical fibers and
amplifiers. Signal propagation through optical fibers can be affected by
group velocity dispersion (GVD), polarization mode dispersion (PMD)
and the nonlinear effects. The chromatic dispersion that is essentially
the GVD when waveguide dispersion is negligible, is a linear effect that
introduces pulse broadening generates intersymbol interference. The
PMD arises due the fact that optical fibers for telecommunications have
have two polarization modes, in spite of the fact that they are called
monomode fibers. These modes have two different group velocities
that induce pulse broadening depending on the input signal state of
polarization. The transmission impairment due to PMD looks similar
to that of the GVD. However, PMD is a random process as compared to
the GVD that is a deterministic process. So PMD cannot be controlled
at the receiver. Newly installed optical fibers have quite low values of
PMD that is about 0.1 ps/vkm.

The main nonlinear effects that arises in monomode fibers are the
Brillouin scattering, Raman scattering and the Kerr effect. Brillouin is
a backward scattering that arises from acoustic waves and can generate
forward noise at the receiver. Raman scattering is a forward scattering
from silica molecules. The Raman gain response is characterized by low
gain and wide bandwidth namely about 5 THz. The Raman threshold
in conventional fibers is of the order of 500 mW for copolarized pump
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and Stokes’ wave (that is about 1 W for random polarization), thus
making Raman effect negligible for a single channel signal. However, it
becomes important for multichannel wavelength-division-multiplexed
(WDM) signal due to an extremely wide band of wide gain curve.

The Kerr effect of nonlinearity is due to the dependence of the fiber
refractive index on the field intensity. This effect mainly manifests as
a new frequency when an optical signal propagates through a fiber. In
a single channel the Kerr effect induces a spectral broadening and the
phase of the signal is modulated according to its power profile. This
effect is called self-phase modulation (SPM). The SPM-induced chirp
combines with the linear chirp generated by the chromatic dispersion.
If the fiber dispersion coefficient is positive namely in the normal
dispersion regime, linear and nonlinear chirps have the same sign
while in the anomalous dispersion regime they are of opposite signs.
In the former case, pulse broadening is enhanced by SPM while in
the later case it is reduced. In the anomalous dispersion case the
Kerr nonlinearity induces a chirp that can compensate the degradation
induced by GVD. Such a compensation is total if soliton signals are
used.

If multichannel WDM signals are considered, the Kerr effect
can be more degrading since it induces nonlinear cross-talk among
the channels that is known as the cross-phase modulation (XPM).
In addition WDM generates new frequencies called the Four-Wave
mixing (FWM). The other issue in the WDM system is the collision-
induced timing jitter that is introduced due to the collision of solitons
in different channels. The XPM causes further nonlinear chirp that
interacts with the fiber GVD as in the case of SPM. The FWM is a
parametric interaction among waves satisfying a particular relationship
called phase-matching that lead to power transfer among different
channels.

To limit the FWM effect in a WDM it is preferable to operate
with a local high GVD that is periodically compensated by devices
having an opposite sign of GVD. One such device is a simple optical
fiber with opportune GVD and the method is commonly known as
the dispersion management. With this approach the accumulated
GVD can be very low and at the same time FWM effect is strongly
limited. Through dispersion-management it is possible to achieve
highest capacity for both RZ as well as NRZ signals. In that case
the overall link dispersion has to be kept very close to zero, while
a small amount of chromatic anomalous dispersion is useful for the
efficient propagation of a soliton signal. It has been demonstrated that
with soliton signals, the dispersion-management is very useful since it
reduces the timing jitter [3] and also the pulse interactions. It thus
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permits the achievement of higher capacities as compared to the link
having constant chromatic dispersion.

In this paper, we are going to study the dynamics of dispersion-
managed (DM) solitons propagating through an optical fiber in
presence of perturbation terms. We shall consider both Gaussian and
super-Gaussian type solitons for completeness.

2. GOVERNING EQUATIONS

The relevant equation for the propagation of solitons through an optical
fiber in presence of damping and amplification is given by the nonlinear
Schrodinger’s equation (NLSE) [2, 13] namely:

N
Z)ume + |u|2u =—ilu+1 {erz‘l — 1} d0(z—nzg)u (1)

n=1

U, +

Here I' is the normalized loss coefficient, z, is the normalized
characteristic amplifier spacing while z and ¢ represents the normalized
propagation distance and the normalized time respectively that is
expressed in the usual nondimensional units [2,12]. Also, D(z) is used
to model dispersion-management. We decompose the fiber dispersion
D(z) into two components namely a path-averaged constant value d,
and a term representing the large rapid variation due to the local values
of dispersion [2, 3, 8]. Thus, we write

D(2) = 0, + Ziamo 2)

where ¢ = z/z,. The function A(() is taken to have an average zero
over an amplification period, namely

<A>_z—t/OZ“A(z—i>dz_o (3)

so that the path-averaged dispersion D will have an average J, namely

)= [ D)z =4, (4)

The proportionality factor in front of A(¢), in (2) is chosen so that
both §, and A(({) are quantities of order one. In practical situations
dispersion-management is often performed by concatenating two or
more sections of given length with different values of fiber dispersion.
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In the special case of a two-step dispersion map it is convenient to
write the dispersion map as a periodic extension of [2, 3, 8]

A 0<[¢<
A(Q) = { 0 1 (5)
Ag 2 < |C’ <3
where A1 and A, are given by
2s
Ar=—4 (6)
and 5
S
Ay = —
= (7
with the map strength s defined as
0A; — (1 —
s 081 (1 —0)As (8)
4
Conversely we have
s — __M1by (9)
4(Ag — Ay)
and A
2
. 1
0 A, A (10)

A typical dispersion map is shown in the following figure:
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Figure 1. Schematic diagram of a two-step map.

