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Importance Sampling for Dispersion-Managed Solitons*

Elaine T. Spiller! and Gino Biondinit

Abstract. The dispersion-managed nonlinear Schrodinger (DMNLS) equation governs the long-term dynamics
of systems which are subject to large and rapid dispersion variations. We present a method to study
large, noise-induced amplitude and phase perturbations of dispersion-managed solitons. The method
is based on the use of importance sampling to bias Monte Carlo simulations toward regions of state
space where rare events of interest—Ilarge phase or amplitude variations—are most likely to occur.
Implementing the method thus involves solving two separate problems: finding the most likely noise
realizations that produce a small change in the soliton parameters, and finding the most likely way
that these small changes should be distributed in order to create a large, sought-after amplitude or
phase change. Both steps are formulated and solved in terms of a variational problem. In addition,
the first step makes use of the results of perturbation theory for dispersion-managed systems recently
developed by the authors. We demonstrate this method by reconstructing the probability density
function of amplitude and phase deviations of noise-perturbed dispersion-managed solitons and
comparing the results to those of the original, unaveraged system.
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1. Introduction. Noise is one of the major factors limiting the performance of coherent
optical fiber communication systems [5, 17, 18, 21] as well as certain mode-locked lasers
[22, 31, 41]. In both kinds of systems the noise is typically small compared to the signal,
and so are the noise-induced perturbations to the pulse parameters on average. Those rare
events in which many small noise-induced parameter changes build up coherently, however,
are precisely the ones that are most likely to lead to significant pulse distortion and thus to
system failures. Because optical fiber communication systems and Ti:sapphire femtosecond
lasers are both designed to operate with very high accuracies, failures in these systems result
from the occurrence of unusually large deviations, which makes calculating their error rates
a challenging task. On one hand, direct Monte Carlo (MC) computations of failure rates
are impractical due to the number of samples necessary to obtain a reliable estimate. On
the other hand, analytical estimates are extremely difficult both because the noise couples
nonlinearly to the signal during propagation and because solutions of (unforced) dispersion
managed systems are often only available numerically.
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The effect of noise on systems modeled by the nonlinear Schrédinger (NLS) equation can
be studied using importance sampling (IS) [29, 30, 37, 38, 39]. The idea behind IS is to
sample the noise from a biased distribution that makes the rare events occur more frequently
than would naturally be the case, while simultaneously correcting for the biasing. In order to
successfully implement IS, however, one must bias toward the most likely noise realizations
that lead to system failures. In the above works, this was achieved by taking advantage of
well-known soliton perturbation theory results. No inverse scattering transform exists, how-
ever, for dispersion-managed systems. The response of dispersion-managed solitons subject to
noise was studied in [19, 24, 25, 26, 36]. Here, as in [23], we address this problem by employing
the dispersion-managed NLS (DMNLS) equation, which governs the long-term dynamics of
dispersion-managed optical systems [1, 4, 12]. In [23] we developed a perturbation theory for
dispersion-managed solitons, and we presented some importance-sampled MC (ISMC) simu-
lations for which the choice of biasing was straightforward. Here we first discuss in detail the
methods that are needed for the actual implementation of IS, namely, the precise formulation
of the optimal biasing problem which utilizes the perturbation theory for dispersion-managed
solitons. We then extend the previous results by actually solving the optimal biasing problem
for all of the four dispersion-managed soliton parameters, and we use the results to perform
ISMC numerical simulations to reconstruct the probability density function (PDF) of the final
amplitude as well as the phase of the dispersion-managed solitons subject to noise, in which
case the choice of biasing is nontrivial.

The outline of this work is the following. In section 2 we define more precisely the problem
of interest, we briefly recall how the DMNLS equation arises as a model that describes the long-
term dynamics of dispersion-managed systems, we review the results of perturbation theory
for the DMNLS equation (using this occasion to correct a few typos in the original work), and
we use these results to solve the stochastic differential equations (SDEs) for the evolution of
the soliton parameters under the effect of noise in the limit of small deviations, obtaining the
variance of the noise-induced parameter fluctuations. In section 3 we briefly review the main
idea behind IS and we define the optimal biasing problem, namely, the problem of finding
the most likely noise realizations that produce a given parameter change at the output. In
section 4 we then solve the optimal biasing problem for each of the four soliton parameters.
In section 5 we describe the ISMC simulations of the DMNLS equation perturbed by noise,
and we compare the results to those arising from standard MC simulations of the original,
unaveraged system. Finally, section 6 offers some concluding remarks.

