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A perturbation theory is developed to investigate the effects of various perturbations on soliton propa-
gation down an optical fiber. The theory is formulated within the ‘“natural” framework of inverse
scattering theory. The perturbative effects of third-order dispersion, the soliton self-frequency shift,
bandwidth-limited gain, periodic modulation, and stochastic fluctuations are analyzed in detail. In each
case, the analytic results presented here are in excellent agreement with simulations carried out here and

elsewhere.

PACS number(s): 42.50.Rh, 42.81.Dp

I. INTRODUCTION

The purpose of this article is to develop a perturbation
theory to investigate aspects of soliton propagation down
a nonideal optical fiber. In so doing, the advantages of
using a “natural” mathematical framework based on in-
verse scattering theory will be emphasized [1,2]. The
equation under study is the perturbed nonlinear
Schrodinger equation, whose unperturbed form is known
to be integrable using the techniques of inverse scattering
theory [1-3]. In particular, it has the exact single-soliton
solution, Eq. (2) below. Additional perturbations modify
this in two distinct ways.

(i) The soliton parameters, which were constants of the
motion in the unperturbed case, now vary with distance
down the fiber. If the perturbation is small, this change is
adiabatic [4,5].

(ii) The perturbation is responsible also for the genera-
tion of a background radiation field, which is superim-
posed on the soliton pulse. Depending on the nature of
the perturbation, this can exhibit quite complicated reso-
nance features [6—13].

The propagation of optical pulses down a nonideal
anomalously dispersive single-mode optical fiber is de-
scribed by the perturbed nonlinear Schrodinger equation

(2]

i—a%———i—Zq|q|2=iF. (1)

q is the complex field envelope, x >0 is the propagation
distance down the fiber, and ¢ is retarded time; all vari-
ables appear in normalized form. Perturbing influences
are represented by the complex term iF, with appropriate
choices for F. With F set to zero, Eq. (1) is integrable us-
ing the techniques of inverse scattering theory [1,2]. In
particular, it has the exact single-soliton solution

—2igt+4i(E2—n2)
glx,1)=g,=2me THETIN

sech[2n,(t —4&x)] ,
(2)

hereafter denoted q,. The parameters 77, and &, charac-

terize the soliton; 27, is its height and inverse width, 4§,
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is its velocity relative to a convenient reference frame.

We will be interested in the case when F7-0, but is as-
sumed to represent a small perturbing influence on the
propagating soliton. Many different forms for F have
been considered in the literature, including the following.

@)
F=e—= (3a)

€ real, representing the perturbing effects of third-order
dispersion in the fiber [6,7,10,14].
(i1)

F=ieq§7!q|2 , (3b)

€ real, causing a self-frequency shift in the propagating
soliton [15,16]. A more general nonlocalized form for F
has been considered elsewhere, but is not discussed here
[17-19].

(iii)

2

F=Tgq +y84; ) 3c)

ot
I',y real, representing soliton propagation through a
doped fiber offering bandwidth-limited gain. For simple
gain (loss), y is zero and I is positive (negative)
[14,20-23].
(iv)

F=A4(x)q , (3d)
where
Ax)=T—G i 8(x —nx,) (3e)
n=1

is periodic in x with period x,. A(x) has zero mean
when G = exp(I'x,). This form for F represents soliton
amplification (loss) when I' >0 ( <0), with discrete loss
(gain) at locations x =nx, [8,9,11,24-26,13].

(v) Stochastic perturbations [27-33]: There are actual-
ly two sources of stochasticity which usefully can be
termed homogeneous and inhomogeneous by analogy
with similar distinctions made in other branches of non-

4331 ©1993 The American Physical Society



4332

linear optics [30]. In the inhomogeneous case, the sto-
chasticity ‘is a feature of the input pulse to the fiber, and
does not derive from any agency in the fiber itself. Then,
F =0, and the soliton parameters remain fixed. However,
the stochastic element present in ¢(0,¢) results in an un-
certainty in the value of these fixed parameters, which are
known only in terms of a probability distribution [28,29].
In the homogeneous case, the stochasticity originates in
some random property of the fiber itself, such as in spon-
taneous emissions in a fiber amplifier, where

F=o(x,t), (3f)
or in density fluctuations in the fiber material, where

2
F=io(x) BOQ“lﬁl +/32—‘L : 3g)

In either case, o is an appropriate stochastic term. For
purely dispersive fluctuations, B, B;, and 3, are real, as in
o(x). The evolution equations for the soliton parameters
are now described by a set of Langevin equations, possi-
bly of multiplicative type [30]. These examples will be
discussed in detail in Sec. III.

We now quote two results, which should find useful ap-
plication in studies on Eq. (1). The first result is exact
and is true for any form of the perturbation F, which
need not be small. It states that, under the action of the
perturbation iF, the infinity of conserved quantities C,,

n=0,1,2,..., associated with the unperturbed equation,
evolve according to
dcC

dt . 4)

« i | 2
q

L is the integro-differential operator associated with the
squared eigenfunctions obtained from the linear eigenval-
ue problem connected with Eq. (1), and is defined in Sec.
II. An equivalent form for Eq. (4) was first reported by
Karpman and Maslov [4].