We take into account the loss and amplification cycles by looking
for a solution of (1) of the form u(z,t) = Q(2)q(z,t) for real ). Taking
Q to satisfy

N
Q.+TQ — [erz‘l —1} d(z—1nze)Q =0 (11)

n=1



90 Biswas

one can show that (1) transforms to

, D(z
iae + 2D gy + g()laPa =0 (12)
where we have
9(2) = Q*(2) = afe2M=m=) (13)
for z € [nzq, (n + 1)z,) and n > 0 and also
1
2I'z, 2
ag = |:1 — e—QFZa:| (14)

so that over each amplification period we have
1 [z
62 = = [ a2z =1 (15)

Equation (12) is commonly known as the Dispersion-Managed
Nonlinear Schrodinger’s equation (DMNLSE) and it governs the
propagation of a dispersion-managed soliton through a polarization
preserving fiber with periodic damping and amplification. This
equation is going to be the primary equation of our study in this paper.

In the following figures we have direct numerical simulations of
(12). Figure 2 illustrates the profile of the pulse as the map strength(s)
varies from 0 to 16. However, Figures 3(a) and (b) are profiles of DM
solitons in the linear and logarithmic scales respectively.
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Figure 2. Pulse profile.
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Figure 3. DM soliton profile (a) linear scale (b) logarithmic scale.

3. PULSE DYNAMICS

In (12), when we have D(z) = g(z) = 1, we get the NLSE. It is possible
to integrate the NLSE by the method of Inverse Scattering Transform
(IST) since NLSE belongs to the category of S-integrable partial
differential equations. The IST is the nonlinear analog of Fourier
transform that is used to solve linear partial differential equations.
Here, (12) is a nonlinear parabolic type equation. Moreover, the NLSE
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has an infinite number of conserved quantities. However, (12) as it
appears is no longer integrable and it takes us away from the IST
picture. Also, (12) does not contain an infinite numbers of integrals of
motion either unless D(z) and g(z) are constants in which case one gets
infinitely many conserved quantities. In fact, equation (12) has as few
as two integrals of motion [6,7]. They are the energy (E), also known
as the Ly norm and the linear momentum (M) that are respectively
given by

E= / lqf2dt (16)

and
M = —D( )/ (qai — q"qu)dt (17)

The Hamiltonian (H) that is given by

5 | (P@al - g)al?) ae (18)

is, however, not a constant of motion, in general. The case D(z) and
g(z) a constant makes the Hamiltonaian a conserved quantity.

We shall now study (12) based on the observation that it supports
well-defined chirped soliton solution whose shape is close to that of
a Gaussian [15-17]. These pulses deviate from a classical soliton.
However, Gaussian pulses have relatively broad leading and trailing
edges. As one may expect that dispersion-induced broadening is
sensitive to steepness of soliton edges. In general, a soliton with
leading and trailing edges broadens more rapidly as it propagates
since such a pulse has a wider spectrum to start with. Pulses emitted
by directly modulated semiconductor lasers fall in this category and
cannot generally be approximated by a Gaussian soliton. A hyper-
Gaussian, also known as a super-Gaussian (SG) soliton can be used
to model the effects of steep leading and trailing edges on dispersion-
induced pulse broadening [4]. It is to be noted here that these pulses are
solitary waves and are not strictly solitons as it is not yet established
whether they regain their form after interaction. Henceforth, we shall
call these solitary waves as simply pulses.

Now, we assume that the solution of (12) is given by a chirped
pulse of the form [3,6,7,15-17,19]

q(z,t) = A(2) f[B(2){t — t(2)}]
exp [iC(2){t — 1(2)}? — in(2){t — {(2)} +i6(z)] (19)

where f represents the shape of the pulse. It could be a
Gaussian type or a SG type pulse. Also, here the parameters
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A(z), B(2), C(2), (2), t(z) and 6(z) respectively represent the soliton
amplitude, the inverse width of the pulse, chirp, frequency, the center
of the pulse and the phase of the pulse. We shall now derive a set
of evolution equations for the pulse parameters. We note that, our
approach in this paper is only approximate and does not account
for characteristics such as energy loss due to continuum radiation,
damping of the amplitude oscillations and changing of the pulse shape.
For convenience, we shall now define the following integrals

Lopetm = /O:o T fo(7) (Z—i)c (%)l (%)de (20)
Jave = [0 (L) ([ reis)ar @

where a, b, ¢, [ and m are nonnegative integers. For such a pulse form
given by (19), we have the integrals of motion as

E= / lq]?dt = —To2,00,0 (22)
A2
M = 2D(:) / (60— ag)dt = —wD(2) Fhozoon (23)
—00
while the Hamiltonian is given by
=5 [ [D@lal - gl
D(z A2C? K2 A?
= % (AQBIO,O,2,0,0+4 3 152000+ 5 19,2,0,0,0
g(z) A*

————1] 24
5 104000 (24)

4. VARIATIONAL PRINCIPLE

For a finite dimensional problem of a single particle, the temporal
development of its position is given by the Hamilton’s principle of least
action [12]. It states that the action given by the time integral of the
Lagrangian is an extremum, namely
to
0 L(z,%)dt =0 (25)
t1

where z is the position of the particle and & = dz/dt. The variational
problem (25) then leads to the familiar Euler-Lagrange’s (EL) equation
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oL d (0L
oL _a _ 2
Op dt (829) 0 (26)

where p is one of the six soliton parameters. Here, for (12), the
Lagrangian is given by

—5 [ [i e~ a2 - D@)lal + glal] @t 1)

[12]

Now, using (19), the Lagrangian given by (27), reduces to

2B

L9 A A2 dc A%, <_dn do
2 B 0,4,0,0,0 — B3 22000d B 0,2,0,0,0

B C? K2
L=-D(z)A* (2100200+2Bgf22000+ %,2,0,0,0)

Substituting A, B, C, k, t and 6 for p in (26) we arrive at the following
set of equations

% = —ACD(z) (29)
% = —2BCD(2) (30)
€ (B;fwoo_zc> O
fl_ 0 (32)
& = k() (33)
» - (; - MB) R Y

Now, from (29) and (30) we conclude that A = K+/B where the
constant K is proportional to the square root of the energy as seen
from (22). So, the number of parameters reduces by one. Thus, (29)
through (34), respectively, modify to