2. Noise-perturbed dispersion-managed systems. The propagation of light pulses in
dispersion-managed optical fiber communication systems [28] and Ti:sapphire femtosecond
lasers [41] is effectively described by an NLS equation with distance-dependent coefficients
plus a source term:

Oq 1 0%q

(21) Z& + 5 d(Z/Za) W

+9(2/2a)lal*q = iS(t, 2).

Here z is the dimensionless propagation distance, ¢ is the dimensionless retarded time, ¢(t, z)
is the dimensionless slowly varying electric field envelope (rescaled to account for loss and
amplification in communication systems), d(z/z,) is the local value of dispersion, and g(z/z,)
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describes the periodic power variations, which are due to loss and amplification in communi-
cation systems and to the fact that nonlinearity in Ti:sapphire lasers is present only inside the
crystal and not the whole cavity. The choice of d(z/z,) is called a dispersion map, and z, is the
dispersion map period, which in lasers is the total length of the cavity. The source term S(t, z)
can represent various kinds of perturbations. Here, we will focus on the physically interesting
case where the pulses are subject to spontaneous emission noise, which originates from the
optical amplifiers in communication systems and from the gain medium in Ti:sapphire lasers.
That is, we take (as in [2, 15])

Na
(2.2) S(t,2) =D vn(t)d(z — nza),
n=1

where N, is the number of dispersion maps traversed (and hence the number of amplifiers in
communication systems), z, is the dispersion map period, d(z) is the Dirac delta distribution,
and v, (t) is white Gaussian noise, satisfying

(2.3) E[v,(t)] =0, Efv,(t)v)(t)] = o25(t — )6,

where E[-] denotes the ensemble average and o is the dimensionless noise variance. That is,
at each amplifier we have the jump condition

(2.4) q(t,nz)) = q(t,nz; ) + ov,(t)

(obtained by integrating (2.1) in a neighborhood of z = nz,). The amount of noise added
at each amplifier is typically very small (that is, 0 < 1), and therefore the noise-induced
parameter fluctuations are also typically small. On rare occasions, however, many small
contributions accumulate to produce large deviations at the output. Since these events are
by definition rare and atypical, it is very difficult to estimate precisely how frequently they
occur. The problem at hand is to obtain the PDF of the noise-induced parameter fluctuations
at the output.

2.1. The DMNLS equation and its soliton solution. Generically, (2.1) contains large and
rapidly varying terms. As a consequence, the long-term behavior of its solutions is difficult
to study. Fortunately, a different approach is possible. It has been shown that, once the
compression/expansion cycle of the pulse in each dispersion map is properly factored out, the
core pulse shape obeys the DMNLS equation [1, 12]. Namely, in the Fourier domain it is

(2.5) j(w, 2) = t(w, 2) e_ic(z/z‘l)wz/z,

with
(2.6) Cl(z/2,) = /OZ (d('/22) — d) d2/,

where d is the average dispersion. Hereafter, f (w, z) denotes the Fourier transform of a generic
function f(t,z), defined as

(2.7) f(w,z):/f(t,z)e_i“tdt.
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Throughout this work, integrals are complete unless limits are explicitly given. The exponen-
tial factor in (2.5) accounts for the rapid breathing (compression and expansion cycle) of the
pulse, while the slowly varying core 4(w, z) satisfies a perturbed DMNLS equation:

Ou 1 82
(28&) Za— + = D) at2 // t+t’ u(t-l—t”) (t+t’+t”)R(t’t”) dt dt’/ — ZS(t Z)

or, in the Fourier domain,

1- A
(28b) Z? — —dw // Uy w—i—w”) (w—i—w T+ (ww') dw'dw” = Z'S(w, Z),

where the asterisk denotes complex conjugate, and where for brevity we denote u;) = u(t, z),
() = G(w,2), etc. The kernels R(t',t") and r(&) quantify the average nonlinearity over a
dispersion map, mitigated by dispersion management:

-yl s gl 1 1 .
(29) R(t/t//) _ //ezwt—l—zw t T(w’w”) dw'dw”, T(f) = (2 )2/ eZC(C)ﬁg(C) dC
)" Jo

(A straightforward calculation shows that, like r(¢), R(-) depends only on the product t't”
and not on ' and ¢’ separately.) In what follows we will neglect the periodic power variations
and take g(z) = 1. This is a good approximation in systems with distributed amplification [6].