The second result describes the generation of the radia-
tion field, and generalizes recent work by Gordon [8]. In-
troduce an ‘““associate field” f, which evolves according to
the equation

df _f ©
Vox or? 477'f f gz

Xdtdég , (5)

—2i&t
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where the asterisk denotes complex conjugation, and
¢:,¥;,¢;,¥; are components of Jost functions which arise
in the linear eigenvalue problem associated with Eq. (1)
[1,2]. A solution of Eq. (5) will be required subject to
f(x=0,t)=0. The action of the perturbation iF on the
soliton g, generates a radiation field 8q(x,?) so that, at
any location x,

(x,t)=q,+8q(x,t) (6a)
with

6¢(0,)=0. (6b)
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Then, the required form for 8q(x,¢) is

a2f
8q(x,t)=—-
7 dt?

where ¥y = —q, '3g, /3t. The algorithm for finding 8¢ is
first to solve Eq. (5) for the associate field f(x,t), then to
find 8q(x,t) from this, using Eq. (7).

Equation (5) appears intractable at first sight, since an-
alytic forms are not generally known for ¢;, etc. Howev-
er, in the perturbative limit considered here, these Jost
function components can be approximated by their “soli-
tonic” expressions, and the integrals can then be evalu-
ated using standard techniques. For example, with F
given by Eq. (3a), the last term in Eq. (5) becomes

3 a
af_+_lE qs’
a3 4 dt

O yrrrqife, ™

BRLFTS at

(8)

leading to a simple linear inhomogeneous evolution equa-
tion for f, which can be solved using standard (Fourier)
transform techniques.

Equations (4), (5), and (7) are proven in Sec. II and are
the main results of this article.

It is interesting to note what is happening in the use of
the algorithm described to find 8g(x,?), since of course
one could find an evolution equation for 8q directly by
substituting Eq. (6) into Eq. (1); on linearizing, this gives

38q _ 9%5q

2_
i— ™ Y +48q|q,|*—2928q* +iF . 9)

The difficulty arises when an attempt is made to solve this
using standard techniques, such as a Fourier transforma-
tion with respect to the ¢ variable, since the presence of g,
results in convolution terms which prove intractable to
further analysis. Similar complicating terms are not
present in the evolution equation for f. Replacing Eq. (9)
with the equivalent equations (5) and (7) corresponds to
finding 8q(x,t) by expanding it not in terms of the stan-
dard Fourier modes exp(iwt? ) but rather in a basis of dis-
torted continuum modes which take proper account of
the existence of the soliton. In the language of quantum
optics, the soliton presence leads to a set of ‘“‘dressed”
continuum modes. These modes are precisely the Jost
functions which arise in the linear eigenvalue problem as-
sociated with Eq. (1). The inner integral in Eq. (5) de-

" scribes the manner in which F is projected onto these

modes.

The salient features of inverse scattering theory re-
quired for this article are reviewed briefly in the next sec-
tion, after which the main results Egs. (4), (5), and (7) are
proven. In Sec. III, the specific examples noted in Egs.
(3) are examined in detail. A few concluding comments
are made in Sec. IV.

II. THE EVOLUTION EQUATIONS
A. Background material

A knowledge of the basic techniques of inverse scatter-
ing theory is assumed, and is summarized in Appendix A.
Here, we identify those features required in connection
with Egs. (4), (5), and (7). The notation used throughout
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is the one defined in Refs. [1,2], with one modification:
the roles of the independent variables x and ¢ to denote
space and time are interchanged to conform with Eq. (1).
The variable x now describes “time” (distance down the
fiber), while ¢ denotes “‘space” and therefore appears ex-
plicitly in the scattering problem associated with Eq. (1)
[cf. Egs. (A1)].

Scattering data are summarized by the coefficients a
and b (see Appendix A). Kaup [34] has shown that the
evolution equations for these quantities are

207 12—, ]dt
=f_°°m %,—g—z ddt, (10)

ai =f_w°° ‘gg“ﬁzlzz—%%lzz dt
=7 |- bar. (an
Here, r = —q*, as appropriate for Eq. (1), ¢=1[¢1,9,1%, ¢,

¥, and ¥ are two-component spinor Jost functions dis-
cussed briefly in Appendix A; and the second forms of
Eqgs. (10) and (11) serve to mtroduce the bilinear spmors
® and ®. In either case, we write this as [g,h]7, , Where
g§=—¢1¢), and h=—¢,p, for ® and g=— ¢1¥, and
h=—¢,¥, for ®. Evolution equations for g and 4 are
quoted in Egs. (A7), with appropriate definitions of the
auxiliary function k. A formal solution to these leads to
the relation (A8), which is satisfied by both ® and @ with

appropriate choice of k_. For &, k_=1la; for @,
k_=—1b. In other words,
a q
LO=(P+—| |, (12)
2i
v v b | 4
LO=LED—— 13
T (13)

In each case, L is the integro-differential operator defined
in Eq. (A9).

