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Abstract 

We examine optical pulse propagation in a transmission system with periodical pulse amplification and dispersion 
compensation both numerically and by a variational method. We confirm by direct numerical simulations the validity of the 
concept of a “breathing” soliton, which we previously proposed. We demonstrate that the sign of the residual dispersion is 
responsible for the stability of the pulse stream. 

1. Introduction 

The main problem of high-bit-rate transmission in 

optical fiber links is the limitation caused by the 
fiber chromatic dispersion. Among the numerous 

methods proposed as solutions of this problem, two 
approaches are presently in the focus of intensive 

investigations worldwide. One of these approaches is 
soliton transmission, where the dispersion is bal- 
anced by the Kerr nonlinearity. Another approach is 
direct dispersion compensation for linear pulse prop- 
agation. 

The first approach to overcome fiber chromatic 
dispersion, the soliton transmission, has already ex- 
hibited its potential in long-haul, high-speed commu- 
nications. Recent progress in the fabrication of er- 
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bium-doped fiber amplifiers with very high charac- 
teristics and of low-dispersion optical fibers clearly 
demonstrated the impressive potential of long-dis- 
tance, soliton-based optical communication systems 
(see e.g. Refs. [l-4]). Pulse propagation in optical 
transmission lines that employ these new devices can 
be described by the theory of guiding-center (aver- 
age) solitons [ 1,5,6]. This theory is valid for bit-rates 
for which the amplifier spacing is shorter than the 
soliton period, and, on the scale of the amplifier 
distance, both the dispersion and the nonlinearity can 
be treated as perturbations. Thus, at the leading 
order, only the fiber losses and the periodic amplifi- 
cation are significant factors. They cause oscillations 
of the amplitude, while the form of the pulse remains 
unchanged. The dispersion and the nonlinearity come 
into play only at much longer distances that cover 
many amplifier spacings. 

Advantages of the soliton approach include the 
natural compensation of the dispersion by the nonlin- 
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earity, the stability and robustness of solitons, and 
the almost negligible error-rate in multy-channel 
transmissions along distances of tens of thousands of 
kilometers [4]. All of these advantages result in the 
soliton technique yielding a very high capacity of 
data transmission in single-frequency channels. 

The second approach to overcome fiber chromatic 
dispersion is based on linear methods, which also 
significantly enhance the respective transmission ca- 
pacity. Several techniques may be used for this 
purpose. The most practical of these techniques con- 
sists of periodically incorporating into the optical 
system pieces of optical fibers with high dispersion 
of sign opposite to that of the remaining transmission 
line [7]. Another technique that could potentially be 
applied to achieve the same goal would use chirped 
fiber gratings (see for a review Ref. [S]), which allow 
the dispersion of 500 ps/nm or even more to be 
compensated by a grating fiber of a few decimeters 
in length. This second technique can be considered 
as “lumped” dispersion compensation. A third, as 
yet undeveloped but potentially even more efficient 
technique would consist of using the semiconductor 
waveguide device described in Ref. [9]. 

Dispersion compensation is a simple and effective 
technique with many attractive features: it is compat- 
ible with the present concept of the all-optical trans- 
parency of the system, it is cascadable, all the system 
components are commercially available, and it is 
very effective both in the “return-to-zero” (RZ) and 
the “ non-return-to-zero’ ’ (NRZ) signal formats. The 
dispersion compensation technique has been identi- 
fied in recent experiments [IO- 151 as a promising 
approach to increasing transmission capacity in com- 
munication systems that use standard monomode 
fibers (SMF) both in unrepeated transmission and 
cascaded systems. Thus, this approach is ideally 
suited for upgrading the existing optical communica- 
tion networks that use SMF with in-line erbium- 
doped fiber amplifiers operating in the 1550 nm 
optical window. 