The DMNLS equation and its solutions depend parametrically on a quantity s, called the
reduced map strength, which quantifies the size of the dispersion variations around the mean.
That is,

1 [ .

(2.10) s = /) ‘d(z/za) —d | dz.
As s — 0, it is (&) — 1/(2m)2, R(t't") — §(t)6(t'), and the DMNLS equation (2.8a) reduces
to the NLS equation with constant coefficients. A special but physically interesting case is
that of a piecewise constant, two-step dispersion map, namely,

(2.11) d(z)z0) = {J+ 25/(0za), 0 <2< 0z,

d—2s/[(1=0)z,], 0z, <2z<1,
for some 0 < 0 < 1. In this case the kernels assume a particularly simple form [1]:

1 sinsé

(2.12) "6 = G ae

Note that the above definition of map strength s, which is consistent with [1, 3], differs from

another common definition (e.g., cf. [3, 35]). In particular, the map strength as defined here

is only a property of the fiber and does not change with a pulse’s width.
Dispersion-managed solitons are traveling-wave solutions of the DMNLS equation. If

R(§) = ci(¢/s)-

1
27|s|

(2.13) ot z;8) = f(t;5) e #/2,
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then f (w; s) satisfies the following nonlinear integral equation:

(214) ()‘2 + Jw2) f(w) =2 // f(w-}-w’)f(w—l—w”)f(t.;—}—w’—}—w”)r(w’w”) dw'dw”.

Equation (2.14) can be efficiently solved numerically, as discussed in [23]. The invariances of
the DMNLS equation then yield from wu,(t, z; ) a four-parameter family of dispersion-managed
solitons:

(2.15) Udms(t, 21 5) = A f(A(t — T); A%s) e"9(07)

(where A = 1 was used without loss of generality), where A and  are the dispersion-managed
soliton amplitude and frequency, ©(t,z) = Q(t — T') + ® is the local phase, and

(2.16a) T(z) = dQz + to,
(2.16b) D(z) = (A2 4 d2?)z/2 + ¢,

are, respectively, the mean time and the mean phase. (The present definition of & differs
from that in [23, 30] and is chosen so that ® is the phase at the center of the pulse.) It
should be noted that f(t;s) need not necessarily be real and even: one can insert an initial
guess with a nonzero value of phase and mean position and obtain a perfectly valid solution
with nonzero values of 7" and ® thanks to the invariances of the integral equation and the
well-known translation properties of Fourier transforms. This property is expedient in the
numerical simulations.

2.2. Perturbation theory for the DMNLS equation. If u(t,2) = ugms + w solves the
perturbed DMNLS equation (2.8a) and w = o(ugms), then w(t,z) satisfies the perturbed
linearized DMNLS equation

(2.17a) Liw,u] = S(t, 2),
where L[w,u] is the linearized DMNLS operator [33]:

ow 1 76210 . *
L[w, U] = @ — §d W -2 // u(t—i—t”)u(t+t’+t”)w(t+t’)R(t’,t”) dt/dt//

(217b) —1 // u(t-i—t’)u(t—l—t”)w>(kt+t’+t")R(t’,t") dt/dt”.

The operator L[u,v] admits a nontrivial nullspace (see below), which is related to the invari-
ances of the DMNLS equation, as shown in [23]. Because of the existence of this nontrivial
nullspace, secularities will arise in the solution of the perturbed linearized DMNLS equation
(2.17a). The secular terms correspond to the portions of the noise components that alter the
soliton parameters, as shown in [23]. The parameter changes are found as usual by removing
secular terms, i.e., by requiring that w(¢, z) remain bounded in time. This yields [23]

dA o T -

(2.18a) o = Sa(z), - = Sa(z), - = dQ) + Sr(z),
d® 1 .