% — _2BCD(2) (35)

ac 3_410,0,2,0,0
dz 2 122000

K?9B3 104000
_202 D _ )y EyUy\Yy
) (5 - 24

36
159000 (36)
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dk
dt
il —kD(z) (38)

do K2 10,0200 1o 5K B 14000
o= 2 S B2 D(2) + gz 29:4,0.9,0 39
dz <2 1o,2,00,0 (=) +9(2) 4 10,2,0,00 (39)

4.1. Gaussian Pulses

S

For a pulse of Gaussian type, we substitute f(7) = e
conserved quantities respectively reduce to

o0 A? 1 I
E = 2dt = — /= = K%,/ = 4
| afar= 5 = 523 (40)

M = %D(z) /_O;(Q*Qt —qqy )dt
2 T
= —/{D(Z)% 5= —“D(Z)K2\/; (41)

while the Hamiltonian is

5| [PENak - g)lalt)

_ [7D(2) (AQB+A202+/12A2>_\/_E A

H

) B3 B ;9 g

T D(z C? T K4
S <32 ek “2> ST @)

Also, the parameter dynamics given by (35) through (39) respectively
are

“Cil_f _ _2BCD(z) (43)
% _ Diz) (B 8C?) — %g(z)fpg? (44)
% —0 (45)
% — —kD(2) (46)
% _ @(RQ ~ B + E’Tﬂg(zmz (47)
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Equations (43) to (47) represent the evolution equations of the
parameters of a Gaussian soliton propagating through an optical fiber.
These evolution equations can be used to study various issues including
the pulse interaction.

4.2. Super-Gaussian Pulses

2m
For SG pulses we choose f(1) = e~z with m > 1 where the
parameter m controls the degree of edge sharpness. With m = 1,
we recover the case of a chirped Gaussian pulse while for larger values
of m the pulse gradually becomes square shaped with sharper laeding
and trailing edges [4]. In Figure 4 below, one can see the shapes of the
pulses as the parameter m varies.

Figure 4. SG pulse with the variation of the parameter m.

For a SG pulse the integrals of motion respectively are

00 A 1 1 K? 1
E = / lg|?dt = = —T (> =——T <) (48)
oo B 95m 2m m2% 2m
o

é . *
M = 5DG) [ @ a — agi)a

—0o0

— _HD(Z)A—z%r (i> = —MF <i) (49)

B 23 \2m m2am 2m,
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while the Hamiltonian is

=3 [ [P - o)l

2m

-3
4m —1 272m A2C? 3
— D(2) l%fﬁfsr( n;m >+ - F( >

e m B3 2m

1 k2AZ 1 1 A? 1
- (—])| — S N
TET B <2m>1 9(2)2%“ B <2m)

o mo o /Aam—1\ 2% C2_ /3
= D(2)K? | =BT + T
2Tt

T 2m m B3 2m
1 . /1 1 K* /1
T ()|~ 90 e T (o) o

Here, I'(x) is the usual gamma function. Also, we have our evolution
equations for the pulse parameters (35)—(39) respectively reduce to

dB

<2 = —2BCD(2) (51)

L= O8 G 7o

o - 8 {m(?m 1B* I‘(%) 16C?
CPFLIC) (52)

)

dr

=0 (53)

di

o = —#D(2) (54)

b D) r (%)

= 9 { 2—m(2m—1)B2 I‘(ﬁ)
—i—%g(z)AQF (zw) (55)

2m

ﬁ

<]
w

Lt

We note, here, that for m = 1, (51)—(55) reduce to (43)—(47)
respectively for Gaussian pulses.
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5. PERTURBATION TERMS

We shall now consider the DM-NLSE along with its perturbation terms
that is given by

D(z)
2

Here R is a spatio-differential operator and e is a perturbation
parameter with 0 < ¢ <« 1 and is called the relative width of the
spectrum that arises due to quasi-monochromaticity [12]. In presence
of the perturbation terms we have the EL equation modify to [6, 17]

oL d (0L o0 oq* 0
———( )zie/ (Rq —R*—q>dt (57)
Op  dz \Op. oo\ Op dp
where p represents the six soliton parameters. Once again, substituting
A, B, C, k,t and 0 for p in (57) we arrive at the following adiabatic

evolution equations. This leads to the following adiabatic evolution of
the soliton parameters in presence of the perturbation terms.

i, + ait + 9(2)|q|*q = ieR|q, ¢"] (56)

dA eB 1
e el A1) [ e —
dz () 4 Io2,0,0,012,2,0,0,0
oo
/ (TQIo,z,o,o,o - 312,2,0,0,0) ("R + qR")dt (58)
— o0
dB ¢B? 1
= —2BCD(z)+
dz () 2A Ip2,0,0,012,2,0,0,0
o
/ (7'2[0,2,0,0,0 = 12,2,0,0,0> ("R +qR")dt (59)
—o
dC B*J, A2B? |
oo [ 2200200 902 D(z) — g(z) £0,4,0,0,0
dz 2 129000 4 132000

el 1 o L o
I / [B(gR" — ¢"R) + 27(q:R* — ¢{ R)] dt (60)
4 Al32000 oo

dk € 1 o0
A iB(g;R* — ¢‘R) — 27C(¢*R + qR*)|dt (61
P Afozooo/—oo[ (qt q R) (q qR")] (61)

d 1 e
N O / (@R + qR")dt (62)

df 2 I
dv (K7 100200 g D(2) + @Az 0,4,0,0,0
dz 2 Ip2,0,00 4 16200,0

1 1 o0
+Ef / [3iB(¢R" — ¢*R) + 2iT(¢:R* — ¢; R)
2A1p2,0,00 /-0
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+4k7(¢" R + qR™)]dt (63)