In any practically-implemented optical network, it 
will not be possible to completely compensate for all 
the dispersion in each element. Therefore, there will 
always remain some residual dispersion. Further- 
more, the amplitude of the signal is bounded from 
below by the bit-error-rate standards, namely, if the 
amplitude is too small, the relative contribution of 

the surrounding noise to the bit-error-rate becomes 
too large. Thus, on the scale of the amplification 
distance, pulse propagation can be considered as 
linear, and the pulse’s amplitude and width will 
experience oscillations due to the variation of disper- 
sion, losses, and periodic amplification. On the longer 
scale of the complete transmission line, however, the 
nonlinearity and the residual dispersion do have to 
be taken into account, and this question has been 
recently investigated in Refs. [l&23]. The theory of 
this process was developed in Refs. [16,17,20], where 
it was shown that in several particular cases the 
leading order nonlinear correction that results from 
the dispersion and the nonlinearity is described by 
the Nonlinear Schriidinger equation. As a result, 
Gabitov et al. [l&l 71 proposed the concept of a 
“breathing’ ’ soliton in dispersion-compensated opti- 
cal transmission lines. It has been discovered in Ref. 
[ 191 that the resulting asymptotic pulse is close to the 
Gaussian shape and has energy well above that of 
the soliton of the average dispersion. Pulse dynamics 
in the NLS equation with the dispersion varying as 
sin(kz) has been studied in Refs. [21,22]. 
Dispersion-allocated soliton transmission line using 
dispersion-shifted nonsoliton fibers has been sug- 
gested recently in Ref. [23]. Numerical simulations 
of the soliton transmission in short standard 
monomode fiber (SMF) systems upgraded by disper- 
sion compensation have been performed in Ref. [18]. 
It has been shown that 10 Gbit/s transmission over 
200 km is possible with a 36 km amplifier spacing. 
A piece of a dispersion compensating fiber (DCF) 
allows a complete recovery of the pulse width after 
the dispersive broadening due to the high dispersion 
of the SMF at 1550 nm. 

Of the two approaches just described that can be 
used to overcome fiber chromatic dispersion, the 
linear dispersion-compensation approach is the more 
practical one. This is because it is more in tune with 
the characteristics of the already existing optical 
transmission networks, while the soliton approach 
has one major practical disadvantage that can be 
explained as follows: Most of the currently operating 
fiber links consist of SMF’s with approximately 17 
ps/nm x km dispersion in the third optical window 
(about 1550 nm). In these fiber links, electro-optical 
signal regenerators are usually placed at intervals of 
a few tens of kilometers. In any upgrade, these 



I. Guhitou et al./ Optics Communicarions 134 (1997) 317-329 319 

regenerators will be replaced by in-line (lumped) 
optical amplifiers. These are erbium-doped fiber am- 

plifiers that operate in the 1550 nm optical window. 
Now, any network upgrade should boost the data 
transmission in this window to the rate of at least 10 

Gbit/s. At such a high rate, the associated soliton 
periods in SMF’s are of the same order of magnitude 

as the amplifier spacing [ 18,241. This causes a reso- 

nance, Z,,, = Z,, which results in the destruction of 
the soliton data stream. The guiding-center soliton 

concept thus cannot be applied in this particular case. 

In this paper we use a variational approach and 
numerical computations to study optical pulse propa- 
gation in realistic optical transmission systems that 

apply the dispersion compensation technique. We 
show that a “breathing” averaged optical pulse, 

which combines the advantages of the soliton ap- 

proach with those of the dispersion compensation 
technique, can be used for describing optical data 
transmission in such systems. We derive an effective 
approximate model for the pulse dynamics by assum- 
ing that the nonlinear effects and the residual disper- 

sion cause very slow evolution of this dynamics. 

2. The modeling and the numerical computations 

We consider a transmission line that consists of 
periodic sections, each of which includes a piece of a 
DCF, a piece of a transmission fiber, and a lumped 
optical amplifier, as shown in Fig. 1. 