(2.18b) = 5(,42 +d0?) 4+ QS7(2) + Sp(2),
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where the source terms are, for Q = A, Q, T, @,
(2.19) Sa(2) = (€Y, 5) /(Y ya),

and yq and y o are the neutral modes and their adjoints, as defined below.
In the special case of noise-induced solution perturbations, or of any other changes in the
initial condition of the type

(2.20) u(t,nzl) = u(t,nz; ) + Auy,(t),

the induced dispersion-managed soliton parameter changes at each map period are [23]
(2.21) Qnzy) = Q(nzg ) + AQn,

where for Q = A,Q, T it is

(e’@gQ, Auy(t))

. AQ,, =
(3:2%) O = T )

while

@@%yA%@»+Q®@%MA%@»
(Y Vo) (Y y)

(2.22b) AdD, =
and where (f, g) is the inner product of two functions, defined as

(2.23) (f.9) = Re / FH(t)g(t) dt.

Above and throughout this work, y(t) and yq(t) are the neutral eigenmodes, and yr(t)
and yg(t) are the generalized eigenmodes of the linearized DMNLS operator around the soliton
solution (2.15) once the exponential phase has been removed (cf. [23] for further details), while
Y1), ¥o(t), y,(t), and y (t) are the corresponding adjoint modes, that is, the modes of the
adjoint linearized DMNLS operator. Explicitly [23],

ou 1 ou oU
(2.24a) yo = iU, =g yo = iU, yA:Z<U+£_+2S—>’

0& Os
i ou  oU ¢ i oU

where & = t — T(z), and U(t,2) = u(t,z)e™"© = A f(AL(t,2); A%s) is the envelope of the
dispersion-managed soliton solution (2.15). These modes and adjoint modes are biorthogonal,

that is,

where dg¢ is the Kronecker delta, and they form a basis of the nullspace of the linearized
DMNLS operator. (Note that, unlike the NLS equation, the DMNLS equation also admits
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Figure 1. Norms and inner products of the linear modes and their adjoints as a function of the soliton
amplitude for different values of map strength: s =0 (black), s =1 (blue), s =2 (cyan), s =4 (magenta), and
s =10 (red). For the case s = 0, corresponding to the constant dispersion case (NLS equation), these functions
are known explicitly; cf. (2.28). Note also that |ys|® = ||yA||2 = E(A;s) provides a map that will be useful in
the numerical simulations. B

internal modes [8, 20, 40]. These, however, do not play a role in our discussion.) All of
these modes are generated using the symmetries of DMNLS, and all of these results reduce
to the standard perturbation theory for NLS when s = 0. When s # 0, however, the inner
products depend on both the soliton amplitude and the map strength, as shown in Figure 1.
In particular, it is [23]

(226) (g, ua) = (g ve) = (% n §> E/A, lypur) = (g o) = 5 B/A,
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where E(4;s) = ||ul|? = [ |u(t, z)[*dt is the pulse energy. Figure 1 shows the above norms
and inner products for s # 0 as a function of A for various values of map strength. For the
NLS equation (that is, when s = 0), it is E = 2A, so the above modes and adjoint modes
become orthonormal:

(2.27) Y 1o94) = Yo y0) = Ypoyr) = (Yg yo) = 1.

The norms of the linear modes and their adjoints also take on a simple form for the NLS
equation:

(2.28) llyall? = (12+72)/(184), |y, 2 =24,  |yal? = 7/(64), |y, |I* = 24/3.

The remaining norms are obtained from these via (2.24).

As discussed in [23], the linear modes are related to changes in the solution parameters,
and their norms and inner products will be important in solving the optimal biasing problem
for IS, which we will turn to in sections 3 and 4.

2.3. Noise-induced changes and soliton parameter variances. When the perturbing
term S(t, z) in (2.8a) represents amplifier noise, (2.18) becomes a system of nonlinear SDEs
for the evolution of the dispersion-managed soliton parameters in the presence of noise. Recall
that the source terms in those SDEs are given by (2.19). For the present discussion (as well as
in section 4), we employ a continuum approximation of the noise. That is, we consider S(t, z)
to be a Gaussian white-noise process with zero mean and autocorrelation function

(2.29) E[S(t, 2)S*(t, 2)] = 6% 6(t — t')d(z — 2').