Equations (12) and (13) can be solved to express both ®
and ® in terms of a formal asymptotic series; from Eq.
(11), it follows that

(2iL)" (14)

=—q 2

2z§)"+ ! q*
We will require also the asymptotic expansion for Ina;

this is [2]

Ina= 3 1

—C, , 15
g (2i§)n+1 n ( )

where the coefficients C,, the conserved functionals for
the unperturbed form of Eq. (1), are given by [2]

Co=J[" lgPar, (162)
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c==[" g ath (16b)
=[ +|q|4 (16c)
C==[" |¢* +3qlq|2 dt, (16d)

and so on. Finally, we state the complementary forms for
C, in terms of the spectral data: these are [2]

N
— 1 rex ynt1l__ (9 n+1
€= 3 Syleign =i,

L5

The discrete sum gives the contribution to C, from an ar-
bitrary N-soliton state (throughout this article N=1),
whereas the integral denotes the contribution from the
(continuum) radiation modes.

(2iE)"In[1—|b(&,x)|?]d 17

B. Evolution equations for the perturbed system

Consider first the derivation of Eq. (4).
(14) into Eq. (10
x, then comparing coefficients of (2i§)

___f‘”

Next, we substitute for dq /0x from Eq. (1); this is best
done by noting that Eq. (1), together with its conjugate,
can be written in the form [2]

Substituting
), differentiating Eq. (15) with respect to
—(n+1) giVCS

aL dr . (18)

(2,£)”l

3 q* o " q* B F*
a q _I(ZILA) —q - F s (19)
where .L , is the formal adjoint of the operator .L. Since
6C,,
, q* 8q
8g*
and
8C,
o la | | %"
(2loL) - Scn ’ (21)
bq

where 6C,, /8¢, etc. are functional derivatives of the C,,,
and since all C, functionals commute [2], we get

dx f
as required. This result is exact for any choice of the per-
turbation F, which need not be small, and does not re-

quire that the number N of solitons remains fixed.
A generalized form for the evolution equation for the

dt (22)

102i.L)" [q
q
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spectral parameter b [which is simply related to the asso-
ciate field f; see Eq. (25) below] is found in a similar way.
Substituting Eq. (19) into Eq. (11) gives [35]

b
ax

The first term follows using standard manipulations for
the unperturbed system, while ®=—[¢,%,,¢,%,]"

satisfies Eq. (13). The complex eigenfunction {=£&+i7 is
discussed briefly in Appendix A. The spectral parameter
b(§,x) is a measure of the radiation field present in the
pulse; for a pure soliton, b =0. For a soliton input to the
fiber, g(0,¢)=g, and b(0,£)=0. The last term in Eq. (23)
is the source which generates the radiation field. We will
be interested in the case when {=¢ is real and where @ is
approximated by its solitonic expression. Then, the in-
tegral in Eq. (23) is the projection of the perturbation F
onto these dressed continuum modes, labeled by the pa-
rameter £, in much the same way that a spectral com-
ponent of a source F is found by projecting onto a contin-
uum mode exp(iw?) in simple Fourier analysis. Indeed,
in the absence of the soliton, = — [exp(—2i£t),0], and
the source term is simply the conjugate of the Fourier
component of F, with (2£) the transform variable. To
make this explicit, and for later use, introduce the
Fourier operator & and its inverse by

F=3H)=[7 e¥¥fdr
—og—l1p_l [ —2igp
fEFF=— [T g,

=—4it%+ [* [F*,Flddr . (23)

(24a)
(24b)

for any function f. Then, in the absence of the soliton,
the source term in Eq. (23) is simply

*(&,x)=[F(F(x,t))]*. Rather than work with the
spectral parameter b(&,x ), it is more convenient to intro-
duce an associate field f(x,t), such that its transform

FE=F(f(x,1)) is related to b(£,x) by
~ _15b é
f(g’ 4 §2 » (25)

where 7, is the sohton parameter. Simple manipulation
of Eq. (23), together with an inverse Fourier transform,
then leads to Eq. (5).

Having derived the evolution equation for the associate
field f, it remains to link this to the radiation field 8q [cf.
Eq. (6)]. This is done by using the squared eigenfunction
expansion for g(x,?), which in its most general form
states that [2]

fw [ ¢2(§ +—L(§”‘ & x 1d§
. t 1 o 1 -

+2i 3 — 183X, t)———¢1(5,,5%,1)
m=1|0,ay b,.a,

The integral represents the contribution from the radia-
tion field &g, whereas the discrete sum gives the contribu-
tion to g(x,t) from a general N-soliton state. Here N =1,
so that the latter contribution is g,, while the former is
the required expression for 8q(x,?).
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Equation (1) implies certain symmetry relationships be-
tween ¢ and ¢, b and b, and @ and a; these are [2]

(1,6,1=[¢3, — 7] (27a)
a(x)=a*(), & real (27b)
b(E)=b*(E), & real. (27¢)
Then,
:_i o b*( ,x) 2/ £.
dqx,0)=——[" _L*a(g,x) A& x,t)
+%((%‘l)¢;‘2(§;x,n de . (28)
3 X

For a single soliton in an unperturbed fiber, b is zero, and
remains zero as the soliton propagates, so that 8q is zero.
The presence of the perturbation changes b in accordance
with Eq. (23), so that b is first order in the perturbing
term. To find the leading-order contribution to 8q(x,t),
we now approximate ¢;, ¢,, and a by their appropriate
expressions for the single-soliton state; these are

—i
a(§)=%TZi , (29a)
1
e—igt
&= Etin (§—in tanh2yt) , (29b)
1
in ieerainix
¢2=——§T"i‘—n—e AT e chom,t (29¢)
1

To simplify the algebra, and with no loss of generality, we
have set the (constant) soliton parameter &,=0—a
Galilean transformation effects this change. Using these
results, together with Eq. (25), it is easy to show that

(30a)

qusl = FE,x )e 2E(4E2—2iEy —y?)

b ra i
price —F*(Ex)e g}, (30b)

where ¥y = —gq, '3q, /dt. Inserting these into Eq. (28) and
carrying out the required inverse (Fourier) transform
leads directly to Eq. (7).