The DCF piece has normal dispersion D_ and 
length Z,. The transmission fiber piece has anoma- 
lous dispersion D, and length Z = Z, - Z,. The 

average (residual) dispersion of the section is D,, = 
[D-Z, + D+(Z, - Z,>]/Z,. In the experiment pre- 

sented in Refs. [ 13,141, the total residual dispersion 

over a distance of 617 km in the A = 1550 nm 
optical window was about 300 ps/nm; i.e., the 

dispersion is approximately equal to (ID,,, I) - 0.5 

ps/(nm X km). In the numerical simulations [18], 
the residual dispersion D,, - 6 ps/(nm X km) was 

considered. In order for a “breathing” bright soliton 

to exist, the residual dispersion Ores must be positive 
(or the corresponding Pzres negative) [16]. 

There exist three characteristic dispersion scales 

in the system under consideration: the dispersion 

length Zoc, that corresponds to the chromatic dis- 
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Fig. 1. Schematic diagram of the system design. Compensation is 

realized in each span between two amplifiers. Dispersion compen- 

sating fibers are followed by pieces of transmission fibers. Disper- 

sion d( Z> is normalized to the SMF dispersion. 

persion D = - (60-80) ps/(nm X km) of the DCF, 

the dispersion length of the transmission fiber Z,,,, 
and the dispersion length that corresponds to the 
residual dispersion of each section Z,,. 

The propagation of optical pulses through a cas- 

caded-fiber transmission system is governed by the 
NLS equation 

iA_ + 2d(z)A,,+/A12A=iG(z)A. (1) 
dls 

Here, 

G(z) 

= Z NL 

i 

-y+ [exp(yZ,) - 11 ? a( z-zk) , 

k= I 1 

Z,, = l/(c~P,) is the nonlinear length, Zdi, = 

$/I & is the dispersion length corresponding to the 

SMF, r0 and P, are the width and the peak power of 

the incident pulse, p2 is the group velocity disper- 

sion for the SMF, CT is the coefficient of the nonlin- 
earity, y describes the fiber losses, Z, is the amplifi- 

cation period, and zk = kz, are the amplifier loca- 

tions. The retarded time is normalized to the initial 

pulse width t = T/to, the envelope of the electric 
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field E = E(T,Z) is normalized to the initial pulse 
power I El2 = PO1 Al’, and the coordinate along the 
fiber z is normalized to the nonlinear length z. = 

Z/Z,, . The chromatic dispersion d(z) is normalized 
here to the SMF dispersion coefficient. 

2.1. Direct numerical simulations and the linear 
approximation 

An optical pulse that propagates in a cascaded 
transmission system experiences periodic oscillations 
of its amplitude and width. At short distances, the 
pulse evolution can be approximately described as a 
linear process. As a pulse enters into a DCF part of 
the line, its width increases due to the dispersive 
broadening. The pulse also acquires a positive, dis- 
persion-induced frequency chirp. After entering an 
SMF part of the line, the pulse compresses because 
the sign of the dispersion is reversed, and the condi- 
tion for dispersion induced compression &C < 0 is 
thus satisfied (see e.g. Ref. [25]). During the propa- 
gation in the fiber, the amplitude of the pulse is 
reduced due to the losses. Therefore, a pulse must be 
regenerated at the end of each section. 

In cascaded systems, a basic section that includes 
a DCF, an SMF, and optical amplifier is periodically 

repeated. When the nonlinear effects and the residual 
dispersion are negligible, a pulse recovers its original 
form after passing through such a section. Indeed, 
the phase shift of the pulse corresponding to the Kerr 
effect is small over one cycle of this process. There- 
fore, the dispersion and the fiber losses are the 
leading-order effects. However, the small changes 
due to the Kerr effect do accumulate over several 
periodic segments of the transmission line, and thus 
at larger distances the Kerr nonlinearity may begin to 
come into play. The influence of the residual disper- 
sion becomes important at the distance of Z,, x=- Z,, 
and alters the shapes of the pulses. The nonlinear 
length Z,, is comparable to Z,,. Therefore, in the 
description of the “slow” evolution of a pulse, one 
must take into account both the residual dispersion 
and the nonlinearity. Thus, “breathing” rapid oscil- 
lations of the pulse are accompanied by slow average 
changes of the pulse characteristics, which are due to 
the nonlinearity and the residual dispersion [16]. 