(An alternative treatment that preserves the discreteness of the amplifier locations is described
in [30] for the NLS equation. But note also that for systems with distributed amplification
noise is indeed added continuously throughout the transmission line.) Since the adjoint modes
are orthogonal, the sources Sg(z) are independent white-noise processes, with autocorrelation
function

(2.30) E[SQ(Z)Sa(z/)] = Jéé(z —2),
where
(2.31) 0622 = var[Sg(z)] = E[(ei@gQ,S>2/(gQ,yQ>2] = 02HgQ|]2/<gQ,yQ>2.

In the case of the NLS equation, (2.27) and (2.28) yield these variances explicitly as
(2.32)  o0%4/0® =24, od/o? =2A/3, o%jo* =7?/(6A%), o%/c* = (12+7%)/(184A).
For all values of s, these variances depend on the soliton amplitude A (as well as on the map

strength s) and therefore on the propagation distance z. As a result, it is not possible to
integrate the SDEs (2.18b) in closed form, even in the case of constant dispersion.
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In those situations where the amplitude deviations are not large, one can approximate the
variances 0124, e ,0’?1) of the source terms as constant. Equations (2.18b) can then be integrated
exactly, to obtain

(2.33a) A(z) = Ao+ Wa(2), Q(z) = Qo + Wa(z),
(2.33b) T(z) =T, + /Z dQ(2)d2 + Wr(z2),
0
(2.33¢) B(z) = % /0 (A2(') + dO2(")) d' + /0 Q) Sr(2) d2' + Wa(2),

where, for Q = A,Q, T, P,

(2.34a) Wolz) = /0 T So(+) d’

is a Wiener process with zero mean and autocorrelation function

(2.34b) E[Wq ()W (2)] = aééQQr min(z, ).

The mean values of the soliton parameters at the output are then

(2.35a) E[A(L)] = A,, E[Q(L)] = Q,, E[T(L)] =T, + dQ,L,
(2.35b) E[®(L)] = %(Ag +dQ2) L+ %(ai +dod) L*.

Tedious but straightforward stochastic calculus [32] also yields the variances of the noise-
perturbed output soliton parameters as

1-
(2.36a) var[A(L)] = 03 L,  var[Q(L)] = 0L,  var[T'(L)] = o%L + gdagLi”,
(2.36b)
_ _ 1 - 1
var[®(L)] = (0% + dﬁzaé) L+ onO'%U% L? + g(Agai + dﬁzaé) L3+ E(Ji + czzaé)lfl.

Note that, unlike the other soliton parameters, the mean phase is affected by the noise. The
cubic dependence of timing jitter on distance (which arises as a result of the coupling between
carrier frequency and group velocity) in the third equation of (2.36a) is of course the well-
known Gordon—Haus jitter [13]. Similarly, the cubic dependence of the phase jitter on distance
(due to the Kerr effect and Galilean invariance) is called the Gordon-Mollenauer jitter [14].
Note that additional contributions are present for the phase variance, which also happens for
NLS [14], but the term is quadratic in the noise variance.

Remarkably, these results are formally identical to those for the NLS equation. In partic-
ular, (2.36b) reduces to the results of [16] when €, = 0. Here, however, we show that they
also hold for s # 0. Moreover, even though the form of (2.36) is the same for s = 0 and s # 0,
the variances aé of the source terms vary with s, as can be seen from Figure 1 and (2.31).
Also, the functional dependence of the variances on the soliton amplitude is dramatically dif-
ferent because of the different dependence of the norms and inner products on the amplitude,
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as discussed earlier. As is the case for the NLS equation, the knowledge of variances as a
function of distance is not sufficient to accurately predict the frequency of the rare events,
as discussed in detail in [30]. Finally, we emphasize that the SDEs (2.18b) were derived by
applying perturbation theory and using the Stratonovich definition of calculus. This is correct
only if one is dealing with the Stratonovich interpretation of the noise-driven NLS equation
(2.8a). If one wants to study a nonanticipatory noise process, however, the It6 formulation is
required [9].

3. IS for the DMNLS equation. We now discuss how the results of section 2 can be
used to guide the implementation of IS for the DMNLS equation. For simplicity we set d = 1
throughout the rest of this work.