This completes the required proofs of Egs. (4)—(7).

II1. SOME SPECIFIC FORMS FOR F

A. The integrable case

Consider the choice

5C,,
F=—i : (31)

where C,, is any one of the conserved functionals associ-
ated with the unperturbed (F =0) nonlinear Schrodinger
(NLS) equation. The addition of a perturbing term such
as Eq. (31) simply generates a new member of the NLS
family, which is itself integrable with the same conserved
densities C, as the unperturbed equation and for which
the evolution equation for b is homogeneous, with the ad-
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ditional term i(2i§)"b. We therefore anticipate a null re-
sult: all C,’s should remain conserved quantities, and the
inhomogeneous contribution to the source term in the
evolution equation for b should be identically zero.

Substituting Eq. (31) into Eq. (22), and using Eq. (21),
produces

dcC,
dx

since all functionals commute. Similarly, substituting Eq.
(31) into the integral expression in Eq. (23), using Eq.
(20), and replacing one of the adjoint operators .£ , with
its equivalent action £ on ®, gives

lf © —1 o SC'm —1
8g*

Now use Eq. (13), noting that in the final term
[g,9*17=[8C,/8q*,8Cy/8q]". Since C, and C,, _,
commute, the contribution from the final term to the in-
tegral is zero, leaving the contribution from the term con-
taining (2i§). Continuing this iterative process, the in-
tegral reduces to

=i{C,,C,}=0, (32)

2iLDdr . (33a)

i)™ [ © [g*,—qldar . (33b)

With g, A, and k defined by Egs. (A6), the integrand is
(gg*—qh), which according to the first of Egs. (A7) is
equal to 0k /9¢. The integral in Eq. (33b) then reduces to
k(+ o )—k(— o), which, from the definition of k and
the definitions of the Jost functions in Appendix A, is
equal to the spectral coefficient b. Hence the above be-
comes

i(2iE)"b

as required. The inhomogeneous contribution to the
source term in Eq. (23) is zero, whereas the homogeneous
contribution is precisely that expected from inverse
scattering theory.

B. Third-order dispersion

Here, F is given by Eq. (3a). Consider first an investi-
gation of the effects of the perturbation F on the con-
served densities C,, after which the salient features of the
generated radiation field will be discussed.

For the cases n =0 and 1, the integrals in Eq. (22) are
zero, so that Cy and C; are conserved quantities (i.e., in-
dependent of x). With n =2, the right-hand side of Eq.
(22) becomes

2¢ [ 7 lgP |q

3
+q"‘—a—q- dt ,

at ar?

which, after a little rearrangement and judicious use of
Eq. (1), can be expressed in the form

el [ 4

Hence, using Eq. (16c), we deduce that

3
ath.
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3
+|q|2—teq g_q_ dt (34)

=" |4

is a conserved quantity, as first noted by Malomed [14].
With n =3, Eq. (22) produces

2 2
3 3ie f= ||3% | _ |3, 2
ox {C3+ 2 Y- || 02 at gl dt

‘—9162].00

so that, to order €, 63, the quantity in parenthesis, is con-
served. Similar ‘“quasiconserved” densities—that is,
modified forms of C, which are conserved to O(e)—exist
for all further values of n >3. The proof of this state-
ment follows from the observation that b(x,£) is O(€), so
that the integral contribution to C, in Eq. (17) is O(€?),
assuming that € is a suitably small parameter. Since
N =1 (by assumption, that is, a single soliton), and since
C, and C,; are conserved, the change in the soliton pa-
rameters &, and 7, is O(€?); the proof of the statement
follows.

Consider next the radiation field. To O(e€), the soliton
parameters &; and 7; remain constant. To simplify the
algebra, and with no loss of generality, £, can self-
consistently be set to zero. The soliton forms for ¢, and
¢, are given in Eqgs. (29). Similar expressions for 9, and
¥, are readily deduced using Eqgs. (A4) with (27). Howev-
er, since b is required to O(€), we may replace ¥ with a¢,
where @(§)=a*(£) is given by Eq. (29a).

To get the evolution equation for b, it remains to evalu-
ate the integral [cf. Eq. (23)]

— 1t ]

w a3 * aB
=] [ — s

using analytic forms for ¢;, etc. noted above. Substitut-
ing, and evaluating the integral using standard tech-
niques, then gives

I=2i&(E2+n2)gr , (37)

where ¢ is the conjugate of the Fourier transform of the
soliton g, as defined by Eq. (24a). Explicitly,

—4in2
8, (& x)=me " sech T . (38)
2

If Eq. (37) is divided by 4(£2+%?), conjugated [cf. Eq.
(25)], and the inverse Fourier transform taken, the final
term in Eq. (8) results. In other words, the contribution
(37) is essentially the inhomogeneous source term quoted
in Eq. (8). The first term written there is actually O(€?)
[since b, and hence f, are O(€)] and derives from bound-
ary terms in Eq. (36), obtained when the standard “in-
tegration by parts” operation is carried out. A little care
needs to be taken with this, or else the appropriate con-
tribution

—8i&% (39)

ar a —(lgl»dr  (35)

(36)

is easily omitted. The details of the calculation are given
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in Appendix B.