In order to illustrate the above-described “breath- 
ing” pulse dynamics, we here show the results of 
numerical simulations that we have performed di- 
rectly on Eq. (1). We have integrated Eq. (1) numeri- 
cally using the split-step method. The parameters 
typically used in the calculations are: the nonlinear 
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Fig. 2. Periodic oscillations of the amplitude. Q. (1) was integrated numerically using the initial condition A(O,t) = N/cosh(t/T), 
N2 = (2yZ,)/[ 1 - exp( - 2yZ,)] and T2 = 0.3. Residual dispersion was (d) = 0.3. 
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32 

29 

Fig. 3. Pulse width oscillations. Eq. (1) was integrated numerically using the initial condition A(O,f) = N/cosh(r/T), N2 = (2yZ,)/[l - 

exp( - 2yZ,)] and T2 = 0.3. Residual dispersion was (d) = 0.3. 

length Z,, = 360 km, the amplifier spacing and the ps/(nm X km), and the fiber loss coefficient in both 
dispersion length Z, = Zdis = 36 km, the residual the DCF’s and the SMF’s a: = 0.25 dB/km (y = 
dispersion length Z,, = 360 km, the length of the 0.115~~). The fiber loss coefficients in both the 
DCF Z, = 6 km, the SMF dispersion D, = 18 DCF’s and the SMF’s were chosen to be the same 
ps/(nm X km), the DCF dispersion D_ = - 80 for simplicity, even though, in reality, the losses in 
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Fig. 4. Periodic oscillations of the amplitude. Eq. (1) was integrated numerically using the initial condition A(0.r) = exp( - r*>. Residual 
dispersion was (d) = 0.025. 
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Fig. 5. Pulse width oscillations. Eq. (1) was integrated numerically using the initial condition A(O,t) = exp( - t*). Residual dispersion was 
(d) = 0.025. 

the DCF’s are higher than in the SMF’s. The above therefore Pa must be considered as normalizing 
parameters correspond to a pulse with peak power parameter, rather than input pulse peak power) and 

PO = 2.2 mW (in fact, in numerical simulation input width C, = 26.8 ps. 
power in dimensionless variables was larger than 1, In Figs. 2, 3, we present the evolution of an input 
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Fig. 6. Evolution of the envelope of pulse amplitude over many amplification periods. Envelope is shown for the pulse amplitude and width 
at the amplifiers (q. = kZa = 0.1 k with k = 1, 2, . ..). Initial conditions are A(0.t) = N/cash(t), N* = (2yZ,)/[l - exp(- 2yZ,)1 and 
Cd) = 0.05. 
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Fig. 7. Evolution of the pulse width over many amplification periods. Envelope is shown for the pulse amplitude and width at the amplifiers 
(z, = kZ, = 0.1 k with k = 1, 2, . ..). Initial conditions are A(0.r) = N/cash(t), N* = (2yZ,)/[l - exp(- 2yZ,)] and (d) = 0.05. 

pulse having the form A(O,t) = N/cosh(t/T), with 
N* = 2yZJl - exp(- 2yZ,)1 and T* = 0.3. The 

(Fig. 2) and the pulse width (Fig. 3). Figs. 2, 3 
indicate that the breathing dynamics is accompanied 

results shown in these figures illustrate that the pulse 
experiences periodic oscillations of the amplitude 

by the reconstruction of a pulse due to the nonlinear- 
ity and the residual dispersion. The pulse evolves to 
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Fig. 8. Evolution of the envelope of pulse amplitude for the Gaussian input pulse A(0.t) = 1.52 exp(-r’). Envelope is shown at the 
amplifiers ( zt = kZa = 0.1 k with k = 1, 2, . ..). (d) = 0.05. 
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a new state that manifests itself as breathing stable 
solitary wave. The speed of this reconstruction de- 
pends on residual dispersion value, initial pulse pa- 
rameters and shape. 