We, now, note that equations (58)—(63) can also be rewritten in the
following alternative format

dA €
— = —ACD —
dz (2) Afo,2,000122000

/ R[Re™" IozoooT —3122000)f( )dr (64)
dB eB
— = —2BCD —
dz (2) A102000122000

/ R[Re™" 1020007 —12,2,000) f(r)dr (65)
ac B*Iy0200 9 gA*B? Iy 40,00
& (2200200 902 pryy - 04000
dz ( 2 132000 () 4 129000

eB? o0 - df
- S[Re™ ( +2T—> dr 66
S | stre ) (5 +205 (66)

dk 2¢ df
2 [ B2 [Re™ )Y _2CR[Re~® }d
= ABIOQOOD/ { [Re) 2 —2CR[Re )7 f(r) L dr (67)
dt
& D s
& = —kD()+ ABIMOOO/ R[Re )7 f(7)dr (68)
df 52 10,0200 9 59A% 15,4000 €
& (B 00200 p2) by 4000 4
dz (2 Ip 2,000 (=) 4 Io2000 2ABlo2000

/_ O:O{BS[Re_i¢] (3 f(r )+273—f) +ARR[Re ) f(T)}dT (69)
where we have used the notations
T = B(z)(t — (2))
and

¢ =C(2) {t — (=)} = rl2) {t — 1(2)} +6(2)

Also R and & represent the real and imaginary parts respectively. In
the following two subsections, we shall obtain the adiabatic dynamics of
the soliton parameters due to the Gaussian and SG pulses in presence
of the perturbations.
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5.1. Gaussian Pulses

For Gaussian pulses, we have (63)—(68) respectively simplicify to

dA de [ _3.2 ;

e _ —57 —i¢

e ACD(z) = e 2" R[Re *?|dT (70)
dB 8¢ B 3.2 ,

2 _ 9BOD(z) + =2 -3 —i¢

7 CD(z) + JRA e 27 R[Re "?ldr

+¥§ o:o e 2" R[Re)dr (71)
ac D(z) 9(2) 4ey/2 1
dz 4 ( 802) 127 9(2)A"B" + V7 AB
/oo tem2" {T%[Re_i |+ B(rBC — /@)%[Re_i‘b]} dr

—00

2¢v/2 1 [o°

S [ iR ar (72)
de _ 2eV2B e~ " R[Re ™) dr + 2ovz L
dz VT A VT AB

| e {T%[Re_w]+B(TBC_“)%[Re_i¢]}dT (73
dt B 26\/7B 17'2 —i¢
&= kD() + T t R[Re™"?)dr (74)

P T(Fé -B )—i—Tg(Z)A +ﬁz _Ooe 27 S[Re™]dr

(75)

These equations now represent the evolution equations for the
parameters of a Gaussian pulse ropagating through an optical fiber
in presence of the perturbation terms.

5.2. Super-Gaussian Pulses

For SG pulses (64)—(69) respectively modify to

m+1 . ) )
WA _ACD() + 2 / e 2T RRe]dr (76)
dz F(ﬁ) —00
B 2m+1
= — _ —i¢
7 2BCD(z) + I‘ 1 A/ R[Re"?|dT

%
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em2 i / R[Re~]dr (77)
r ﬁ A
(2
¢ _ DG | om — 1)B4M — 1602
dz 8 F(%)

0(2) ool (B0) | m2sn 1
~ T A2B2F (;:) +611“n(%) 1B

/ te_%7_2m { zm_l(x[Re—i(ﬁ] + B(TBC — H)?R[Re_“ﬁ]} dr

B m2 2m / 2 % Re? ]dT (78)
A
2m+1 ol

dj _ m2 2m / i¢]d7__|_€mi
dz I‘ ﬁ A F(ﬁ> AP

/ 6_%T2m{ 2m— 1(\[R€ ]_|_B(7—BC n)%[Re_w]}dT (79)
df 2 2m
— = —kD o
i wD(2) + A / R[Re~"*|dr (80)

2m-1 1

9 D r 5 I'(am
B 2k {rﬁ—m@m et UR) }+ LI

: Llem) J 2% r(h)

1
22m 1 [ m .
2P S [ e R[Re ] dr (81)
JEER

So, now, these are the adiabatic evolution of the soliton parameters for
a SG pulse in presence of the perturbation terms.

6. OBSERVATIONS

In this section, we shall take a look into some particular type of
perturbations of the GNLSE, namely

R = —i(01 + i52)|q|2Nq —i(ag +iag)q
+0qu — (71 + iv2)qur — (A1 +iA2) (‘Q|QQ)t
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—i(n1 +iw) (|a*) a —io (¢’aF), —ixaia” —iwa" (¢*)

t t
~i(Pi+iP)q [ JaPds—i(Qi+iQoa [ laPds (52
—0o0 —0o0

Here, in (82), we have 0;, for j = 1,2, as the coeflicient of nonlinear
damping or amplification depending on whether 6; < 0 or > 0.
Also, N represents the degree of nonlinear damping (amplification)
[7,18]. For N = 0, we have § is the linear gain or attenuation.
For N =1, ¢ represents a two-photon absorption, or nonlinear gain,
while for N = 2, ¢§ represents the higher order correction (saturation
or loss) to the nonlinear amplification-absorption. The perturbation
coefficients of P; and @); for j = 1,2 are of nonlocal type and represents
the gain (loss) saturation [7,9-11].

In addition to these, the coefficients of o, y and w arise in the
context of quasi-solitons [20]. Moreover, v represents the Raman
scattering term while v5 is the coefficient of nonlinear dispersion. The
necessity of higher order dispersion term arises when the group velocity
dispersion [12,14] is small and also we need this term for performance
enhancement for trans-oceanic distances. Thus, the coefficients of v;
and -9 terms are necessary. The terms with A\; and Ao are for self-
steepening and the nonlinear dispersion. Also, a1 and ag are for the
dispersion terms too [12].