3.1. IS and the optimal biasing problem. The idea behind IS is straightforward. In
order to calculate the probability of a desired rare event, one samples the noise from a biased
distribution that makes the rare events occur more frequently than would naturally be the
case, and simultaneously corrects for the biasing.

Consider a set of random variables X = (z1,...,2y) distributed according to a joint
probability distribution p(X). The probability P that a function y(X) falls into a desired
range Yy can be expressed via the multidimensional integral

(3.1a) P =Ply € Yq] = E[I(y(X))] = /I(y(X))p(X)(dX),

where the indicator function I(y) equals 1 when y € Y; and 0 otherwise, and (dx) is the
volume element in RY. When evaluation of the integral is impossible (as it often is due to
the large dimensionality of sample space and the complicated form of the map from X to y),
one needs to resort to numerical methods. An unbiased estimator for P can be constructed
via MC quadrature as

. 1 U

m=1

where the M samples X,,, are drawn from the distribution p(X). If P is very small, however,
an unreasonable number of samples are necessary to produce any events for which y € Yy,
let alone enough to accurately approximate the integral. However, one can rewrite (3.1) as
follows:

(3.2a) Ply € Yy = / I(y(x)) L(x)pa (x)dx,
M

(3.20) Prane = 37 3 T0(Xean)) LX),
m=1

where the samples X, ,, are now drawn from the biasing distribution p.(X), and where the
quantity L(X) = p(X)/p«(X) is the likelihood ratio. Note that if one sampled from a biased
distribution but did not correct with the likelihood ratio, one would be “counting the observed
events too much.” When a large range of values of the quantity of interest is desired, it might
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be necessary to use several biasing distributions. The individual samples can then be efficiently
combined using a practice called multiple importance sampling [7].

When appropriate biasing distributions are selected, and the contributions of the individ-
ual samples are corrected with the likelihood ratios, ISMC simulations can accurately estimate
the probability of the rare events in exam with a small fraction of the number of samples that
standard MC methods would require. In order for IS to work, however, the biasing distri-
bution p,(X) must preferentially concentrate the MC samples around the most likely system
realizations that lead to the rare events of interest. In our case the random variables are the
noise components added after each dispersion map period. Thus, to successfully apply IS we
must find the most likely noise realizations that lead to a desired value of the soliton param-
eters at the output. We approach this problem by decomposing it into two logically distinct
steps: (i) finding the most likely noise realizations that produce a given parameter change at
each amplifier; and (ii) finding the most likely way in which individual parameter changes at
each amplifier combine to produce a total change at the output. The two-step approach is
justified by the fact that the noise at different amplifiers is statically independent.

3.2. Biasing at a single amplifier. Recall that at the nth amplifier a zero-mean, delta-
correlated white-noise process, v,(t), is added to the signal as a consequence of spontaneous
emission. On average, this noise does not introduce parameter changes at a single amplifier.
However, we can induce an average parameter change by biasing the mean of this process.
To so do, we begin by considering a generic perturbation to the solution at the nth amplifier,
by, (t). Recall that the noise-induced change to a soliton parameter @ (with Q@ = A, Q, T, ®) is
found by taking the projection of the perturbation onto the adjoint mode of the linear DMNLS
operator associated with @ (and normalized by the norm of that adjoint mode). That is, if
w(t,nzl) = u(t,nz;) + by(t), the change to parameter @ due to the perturbation b, (t) is
given by

(3.3) AQ, = Re / yba(t)dt / / vl at.

(For the purposes of the present discussion it is convenient to redefine gib = Yy T QQT‘)
If b,,(t) is an unbiased, zero-mean process, it is obviously E[AQ,] = 0; but different noise
realizations lead to different noise-induced parameter changes. The problem of finding the
optimal biasing at each amplifier is to find the most likely noise realization subject to the
constraint of achieving, on average, a desired parameter change at that amplifier. In other
words, given a specific parameter change AQ),, at the nth amplifier (with Q = A, Q, T, ®),
what is the form of b, (t) that is most likely to produce this prescribed change? (Once these
by (t) have been found, one can then use them to bias the MC simulations by concentrating
the random samples v,(t) around these deterministic values.) For white Gaussian noise,
maximizing its probability amounts to minimizing the negative of the log-likelihood, i.e., the
negative of the argument of the exponential in the noise PDF. That is, we need to minimize
the Lo-norm