Due to the locally linear character of the rapid 
oscillations, the general features of the dynamics do 
not depend on the particular shape of the input 
signal. In particular, Figs. 4, 5 show the evolution of 
the Gaussian input pulse A(O,t) = exp(- t*>. The 
figures demonstrate that general features of the pro- 
cess do not depend significantly on the input pulse 
shape. The main feature of the initial stage is a 
transition of initial pulse to asymptotic stable state. 

In Figs. 6, 7 it is demonstrated that after the first 
stage the input pulse experiences slow average oscil- 
lations of the amplitude and width and asymptoti- 
cally evolves into a stable breathing soliton. We use 
here the term soliton, though the shape is not sech as 
for guiding-center solitons. Fig. 8 shows that for an 
initial Gaussian pulse average oscillations are rather 
small and have larger period in comparison with the 
sech input pulse. As was discovered in Ref. [19] the 
asymptotic pulse forming after many amplification 
periods is close to the Gaussian profile. 

In the limit Z,, ZdiS < ZNL, one may treat the 
nonlinearity as a perturbation. At the lowest order, 

the fast oscillations of the linear pulse amplitude and 
width are given by 

A( z,t) = [+wdo A, 
-cc 

(2) 
Here, A, does not depend on z and is determined 
only by the initial pulse form. For a Gaussian input 
signal A(O,t) = N exp( - t*>, the linear oscillations 
are described by 

A(zJ) = &) -exp[ -t’/r’( z) - iCt*/T*( z) 

+@(z)], (3) 
where T*(Z) = 1 + 16R*(z), dR/dz = d(z)ZNL/ 
(2Z,,,), C = 4R(z), and @ = -0.5 arctan(4R). The 
nonlinear effects become important on a scale which 
is large compared to Z,, namely at distances propor- 
tional to Z,,. The concept of the guiding-center 
soliton, which was introduced in Refs. [ 151, corre- 
sponds to the limit Z, < Z,, = ZdiS. In this work, 
we analyze the complementary regime with Z,, * 
Z, = ZdiS [ 16,201. The existence of the small parame- 
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Fig. 9. Nonlinear effects. Pulse amplitude envelope (at maxima) evolution for different initial amplitudes. Initial pulse in the 
A(O,f) = B/co&t) is considered. B = 1 (solid line); 1.52 (middle curve); 2 (upper curve) and (d) = 0.05. 
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ters Z,,JZ,, and ZJZ,, allows us to introduce a 
fast and a slow evolution scales [16]. The fast dy- 
namics describes the oscillations of the amplitude 
and the shape of the pulse, while the slow dynamics 
describes the average changes due to nonlinear ef- 
fects and the residual dispersion. Next, we study the 
role played by nonlinear effects on the optical pulse 
propagation. We would like to point out that the 
above exact solution (Eq. (3)) describing strong peri- 
odic oscillations of the pulse amplitude and width in 
the linear regime gives some explanation for the 
Gaussian shape of the asymptotic pulse found in Ref. 
[191. 

In Figs. 9, 10 it is shown how nonlinearity influ- 
ences propagation. In particular, the plots confirm 
our expectations that the deviations of the average 
dynamics from that described by the linearized equa- 
tions are proportional to the strength of the nonlin- 
earity. Evolution of the envelope of the pulse ampli- 
tude at the maxima is shown for different initial 
amplitudes. The plots show that for small nonlineari- 
ties the process is close to a linear one. For higher 
nonlinearity average changes become substantial and 
comparable with fast oscillations. The period of av- 
erage oscillations decreases with increasing nonlin- 

earity. For a Gaussian input signal the periods of 
slow average oscillations are larger than for corre- 
sponding sech input pulses. 

2.2. The slow pulse dynamics and the variational 
approach 

In what follows, we use a variational approach to 
derive a simple model that describes both the rapid 
oscillations and the average pulse evolution under 
the combined effects of the nonlinearity and the 
residual dispersion. 

We begin by following Refs. [1,51 to transform A 
into a new function Q by taking out the rapid 
oscillations of the amplitude due to periodic amplifi- 
cation: 

A=Q(t,z)exp(/o:c(zf)dzr). 