For these type of perturbations in (82), we have, on using (64)-
(69), The adiabatic parameter dynamics of the soliton as

C;—A _ _ACD(2)

2
ed? 1

4 B? 159000

-7 {(4/{32 — 4/€B4) 12’072’0,0 + (41‘?32 - 2534) 12,1,0,2,0}

+72 {(850 + 4&320) I32000+ (160 + 8"1320) 131,100

2N 12 2
[252A B I 2N+2,0,00 — 2a16B712,2,0,0,0

+ 263B%I59000 + 24%02]4,2,0,0,0} —2MKA%B%*I5.4000

+5 (23412,1,0,1,0 —~8C%I490,00 — 2f<62]921—2,2,0,0,0)
—|—8AQB2C(X — 0+ 3w)13,3,17070 + 4AQBQC(U + 2(4))]274,07070
+2Py A’ By g0+ 4Q1A’C3 00 — 2Q15A* B 20
3¢ A2 1
202, A2B2J. -
+ 2Q2 2,1,1] 1 B Tono00

2N 12 2
: {25214 B*Io2n12,0,0,0 — 2016B%1y2,0,0,0
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dB
dz

ac _
dz

_— {(45B2 — 4/<;B4) Ino200+ (4f€B2 — 2KB4) 10,1,0,2,0}

+92 { (85C + 4k B2C) Iy 2,000 + (16C + 85BC) I 11,00

+ 267 B210.5.0,00 + 245C2 D 5,000 } — 2MKA B2 10,4000

+03 (23410,1,0,1,0 —8C° 220,00 — 2H232[0,2,0,0,0)

+8A2B*C(x — 0 + 3w) 131,00 + 4A2B*C(0 + 2w) o 40,00

+2P2AZBJ07270+4Q1A2CJ1,270—2Q1RA2BJ072,0+2Q2AZB2J071,1}
(83)

—2BCD(z)

n e A 1
2B 152000

~ {(46B? = 46B") Lo 200 + (46B? = 26B") I1,020 |

+72 { (85C + 4k B2C) L2000 + (16C + 85B2C) I311,00

+ 263 B25,5,0,00 + 245C2 15000} — 2\5A?B? I4000

+5 (23412,1,0,1,0 —8C* 420,00 — 2ff?BQIz,z,o,o,o)

+8A2B2C(x — 0 +3w) 331,00 +4A*B*C(0 + 2w)I5.40.00

+2P, A2BJs 90 +4Q1A20I3,2,0_QQIKAQBJZQ,O+2Q2A2B2J2,1,1}

e A2 1

2B? 16,2,0,0,0

~m {(46B? = 45B*) I 0500 + (46B% = 25B") In1020

+72 { (85C + 4k B*C) o000 + (16C + 86B°C) I 1,100

+26°B? 192,000 + 24/<JC212,2,0,0,0} — 20 KkA*B?15,4,0,0,0

+03 (23410,1,0,1,0 —8C*I590,0,0 — 25232[0,2,0,0,0)

+8A?B2C(x — 0 + 3w) 131,00 +4A2B*C(0 + 2w) Iy 4000

+2Py 2By 20+ AQUAC 1 50— 2Q1r A Bo o0 +2Qs A B2 Jo 1,
(84)

2N 132 2
[25214 B?I9N 12,000 — 2006B"1220,0,0

IN 12 2
[252/1 B*Iy2n+2,0,00 — 20168719 2,0,0,0

B*I I
B 100200 _ 902\ py) - 9(2) 42 g2 loa000
2 132000 4 152000
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+6 A 1
4 B? 159000

+’71 {(8/€C + 4/€BQC) 10’2,0,0,0 + (16HC + SKBQC') Il 1,1,0,0

2N 12 2 n2
[251/1 B7Io2N+2,0,0,0 — 202A"B"10,4,0,0,0

5Lyt

+ 263B%I92.000 + 24/102[2,2,0,0,0}

TS {(4/-/.;32 n 2;434) Io1010+ (4532 + 4;@34) Io,o,z,o,o}
+2X2k A% B 1o 40,00 — 48 (232011,1,1,0 + 32010,2,0,0,0>

+o (2AQB4IO,3,07170 +842C%*I2,4000 + 2R2A23210,4,0,0,0)

1x {(1-2) AB*I0.4000~8A°C* Iy 40,00~ 24°B Ty 0200
—2w (24021274,070,0—1—6/@214232[0,4,0,0,0+A232[0,4,0,0,0

- 2A2B4Io,2,2,0,0) +2 (P1AQBJ2,2,0 +Q1A*B*Jy1 4

—2Q2A20J172,0 + 2Q2ﬁA2BJ07270)}
e A 1
2B* 132000

-m (8/@34012,0,2,0,0 +24rB'Clz10,10

[452A2NB2CIQ,2N+2,0,0,0 — 8a1kB*C 122,000

+ 85BYCI1 11,00 — 165C31490,00 — 16&332012,2,0,0,0)
+2726B°11 1,001 —8M kA2 B*Clz 40,00 +8AC(va+X2) 123,100
—24 (234012,1,0,1 +4B*Cl30200 — 2340[14,1,0,0)

to (2 A’BOI1 5110 — 8A2B2C? I 40,00 + 4A%B%T1 1 500

_ 16514233012,371,0,0)

2x <A2B611,1,3,0,0 + 4&A2B3C.72,3,1,o,0> — 8wk A*B*Cly.40,00
+2 (PLAB3 111 + 2P A’ BC s 50 — PakA?B2 1 2

+Q1A’B* J1 02 + 4Q1 A% C* J320 + Q15> A*B* 1 20

- 4Q2/§A2BCJ27270)) (85)
dr 1 1
e e = 195, A2NT2B5T
e GAB4 1072707070 { 1 0,2N+1,1,0,0

—20ok AN T2 B on 190,00 + 71 {2A23810,0,1,0,0
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+8A?BYC? I 0200 + 2k*A?B%I0 00,00 + 24A?BC%I51 010
+2k%2A%B%I01.010+16A2B*C%I1 1100 +(8A202 - li4> B*Iy,2,0,0,0
— 3242C2 19,000~ 24K2 A B2 C? 150,00 } —72 (8A2B°Clo 1,010
+ 2042 B°Cl1 01,10 + 4A?BCl 1001 + 1242 B%Clo 50,00
+2)1 (442B2C2 540,00 + K2 A*B 14000 + 34" Bl 2500)
—4NA*BYC L 31,00 + 41 A*B%1y 2900 + 812 A*BYCL1 3100
+8ykA*B*CI 3100 + 28 (HAQBGIO,LOQ,O + QKAQBGIO,OQ,O,O)
o (48A*B Clo 0,00 — 165 A*B'CT 310,
+2w (A'B Ty 2200 + 4A*BC? 0000 + K2 A B 10,4000
+2 (PLA*BY o 11 + 2P A B2 C.J1 5
—PyrA'B? Jo o0+ Q1AB® Jo 02 + 4Q1A*BC? Ja 2
+ Q1k*A' B Jo 00 — 4Q1HA4BQCJ1,2,0)}