Substituting these results into Eq. (13) then gives the
required evolution equation for b. Rather than quote
this, we introduce the equivalent associate field f(g,x ),
defined by Eq. (25), whose evolution equation is hence
obtained as

i — _4ef 3837+ o, . (40)
dx 4

An inverse transform produces the required evolution
equation for f,

Af _df . f | ie 9%
== tje—+——.
L or teat3 2 o 41)

On solving this, the radiation field 8¢q is obtained directly
from Eq. (7).

Consider now a discussion of Eq. (40). This remark-
ably simple equation will be shown to account for all
features noted in numerical simulations of the system
Egs. (1) and (3a) [6,7]. The results of such a simulation
are shown in Fig. 1, reproduced from Ref. 7. The most
prominent feature is the strong resonance peak in the
pulse spectrum, which is observed to occur at a frequency
displaced from line center by an amount [6,7]

wo~-L1 . 42)
€
Moreover, these studies reveal that the peak becomes
more pronounced as the propagation distance down the
fiber increases.

The explicit x-dependent factor exp(—4if2x) con-

tained in g, is removed by introducing

-~ +4inix o
e

F= I . (43)
Then, the evolution equation for Fis
%§=iD(m)ﬁ'+l—€gwsechf§1~ , (44)

where the “dispersive function” D(w) is

1.5
S
3 1.0
=
a
E
<
S
K
5 0.5 -
(=]
[V
0.0
-8.0

(m;mo)r

FIG. 1. Soliton spectrum, with perturbative effect of third-
harmonic dispersion. Taken from Fig. 3, Ref. [7].
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D(w)=w?+4p’—ew’ . (45)

For notational convenience, we have introduced the
frequency variable w=—2&. Secular growth occurs
when D(w)=0, and is the origin of the observed reso-
nance peak; this occurs when

w=%+47ﬁ6+0(63) : (46)

in agreement with the observation, Eq. (42), but note the
new feature of dependence on pulse intensity contained in
the higher-order second term. The asymmetric source
term induces a similar asymmetry in the spectral com-
ponents f(w,x ), as observed numerically.

For any value of propagation distance x, F will be re-
turned to zero at those frequency components satisfying
xD(w)=2mn, where n is an integer. This accounts for
the secondary oscillations in the spectrum, and for the
observed asymmetry in those secondary oscillations
[since D(w) is asymmetric]. Finally, at line center, the
source term vanishes, and F (x,0) remains zero, which
again conforms with numerical observation.

The addition of further dispersive terms, say

= dq , . 3% d°q
FoF=e—+iu—+v—=, 47)
- PYERa YT ar?

does not alter things in any significant way. The disper-
sion function D(®) is now given by

D =0’ +4n}—ew® +puot+vo’ . (48)

As before, secular growth occurs when D(w)=0, but now
there may be more than one resonance feature.

C. Periodic amplification

Here, F is given by Eq. (3d). Unlike the previous
dispersive case, the perturbation causes C, (and all other
C,) to vary with x, imparting a corresponding x depen-
dence to the soliton parameters &; and 7,. Evaluation of
the integral in Eq. (23) is then at best difficult, if not im-
possible. However, a change of variables to a set of
“stretched coordinates,” which correctly capture the evo-
lution of the soliton parameters, results in a situation
where the redefined functionals C, and C, are again con-
stants of the motion. In this new coordinate system, the
soliton parameters are constant to O(I").

Introduce
r=te?* (49a)
z=(e*'*—1)/4T , (49b)
p=qexp[—2Tx—itB(z)], (49¢)
where the phase factor B(z) is
B(z)=2&[1—(14+4Tz) 127, (49d)

In terms of the new variables, Eq. (1)—with F given by
Eq. (3d)—becomes
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B _p ., o _ il P
oz o PP=—ToE Py,
4I‘§1 2 . jﬂl
tidar, TP PP TRG
iG
~Trab 2178(2 z,),  (50)
where
z,=(e""—1)/4r (51a)
~nx,, I'xl
=nz, . (51b)

This generalizes a similar transformation introduced else-
where where £, [and hence the phase B(z)] was set to
zero [23]. Later, we too set &, to zero, but before doing
so first demonstrate that this can be done in a self-
consistent manner, at least to O(I").

With F deduced from the right-hand side of Eq. (50),
the functions C, and C; —defined now with “new’ vari-
ables replacing “‘old” throughout—are independent of z.
The soliton solution to the unperturbed form of Eq. (50)

21§1'r+41 5 nl)zSeCh[Z?’]l(T"4§lz)]

(52)

p(z,7)=p;=21,e

is then invariant, in the sense that to O(I"), the parame-
ters £, and 7, remain constant. Equation (52) is the
“stretched” soliton solution; the solution g, expressed in
terms of the “normal’ variables is found using Eqgs. (49).