The equation for Q reads 

(4) 

iQz + &d(z)Q,,+c(z)iQ?Q=O. (5) 
dls 

Here, ~4 z) = exp(:!/,‘G( z’) d z’> can be presented as 
a sum of rapidly varying and constant parts c(z) = 

Fig. 10. Nonlinear effects. Pulse amplitude envelope (at maxima) evolution for different initial amplitudes. The Gaussian initial pulse in the 
form A(0.t) = B exp( - t2) is considered. B = 1 (solid line); 1.52 (middle curve); 2 (upper curve) and (d) = 0.05. 



326 1. Gabirov et al./ Optics Communications 134 (1997) 317-329 

(c(z)) + Z(z), where (8(z)) = 0 and (c(z)> = [l 
- exp(-2yz,)]/(2yz,). Here, we use the notation 
(f) = (l/z,)~~~flz)dz. We also write d(z) in the 
similar form d(z) = (d(z)> + &z), where <d 2)) 
= 0 and (d) = [d-z, + d+(z, - z,>l/z, is a small 
perturbation due to the average residual dispersion 
(cd) = zdi,/zna e l>* 

Eq. (4) can be derived from the Lagrangian varia- 
tional principle for the action functional 

S= /Ldtdz 

;(QQ; -Q*Q,) +$ d( z)lQ,12 
das 

(6) 

which involves the Lagrangian function L. Any solu- 
tion of Eq. (5) is an extremum of the action S. 
Therefore, to obtain an approximate model describ- 
ing the pulse evolution in Eq. (5), one can specify 
some expected general features of the solution in the 
trial function, and then obtain a reduced variational 
problem after the integration on t [20,26,27]. The 
accuracy of this method depends on how successful 
the choice of the trial function is, and must be 
verified by direct numerical integration. 

Because the nonlinearity and the residual disper- 
sion act as small perturbations of the linear dynam- 
ics, we assume that the pulse dynamics will be close 
to the structure given by Eq. (3). Therefore, to 
describe both the rapid pulse-width oscillations and 
the slow dynamics, which are due to the nonlinearity 
and the residual dispersion, we chose a trial function 
in the following form: 

Q( z,t) = a( z)f[ t/b( z)]exp[ ih( z) + icL( z) t’]. 

(7) 

After inserting this trial function into Eq. (61, we 
obtain the reduced variational problem with the ac- 
tion functional 

(s) = j-(L)dz, (8) 

where 

(L) =a2bllf(s)12dsA:+a2b31szlf(s)12dscr: 

4 z> - ya4bjf( s)14ds. 

After a simple calculation, one derives the equa- 
tions describing the evolution of the parameters a( z>, 
b( z> and p( z> (see e.g. Refs. [26,27]). 

a2b = const = N2, (10) 

b, = 
2zm4 z) 

‘dis 

bpv (11) 

2ZNL4 2) 
F,+ z, P2= 

-%l_ 4 z)C, c( z) N2C2 

da 2Zdi,b4 - b3 - 

(12) 

Here C, = lfzlf,12 dx/(j?~x21f12 dx), C, = 
/‘%-I” dx/@/‘“, x2 lfl2 dx). For instance, for the 
solitonshape f(x) = sech(x), C, = 2C2 = 4/rr2 and 
for the Gaussian pulse f(x) = exp< -x2>, C, = 4, 
c, = l/$2-. 

These equations are not yet averaged, so they still 
include both the fast dynamics due to the variation of 
dispersion, the losses and the amplification, and the 
slow dynamics due to the nonlinearity and the resid- 
ual dispersion. Introducing v = p b we can obtain 
from Eqs. (1 I> and (12) 

ZM d( z)C, c( z)N2C2 
lJ= z 2Zdi,b3 - b2 . - 

(13) 