AC 1
B Trapos 4B Ch000 + 4025 i1 100

+71 {(16320 — 4340) Iiiao0+ (8320 - 8340) 12020
+ (8320 — 4340) 127170’170} + 72 {23411,1,0,0,0
+ (2B4 — 236) 11’0’171,0 — (4H2B2 + 25234) Il,l,l,O,O

-2

— (1602 + 8B%C?) Lyz000~ (16C2 + 8B2C?) I 11,00
— 126*B*Cly 20,00~ 1602[4,2,0,0,0} + 40 A’B*Clz40,0,0
+86/€B2CIQ’2707[)70 + (4Xy + 4o + 4ok — dxk — 16wkK)
A’B'I1 3100+ (2P2A232J1,2,0 +4Q1A’B?ClJa

— 2QikA B 20+ 2Qu A B 1 1,1 )] (86)
dt
i —kD(z)
+e£7 {4alB2C’12 2.000 +4a2B*T1 1100
B* 192,000 e T

11 {(16B2C = 8B'C) I 11,00 + (8B2C = 8B'C) L0200
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+ (SBQC - 4B4C’) 12,1,0,1,0} V2 {234]1,1,0,0,0
+ (2B4 — 236) Lioiio— (4&232 + 2%234) I 1100
— (1602 + 83202> (122000 + I31.1,00) — 126 B*CI220,00
_ 160214,2,0,0,0} + 4\ A2B2Cly4000 + 88k B*Clz20,0.0

+ (49 + 4vo + 4ok — dxk — 16wk) AQB4IL371,070

+ (2P A2B 15,0 + 4Q1C o 00 — 2Q15 A B2 J1 20

+ 2Q2A233J1,2,1)} (87)

dao K2 10,0200 2 5 I5,4.0,0,0
— 908200 p D(2) + Zqg(z A2 »4,0,U,
dz (2 192,000 (=) 4g( ) Ip 2,000

3 1
e 2
2AB Ip2,0,0,0

+m {2/«:31423210,2,0,0,0 + 24K A%C%I220,0,0

{2(51 A2N+ZB2IO72N+2,070,0 + 2012 ﬁA4BZIO,4,O,0,O

+ (8/@420 + 4I€A232C) Ip2,0,00

+ (16/@420 + 8/€AQB2C) 11,1,1,0,0}

+79 {(4/<eA2B2 + 2/£A234> Ip1,01,0

+ (4/<;A2B2 + 4/<AQB4) 10,0,2,0,0}

1200k A B2 4000 — 48 (247 BCIy1 100 + A*B*Clo 2000
-0 (2A4B4Io,3,o,27o +8A4C?I5.4000 + 2ﬁ2A4BZIo,4,0,0,0)

+x <A4B2Io,4,o,o,o —2A*B*Iy350,0 — 8A*C* 12,400,

— 2/@2A4B21074,0,070> + 2w (A4B4IO73,0,2,0 — 24A%C%I540,0,0

— 6k°A'B?Iy,40,00 + A'B*I0.4,0,00 — 2A4B4[0,2,2,0,0>

+2 (2P1A4BJ0,270 +Q1A*B*Jp11 — 2Q2A*C Ty 90
1 1
e
AB3 190,00

—8a1£A’B*I22000—m (8"“42340[2,270,0,0 +24kA’B*Cla100

+Q2/€A4BJ0,2,0)} - {452A2N+2BQCIQ,ZN+2,O,O,O

+ 8k A’B*CI1 1100 — 1642C° 119000 — 16“3‘42320]2’2’0’0’0)

IRk ekl
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+2v9A%2B8 (k111001 + 5kI101.1) — 8SMKAB2C 4000
—4)\2/€A4B4IL3’1’070 — 4V2/€A4B4IL3’170’0
—4BA2B*(CIs1,020 + 26CT22000 + £CI111,00)

5Lyt

+20A%B? (AQB4I1,2,1,1,0 - 25232C2]173,17070

— 4A%C?Iy.4000 + 2A%B* 11 1300 + 8A20213,3,1,0,0)

+2x <A4B6117173,070 —4A*B?C? 33100 — /€2A4B411,3,1,0,0)
~2w (48 AC1 4000 — 24*B 11 310,

+2 (PLA*B 111 + 2P A BCJ1 50 — PakA'B 1 2
+Q1A*B 102 + 4Q1A*C? Jan 0 + Q2 A B J1 30

2K 1
4 A*BCJ: AR2
Q1K 2:270)} teupe 1o,2,0,0,0

+400A2B* 11 11,00 + 7 { (1642B2C — 442 B*C) I 50,0,

{4041AQBCI2,2,0,0,0

+ (8AQB2C’ - 8A2B4C> 150,200

+ (SAQBQC — 4A2B4C) 1271,072,0} + 7o {2A234I1,1,0,0,1
—12/{2A2B2012,2,0,0,0 - 1614202[4»270’0:0

+ (2A234C_2A3B6) Lioi1,0— (4;12A2BQ+2R2AQB4) Lii100
- (1614202 + 8AQB202) (I2,2,0,0,0 + 13,1,1,0,0)}

+4M A B2 C15.40,0,0 + 88KA*B*Cls.9,0,0,0

+ (4Mg + 4ok + dvg — dxk — 16wr) A*B*T1 3100

+2Py A*B% 1 90 + 4Q1A*BC 30

— 2QuKA B2 J1 50 + 2Q0 A B 1 1 1] (88)