In view of these comments the parameter &, can self-
consistently be set to zero. Then, B(z) is zero, and so the
second, third, and fourth terms on the right-hand side of
Eq. (50) vanish. The assumption I' <<1 is retained, so
that z,, the positions of discrete loss, are given by Eqgs.
(51b).

With the perturbation F specified by

r

F=—1rirs

p|__ G < _
Py } 1+4rz ,211’5‘2 Zn) s

techniques described in Sec. III B can be used to find the

evolution equation for b, or equivalently for f ; this is
A(z) i

1+4Tz 4(£2+

i§1=—4§2f—

3z ps(é z). (53)

Here, A(z) is the periodic function, Eq. (3e), and p,(&,z)
is the transform of the soliton pulse p,. An inverse trans-
form of Eq. (53) gives the required evolution equation for
f, which is

L2y eh . (54)

h(r)=nee

is the normalized two-sided exponential function, and ®
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denotes (Fourier) convolution. The required 8q (or rath-
er, 8p) is found in the usual way from Eq. (7), with an ob-
vious replacement of old by new variables. Equations
(54) with (7) are equivalent to a similar set recently re-
ported by Gordon [8], obtained using a ‘“‘guiding-center”
approximation [24,25] to describe the evolution of the
soliton pulse g;.

We conclude this section with a discussion of Eq. (53).
This remarkably simple equation accounts for all features
noted in numerical simulations of Eq. (1) with (3d), Fig.
2. The most prominent feature is a discrete set of pri-
mary resonances in the pulse spectrum, which appear at
fixed values of frequency w=2¢& determined by the van-
ishing of a dispersion function

D(w)=w*+4n3—nk,=0, n=12,..., (55)

where k,=2w/z,. Moreover, these appear to grow
linearly with distance z, and all have the same relative in-
crement above the background spectrum of the soliton
pulse.

normalized frequency

|
100 ,. oo e o o L] . L] . . L] e o o o0 .,{;
(b) N
! - |
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I y il
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FIG. 2. (a) Spectral evolution of the soliton profile over 50

amplification periods. Depicted is the n =1 and 2 resonance
modes, the modulation of the soliton peak at ~ 8z, and secon-
dary resonances. (b) Logarithmic intensity plot of the pulse
profile at 50z,, showing the higher-order modes n =2,3,...,12.
Positions of the normalized resonant frequencies (7,80, ), ac-
cording to Eq. (59), are indicated by @.
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The first two observations are easily explained, by us-
ing

S S(z—nz,)= 3 e, (56)
n=1 n=—o0
and introducing
F=e4i2f (57)
Then, Eq. (53) reads
of _ "

Yoz T (E+m1+4l7)

—4i(E2+ %)z
X \Te £

0 o 2 2y
iy z e i[4(§°+m))—nk, ]z sech?”é )
m

(58)

A vanishing of the second exponent gives the resonance
condition, Eq. (55), with an accompanying secular growth
in the spectral component F(§=§, ) over distances z such
that 4T’z << 1. In alternative form, Eq. (55) reads

! V8n(zy/z,)—1, n=12,...,
2171'1,

dw, == (59)
where z, is the period of A(x), 8z, is the “soliton
period,” where zo = /(47,)? and 277,80 =§ /7, relates
dw to § through the soliton pulse halfwidth 7,. Equation
(59) was first reported by Gordon [8], and independently
by Kelly [9], but see also Kaup [13]. The important point
to note is that the resonance spikes have the same origin
as those discussed in Sec. III B; only their number and lo-
cations differ.

With G set to zero (no periodic loss), all primary reso-
nances are removed. A solution of Eq. (57) for F(z) then
indicates that, as z increases, |F(z)| asymptotes in an os-
cillatory manner to a final steady-state value. Since Cj is
a constant of the motion (in the stretched variables),
there will be a complementary evolution for the soliton
parameter 77;, consistent with numerical results reported
elsewhere [23].

The secondary oscillations in Fig. 2(a) are easily ex-
plained by noting that F(z) is returned to zero [to O(T)]
for those frequency components £=§&,, which satisfy the
phase-matching condition

A E+)z=2mm (60)

(where m is an integer) for any value of z. As z increases,
the relative spacing between §,, and &, ;. ; decreases, as is
observed in Fig. 2(a).

Finally, a modulation at the soliton period 8z, occurs
at the peak of the pulse spectrum, where £=0. The
modulation period (8z,) has the same value as that found
in the modulations of higher-order N-soliton states N = 2.
This modulation is due to the exp(—4in3z) term in Eq.
(58), which can be expressed in the alternative form
exp( —imz /4zy).
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It remains to explain the feature displayed in Fig. 2(b),
where the relative heights of all resonance peaks over the
background soliton pulse are the same. Denote by &,
the resonance frequency values satisfying Eq. (55). Let
8p(£=E&,,z) denote the Fourier transform of 8p(r,z)
evaluated at £=¢,, n=1,2,... . To first order in T, the
incremental contribution 81(£,,z)=(p*8p +c.c.) to the
power spectrum is

. E—m
8I(§,z)=2Gz . 1P (E,,2)12

n

(61a)

~2Gz|p,(£,,2)*, (61b)

where the second form holds when &2 >>%2. Linearity in
z is a consequence of the secular behavior of Eq. (58) at

- resonance, and Eq. (7) has been used to link 8¢ (or rather,

6p) to f. Equation (61b) reveals that the ratio of incre-
mental power at resonance to the background power of
the soliton pulse has the same value for all resonances, in
agreement with numerical observations [Fig. 2(b)].