To describe the propagation of the initial pulse, 
for instance, in the form A(O,t) = N/cash(t) we fix 
the following initial conditions of Eqs. (11) and (13): 
b/,=0 = 1 and vIz=a = 0 (and corresponding C, and 
C,). The solution of these equations in the linear 
case (without last term in Eq. (13)) has the form 
bf = 1 + 16R(zj2/r2, where dR(z)/dz = 
d(z)Z,,/(2Z,,). This solution describes the rapid 
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Fig. 1 I. Comparison of the approximate model and results of direct numerical simulations. Dashed line - oscillations of 1 Al obtained by 
variational approach, solid line - direct simulations of F.q. (1). A(O,t) = exp(- t’), (d) = 0. 

oscillations due to the variation of the dispersion and considered as perturbations to this solution [20]. To 
the slow broadening due to the residual dispersion. obtain the equation governing small changes of b( z> 
Nonlinear effects and residual dispersion can be due to nonlinearity, we linearize Eqs. (11) and (13) 
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Fig. 12. The same parameters as in Fig. 11 hut for the pulse width (FWHM) T(z). Dashed line - oscillations of the T(Z) obtained by 
variational approach, solid line - direct simulations of Eq. (1). 
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about the linear solution b, assuming b = b, + g * 
and 6 + * b,. Here f is for a DCF and SMF 
respectively. 

3: = - 
6Z,,d( 2) g 2c( z)N2 

rr2Zdisb; rr2b2 ’ (14) 
I 

Here and in what follows we drop rt: to avoid 
complex notation. Initial conditions to Eq. (14) at 
z = 0 are: 6 = 0 and 5 = 0. Solution of Eq. (14) with 
these conditions is found as 

2 

g_= - 
4Z,, d-N b,, zdy YWb,, 

‘rr 2zdis 
j j 2 ~ dx, 

o bl, o b: 

(15) 

b+= r,blz + r2blz / 
zdy 
b2 zc ly 

(‘6) 
Here b,, denotes time derivative of the linear solu- 
tion b,. Coefficients F-, and r2 are determined by 
matching these solutions at z = z,. Resulting change 
of the pulse width due to nonlinearity over one 
period in the main order is given by 

(‘7) 

In the case we consider here d_ < 0, d, > 0 and 
respectively b, ( z,> < 0. One can see that under the 
above conditions the compression of a pulse (b + ( z,) 
< 0) due to nonlinear effects can balance dispersive 
broadening of a pulse due to residual dispersion 
(b,, > 0) even on one period. We note, however, 
that this result was obtained under concrete assump- 
tions concerning the structure of the solution (7). 

In Figs. 11, 12 we demonstrate that the variational 
approach gives a reasonably good approximation of 
the averaged pulse dynamics for short propagation 

distances. The dashed line represents the solution of 
Eq. (I), and the solid line represents the solution of 
the variational equations (11) and (12). In Fig. 11 is 
shown the pulse amplitude evolution and in Fig. 12 
the dynamics of the pulse width both computed 
numerically and calculated from the above varia- 
tional approach. Difference practically coot be seen 
on these scales. This means that a set of ordinary 
differential equations (11) and (13) gives a rather 
good approximate description of the breathing dy- 
namics of an optical pulse in links with dispersion 
compensation on the first stage (short propagation 
distances). For instance, ten amplifications shown in 
Figs. 11, 12 correspond to the total propagation 
distance of 360 km. This means that the variational 
approach can be used for description of soliton trans- 
mission in links of European scales. 

3. Conclusion 

In conclusion, we have examined numerically and 
by a variational approach the average optical pulse 
propagation in cascaded transmission systems with 
periodic amplification and dispersion compensation. 
In the span between two amplifiers, a pulse experi- 
ences strong attenuation and large width oscillations. 
We have derived approximate equations describing 
the pulse-amplitude and width oscillations, and found 
that the results obtained by this approach for short 
propagation distances are in good agreement with the 
results of direct numerical computations. We have 
demonstrated numerically that a bright soliton can 
propagate in a fiber system that includes segments 
with high normal dispersion. 

It should be pointed out that stable propagation of 
“bright” pulses is possible only if the residual dis- 
persion coefficient D,, is positive (anomalous dis- 
persion region). The results of our numerical simula- 
tions confirm the possibility of “breathing” pulse 
transmission. 
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