6.1. Gaussian Pulses

For Gaussian pulses, we have the adiabatic parameter dynamics of the
soliton parameters, given by (83)—(88), as follows

dA
—~=_ACD
7 (2)
A2 AQNBQ
5—2 do——— — amB2
2B* | (N +1)2
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o {(81+4v6)rB? — (81 + 8v6)nB* |

54
T (zmc — kB2C + Kk*B? + 9kC? — 60)
\/5 2 2 ﬁ 4 2 2 n2
—TCNRA’B - (B +12C?% + 4x°B )
2
—%AQBZC(BX — 50 + 5w)

V2 (PQAQB - QIHAQB> / ~ 72T {1 + erf(r)}dr

— 00

+V2 (2Q1A20 - Q2/<;A232> /jo 7‘36_T2{1 + 67"f(7‘)}d7‘:|

2 2N R2
_ﬁA_ 52A7B _ 20{1%32
1B | /N1
—% {18+ 8V6)nB? — (18 + 4v/6)nB* |

+27; (46C + £¥B2C + 65C? - 4C)
~B (B +4C* + 25B?) — V24’ B2C(x — 30 — w)

V2 (PA’B — QurA”B) / T et erf(r)}dr

+ V2 (2Q1A20 - Q2A232) / - re T {l+er f(T)}dT:| (89)

—00

B _ —2BCD(z)

dz
A A2N B2
e [fo——v
(N +1)2

B
—g—jl {(81+24V6)sB? — (81 +12V6)xB* |

+7 (45C = 26B?C + £*B? 4 95C? — 6C)

_B V2
1 1

+V2 (P A’B — Q1rA’B) / 2 T {1+ erf(r)}dr

— 00

(52 — OéchBz

(B +120% + 4x? B?) — Y= AB*C(3x — 50 — w)

+V2 <2Q1A20 — Q2A232) [ - e {1+ er f(r)}dr}
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€ A2 AQNBQ
2B? l

—% {(18 4+ 8v6)sB? — (18 + 4v/6)xB* |

127 (4ﬁc + K3B2 + 68C? — 40) — 2\ kA2B?
- (B4 +4C? + 2/4;232> —V2A2B2C(x — 30 — w)

+v2 (PQAQB — QWAQB> / - e {1+ erf(r)}dr

+V2 (2Q1A20 — QQAZBQ) / - re " {1+ erf(r)}dr (90)

dC D(Z) 2 ( ) 2 2
a — % () AB
dz 4 ( 80) 4\/5 9(2)
e A A2N g2
— 20— — V2ak A%’ B?
+2B2 [ 51 N—|— 1 \/_OQI{
71 (45C + 265 B + 126C?) + 125 B* + V2Xor A B

U\f (3A2B4 44202 - 4m2A232)

+& {(1 - 252) A?B? —2A%C? — A2B4}
wf (1202 412624282 + 24282 A2B4>
+§ (2\/§P1A2B + \/EQQK/AQB) / €_T2{1 +erf(r)}dr

~ V2 (QAB + Q240 / re
A [ A2NBQC’

e 20—
BY TP (N 1)

+27 (2/1B4C + 3kC3 + 4H3B2C) + 2’72/‘636

gﬁB“C—M A?BS — VawkA’B*C

(1 4 er f(T)}dT]

- 4041I£B2C

—V2MKA?BC —
+2v2 (PlAQBC + PA’BC — 2Q2nAZBC)

/O:O 7'26_72{1 +erf(r)}dr
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—V2 (132,:.{14232 — Q1A2B2) / T€_T2{1 +erf(r)}dr
4 4V2Q,A2C? / .

—00

e {1+ er f(T)}dT} (91)

d/’ﬁ € A2N+QB4
dz  AB* |7 N+ 1

—ay (A236 +2x2A2B4 + 4A2B202)
(3A238 —2k2B4 — 244202 — 2452A23202)

_I_
SICENIE:

{8A2BG — 24K2A2B2C? — 3 (\/5 i 2) AQBGO}

Algf (4A43202 4 AR2AMBY 4 3A4B6)
—?A2A4B4C — gV1A4B6 +V2,A'BYC

+V2xrABY — %(2\/6 +9)xA?B°

"’f (A4BG L 4ACB2C? 4 8/<;2A4B4)

—f (P1A4B4 + 2P, AYB2C — 4Q1/<;A4B2(J>

/oo TG_TZ{l +erf(r)}dr

—00

/2 (PQHA“B?’ _ Q1n2A4B3) / ~ 2 {1+ erf(r)}dr

—0o0

V2 (QA'B® +4Q, A*BC?) / s

e T {1+er f(T)}dT]

AC 4 2 4
251 {20613 C —2mB* & 2 (12B%C + B'C)
+§ (534—2B6+16m232+8n234—6402—83202—48/3320)

V2

2
+7/\1AQBQC+46/<;BQC— g ()\2+V2+JH—X/€—4MI€>A2B4

2 (PQAQBQC — Q1EA2B2) /Oo T€_T2{1 +erf(r)}dr

V2 (2420 — QuA’B?) / -

— 00

T26_72{1 + 67‘f(7’)}d’7’] (92)
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dt
i —kD(z)

A 3

e {2041320— 20,8' — 1 (4B°C - B'C)

+12(B'- B+ 8/£QBQ+4/¢QB4—32CQ — 4B2C? 245 B*C?)
V2

+7)\1AQB2C+4B/<L2C—g(/\g—i—l/g—i—am—xm—élwm)AQB‘l
+v2 (P2A4B4 - QlfiAQB2> / e {14 erf(r)}dr
+23Q,C / 72" {1 + erf(r)}dr

90,425 / 726_372{1—1—67“1”(7)}(17] (93)

dd  D(z) / 4 5\ 5V2
dz 2 (v = B%) + 8
_%L 5 A2N+QB4
2 AB |77 N +1
+m (2,5”/12132 + 12KA202) + ok A2BY

‘jl;g (36\/_ 5A2B* 4+ 125A4% + 125&2,4432)

x\f(

L9v2
250

2 (P1A4B + Q25A4B> /OO e_T2{1 +erf(r)}dr

g(2)A?