D. Soliton self-frequency shift

Here, F is given by Eq. (3b). In the preceding sections,
we have established the procedure to be followed to ana-
lyze the effects of any perturbation on the input soliton,
and so need only summarize the results for this next case.
The perturbation F leaves C invariant but causes C; to
change with distance. Consequently, to O(e), 7, is in-
variant, but not £;. For the single soliton input, the ap-
propriate evolution for &, is

64
§i=fotux, u=-_gen, (62)
indicating a linear change in soliton velocity. Using simi-
lar arguments to those used in Sec. III C, the soliton can
be brought to an invariant form (i.e., to rest) by an ap-
propriate change of variables. Introduce

'r=t-—4,ux2 R (63a)

z=x, (63b)

p=efq , (63c)
where the phase function S is

B=2uxt —4ux>(2Ey+ux) . (63d)

In terms of these variables, Eq. (1), with F given by Eq.
(3b), becomes

ég_ﬁ_z 2
oz ar 4

—4iuz P 2 (r— .9
4z,uza7_ 2u(T—8&x) epaT|p| . (64)

Identifying the right-hand side here with iF, the functions
Cy and C, are independent of z for the restricted case
when the input to the fiber is the single soliton p,. The
single soliton is then invariant in the sense that, to O(e€),
the parameters £, and 7; [note that &, replaces &;; cf. Eq.
(62)] remain constant. The parameter &, can self-
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consistently be set to zero, so that F becomes
F=4,uz—g€:+2iyr+iep%|plz. (65)

The radiation field is generated in accordance with Eq.
(23). It is easily checked that the contributions from the
first, second, and third terms in F to the integral in Eq.
(23) are, respectively, 16ifuzb, 0, and —8ep*E(3E?
+772)/15. Converting to an evolution equation for f in
the usual way gives

Of _Of Lo Of 1 9P 4e 3
i 32 +81y,za7_+ 5€ %, + T a7_(h®ps) . (66)

Here, ® denotes the convolution of the two-sided ex-
ponential function 4 (7) [cf. Eq. (54)] with the soliton p,.

Equation (66) has a pleasing interpretation which ac-
cords with intuition: the inhomogeneous source terms
are in the moving frame (z,7). Using the transformation
equations (63a) and (63b), the homogeneous terms can be
written in the form

o 0
ax 32’

bringing the description of the evolution of f back to the
“fixed” coordinate system. In this frame, the source
sweeps across the spectrum, generating f at the appropri-
ate frequencies as it does so. By virtue of the relative
movement, new frequency modes are constantly excited,
while a long tail of freely evolving modes are left behind.
This feature is observed numerically, and accords with
intuition [19]. A more detailed study of this, and of the
nonlocal problem [17-19], is in progress and results will
be reported in due course.

E. Stochastic perturbations

In a recent article [30], a distinction was made between
two types of stochasticity, which were termed homogene-
ous and inhomogeneous. The latter arises from an in-
determinacy associated with the input pulse to the fiber
q(0,1), and not from any agency in the fiber itself. The
evolution equations for the soliton parameters are deter-
ministic, only their initial values are random. An addi-
tional perturbation—such as Eq. (3c)—resulting in the
presence of an attracting fixed point in these evolution
equations necessarily reduces the initial statistical spread,
and so diminishes the stoichasticity [30]. The main
features were elucidated first in an article by Elgin [28],
then later by Gordon and Haus [29]. See [30] for a fur-
ther discussion.

In the homogeneous case, the stochasticity is associat-
ed with some random property of the fiber itself. All
fibers contain impurities, imperfections and random den-
sity fluctuations, causing small stochastic fluctuations in
the fiber refractive index. In a suitable dispersive limit,
this leads to the form for F quoted in Eq. (3g), where the
(real) random stochastic variable o(x ) has the statistical
properties

(o(x))=0, (o(x)o(x'))=2D8(x—x'). (67)

Angular brackets denote an ensemble average. This type
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of stochastic term is fairly straightforward to analyze,
and results may be summarized as follows (see Ref. [36]
for further details).

(i) The term with B, generates an overall stochastic
phase factor ¢(x ), so that

g,—e™q,
where
= [“o(x"dx" . 68
()= [ “o(x")dx (68)

(ii) The term with B, produces an uncertainty in the
soliton velocity, giving rise to a stochastic velocity incre-
ment

8V=—%Bl¢(x) . (69)

This has the statistical properties
(8V)=0, ((8V)*)=2DB/x . (70)

For a single length of fiber, all solitons g, passing a given
point x will have the same value of §V. A statistical
spread results only when similar solitons are propagated
the same distance down different fibers.

(iii) The final term with 3, generates a background ra-
diation field 8¢q(x,?), which is O(f3,) in magnitude, and
whose associate field f satisfies the evolution equation

Qf _ o ?f 1
la—j::a—t{%—o(x)[a’z?{%-—z-a(x)b’zqs . (71)
The proof of these statements is given elsewhere [36].
The important point to note is that the system compris-
ing Eq. (1), with F given by Eq. (3g), is tractable because
o(x) is independent of the variable . The stochastic
variable o can then be removed from various integrals,
resulting in a set of Langevin equations, such as Eq. (71)
above.