— \/504214432

2A44B2 — A4B4 — 4A402)

{(144\f 125) AtBi 12A402—12n2A4B2+2A4BQ}

—2V2 (Q1A432 - 2Q2A4B20) / 7'6‘72{1 + erf(T)}dT]
2N+2 R2
- [252A BC  sana’Bc
AB (N +1)2
2 nd 23 3422 1172 2 6
+71(HA BYC + 6rA2C? + 8k3A%B C) 4 kA2B
V2 )\1/<aA4BQC+\/_ A'BY \QF kA'BY— (4\/6+27)A234C
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2
_ov2 (4H2A4B4 —A0AB2C? — 7A4BG>

2
+% (12A43202 —3A4*BS 4+ 4/@2144134)

w2

4 4 4 ~2 2 214 2 4 2
+ 550 {(144\/5425) AYBY 124402 —12k2A%B2+24B }
V2 (P2A4BC’ — PrA*B? + Q1/<;2A4B2)

/ 7'26772{1 +erf(r)}dr

2 (2P2A4BC — PrA‘B? + Q1n2A4Bz)

/oo TG_TZ{l + erf(T)}dT]

25 [201A2B2C — 20,47 B
+;—; {(16v/6 — 135)4°B2C — (8V/6 + 27) A’ B'C}

+% (7A2B4 _ 56A2C2 — A3BS

+ 8Kk2A%B2 4 412 A2B* — 2452 A2B2C — 16A23202)
2

+§/\1A2B4C + 48k A’B%C

2
—g()g + 0K+ 19 — XK — 4w/€)A4B4

—0o0

V2 (PA'B - Qs A'B?) / T e L+ erf(r)}dr
V2 (2014 BO — Q24*BY) / T P21+ erf(r))dr| (94)

where er f(x) stands for the error function of x.

6.2. Super-Gaussian Pulses

For SG pulses we have the adiabatic parameter dynamics of the
parameters as

dA
&2~ _ACD
7 CD(7)
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2N P2
20,47 B T (i) — 2a,kB2T <i>
(N +1)zm s \2m 2m

e A2 1
+4B2p( )
1

—n {(2m +1) (kB? - kB*)T (2—>

m

< )8"‘ 1 m(2m— 1)(6m2_5m+2)(2KBQ_RB4>F<27TL1)}

2m

NS (8/-@0 8kB2C — 24C+2/<53B2>F 3 Lok (2
2m, 2m

%5 A\ RAZB2T <i>
2m

0 {(2m3)B4F <211n> +16C2F(2?n) HABT <;n>}

3 3

2m

e A’B%C(0 4 2w)T (21)
2 2m m

+2 (PQAQB — 2@1/-@423) /O:o 272" (/TOO e_szmds> dr
+4mQ A%C /:)O e " (/T e_smds) dr
— 2m*QA*B? /OO F2mAle=T" (/T e_szmds> dT:|
A? 1 [20,4NB%_ (3 3
i r(E) Lv+ e : (%> ~20un BT <%>

! {(Qm +1) (FLB2 - &34) r (L>

2m

2m—1

¥ @m’" m(2m —1)(6m?—5m-+2) (25— kBT (2~ >}

+72 (8/{0—8&320—24(]+2n332)1“ 3 +24kC*T 5
2m 2m

e 3
—9%5 A kAZB2T <>
2m

_g {(2m 3BT (ﬁ) +160°T (%) + 4K2B2T (%)}
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dB
dz

3
—

3
6m A2BzC(X —0 + 3W)F <27TL)

2m

1
+—=

22m

+2m

4m

A?B2C(0 4 2w)T (%)

T

Biswas

(P2A2B - QQlﬁAQB) / 272" </ es2mds> dr
+4mQ1A2C’/ e " (/ e_smds) dr

—00

—0o0

— 2m?Q2A*B? / F2mAl =T ( / e_smds) dT}

—2BCD(z)

e A

1

27T ()

-7 {(2m +1) (H32 - /<;B4) r (—)

+(3
3

+72 { (SHC— 8kB*C — 24C+2/<L3BQ) r (Qi) +24kC*T (Qi)}

IN 122
AP (3) e (3)
(N +1)2m 2m 2m

1

2m
8m—1

> . m(2m—1)(6m2—5m+2)(2/{32—/£B4>F(

m

72% M rA%B’T <3> — é {(Qm _ 3)B4F (1)
2m

2m 2

+ 160°%T (i) + 2k2B2T <i>}
2m, 2m,

3

2m

+2m

2m
T

(PA%B — 2Q1r4°B) /_OO 262" (/

—00

+4mQ1A2C/ e " (/ e_Sdes) dr

— 00

_ 2m2Q2A232/ T2m+1€_7—2m </ €_S2md8) dT}

A
‘B

1

r (35)

2N 12
2004 Bl T (i) — 201k BT <L>
(N +1)zm  \2m 2m

2m—1
2m

m

3 1
16mAQB2O(X—a+3w)P(%)+ 34mA2BQC(a+2w)I‘(

(95)

)

)
2m

5" ds> dr
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18 {18( +1) (4:<;B2 — 4,€B4> I (2172;1>
+<§>6’5m3m(2m—1)(2m—3)(38m_15)(% - (27;; 3>}
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7. CONCLUSIONS

In this paper, we have studied the perturbations of solitons propagating
through an optical fiber with strong dispersion-management. The
adiabatic dynamics of the soliton parameters in presence of these
perturbations are obtained. In particular, we have considered both the
Gaussian as well as the SG type pulses. One can use these adiabatic
parameter dynamics to study number of aspects of dynamics of optical
solitons propagating through an optical fiber namely the four-wave
mixing, the collision induced frequency and timing jitter just to name
a few.

In reality, besides the solitons, one obtains the small amplitude
dispersive waves commonly known as radiations. The mathematical
expressions for radiations due to the type of perturbations, considered
in this paper, have not been obtained. However, such studies are under
way and the results will be reported in a future publication.
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