More generally, o is a function of both x and ¢. If the
stochasticity derives from spontaneous emissions in a
bandwidth-limited fiber amplifier, the appropriate form
for Fis

_ d’g
F—~I‘q+y¥—+—a(x,t), (72)

together with some suitable statement for the statistical
properties of o(x,t). Equations (1) and (72) were ana-
lyzed in a recent article in the (unphysical) limit where
the ¢ dependence in o was simply ignored, so that
o=o0(x) [30]. The object was to demonstrate that the re-
sulting Langevin equations for the soliton parameters &,
and 7; were necessarily of multiplicative type, whose sta-
tistical properties need bear no resemblance to those of
the corresponding linear Langevin system obtained by ig-
noring multiplicative terms.

The more important case where o retains its ¢ depen-
dence has not been analyzed to date. The difficulty, from
a mathematical viewpoint, is that the ¢ dependence in o
precludes its removal from the various integral expres-
sions for the C,. For example, the evolution equation for
7, (obtained from the evolution equation for C) contains
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the term o
© —~ ifx
[ [o*(x,t)g, +c.c.1dt . (73) Yoo e
_ (A3)
g, contains the stochastic variables & and 7. To _ _itx
proceed further, one needs a careful statement defining ¢'x_:jrw e :

the statistical properties of o(x,?), which to date, has not
been given. An investigation of this problem, within the
general mathematical framework described in this article,
is in progress and results will be reported in due course.

IV. CONCLUDING COMMENTS

The main results of this article, Egs. (4), (5), and (7),
have been shown to have useful applications to all the ex-
ample considered in Sec. III, and hence validate the com-
ment expressed in the introduction concerning the use of
a “natural mathematical framework.” One might object
to this claim on the grounds that all the examples con-
sidered are in some sense trivial, since they involve the
study of perturbations around a single-soliton state.
However, similar investigations elsewhere invariably re-
quire numerical simulations because attempts to analyze
the problem using the wrong type of continuum modes
(Fourier) quickly become very involved—compare, for
example, the analysis in Sec. III B with that presented in
Ref. [7] on a similar study of the same problem. The
analysis here is trivial because the correct framework has
been used.

The next step will be to develop the general technique
to study perturbations of N-soliton states; aspects of this
work is now in progress. Equations (4) hold for this more
general case, likewise Eq. (23) for the evolution of the b
field, but now a different expression for ® is required, as
appropriate for the N-soliton state. The equation con-
necting 8g with f, Eq. (7), is invalid, though the appropri-
ate corrected form can be deduced from the general equa-
tion (28) once appropriate expressions are deduced for ¢;.
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APPENDIX A

The linear eigenvalue problem associated with the un-
perturbed form (i.e., F=0) of Eq. (1) is [1,2]

v,
-&—+i§v1=qu )
(A1)
aU2 . .
i =gty

where {=E&+in is a complex eigenvalue. Jost function
solutions ¢, ¢, ¥, and ¥ are defined such that

~ —ifx
¢x~>—oo 0 e >
0 (A2)
T - 1 eigx ,
X-—>— o

The relationship between these defines the scattering data
a, a, b, and b:

¢=ag+by, ¢=—ay+by,
Yy=—a¢+bp, b=as+bs,
where the latter (inverse) expressions are obtained using

ad—bb=1. (AS)

(A4)

A squared eigenfunction problem can be associated with
Eq. (1): for example, defining

==,
h=—¢,0,, (A6)
k=360, +¢,9,)
leads to the evolution equations
Ok _ v,
or 9879k,
98— itg—2qk (A7)
ot ’
On_ . .
Y 2ifh +2q*k .
A formal solution of Egs. (A7) leads to the relationship
g 4 q
& h =L pltik— |« (A8)

where k_ denotes k(t— — ), and .L is the integro-
differential operator

—09,+2gI _[r- ]
—2rl _[r- ]

29I _[q- ]
9,—2rl _[q-]

1
2i

. (A9)

Here, r = —g* as appropriate for Eq. (1), and I_ denotes
the integral operator

I_[r if=I_[r,f1=[" ree)fthar,

for any function f. Note that [g,h]7 is an eigenfunction
of L (with eigenvalue &) only if k _ is zero.

(A10)

APPENDIX B

It is required to evaluate the integral
gt g,

sz—ww ad 7 ol

where g and & are defined in Egs. (A6). The quantity k
will also be required, as will the evolution Egs. (A7).

Integrate Eq. (B1) by parts and use Eqs. (A7) to substi-
tute for dg /3t and A /3t to give

g
h

dt (B1)
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4
—h

3% 3%,
a2’ ar?

where T denotes “other terms.” Repeating this opera-
tion twice more, similarly gives

1=2¢f" +T, (B2)

1=2i? [ 7 (grg—qh)dt+T .

However, the integrand is just 9k /dt, so that

I=QigPk|T2+T. (B3)

Since k(+o)=—k(—o)=b/2 [cf. Eq. (A6) with
(A2)-(A4)] the final result, with  set to (real) &, is

I=—8i&%+T. (B4)

The other terms correspond to the contribution equation
(37), which can alternatively be obtained direct from Eq.
(36), as discussed in the text.
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