(3.4) IBa ()] = / b (£) 2 dt
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subject to achieving the desired parameter change AQ,, which is given by (3.3). (Keep in
mind that the question of how the AQ),,’s themselves should be prescribed is a separate issue
that we will address at length in section 4.) One can formulate this as a variational problem
as in [30]. That is, we consider the functional

(3.5) oy, b = / b (8)[2 dt + 1 <AQ ~ Re / Ybn(®) dt) ,

which depends on the biasing function b, (¢) and on the Lagrange multiplier x. The minimum
of this functional yields the optimal biasing, that is, the most likely noise realization that
satisfies the parameter constraint (3.3). Taking the functional derivative of J[ | with respect
to b, and setting it to zero yields b,(t) = qu(t). The value of u can be determined by
taking the inner product of b, with the adjoint eigenmode y 0 and then simplifying with the

constraint, which yields u = AQ,/|ly QH2- Combining the two results, we then obtain the
optimal biasing function as

Re [y yodt
3.6 bo(t) = AQn——2 "y .
(36) ® T Far e

We emphasize that the above calculation and, therefore, the optimal biasing function are
completely deterministic. Note also that, even though adding a noise component along the
eigenmode associated with parameter @ is the cleanest way to change that parameter (that is,
the way to obtain a prescribed AQ),, without also adding radiation to the signal), the optimal
way to bias the noise in order to obtain a prescribed parameter change is to add noise along
the adjoint eigenmode. In other words, the most likely noise realization that produces that
change is proportional to the adjoint mode [23]. For the constant dispersion case, this was
first reported in [29]. Notice, however, that the coefficient of proportionality is scaled by the
norm of the adjoint mode. This norm is unity in the constant dispersion case but varies with
amplitude in the dispersion-managed case, as is demonstrated in Figure 1.

4. Biasing across all amplifiers. We now address the following question: how should one
distribute the bias for the soliton parameters among all amplifiers in order to achieve a specified
parameter change at the output? In other words, what is the most likely set of individual
parameter changes {AA,, AQ,, AT, A@n}nNil that realizes a given value of AQyarget (With
Q equal to A, Q, T, or ®, as before) at the output?

4.1. Biasing across all amplifiers for amplitude changes. Here we seek to minimize how
much we bias the noise over all amplifiers to achieve a given output amplitude change. We
begin by examining the amplitude evolution from one amplifier to the next, namely,

(4.1) Apir = Ap + AAy .

The results of section 3.2 yield the most likely noise realization that achieves a given amplitude
change at a single amplifier as

~ (yasyy,)

(4.2) by, = AAny, -
AR =An
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Recall that the norms and inner products of the linear modes depend on the soliton amplitude
(cf. Figure 1) and therefore also indirectly on distance. At each amplifier, we will be biasing the
mean of the white Gaussian noise with b,, according to (4.2), and our goal is to maximize the
probability of achieving a given amplitude at the output. It should be clear that maximizing
this probability is equivalent to minimizing the sum of the Lo-norm of the biasing function
over all amplifiers. That is, we need to minimize the sum

Na

N,
~ 1
(4.3) Do lbnll? = — 1A4[?
n=1 n=1 UA
subject to the constraint
Nq
(4'4) Z AAn = Atarget - Ao;

n=1

where 0124 is given by (2.31). To solve this problem we consider a continuum approximation.
That is, we replace (4.1) by the first equation of (2.18) with S(¢,z) = b(t, z), and b(t, z) given
by the continuum analogue of (4.2); that is,

(ya,y )

(4.5) b(t,z) = TE N
ZA

(t) A.
We thus need to find a function A(z) that minimizes the continuum limit of (4.3). That is,

we seek to minimize the integral from z = 0 to z = L of the Ly-norm of b(¢, z), namely, the
functional

(4.6) JA] = /0 Ry

subject to the fixed boundary conditions A(0) = A, and A(L) = Atarget- Hereafter the dot
will denote total differentiation with respect to z, and L the total transmission distance. After
some straightforward algebra, the Euler—Lagrange equation associated with J becomes

o1 o0 (1
A A

which is readily integrated to give
(4.7) A=coy,

where ¢ is an integration constant which determines the total amount of biasing being applied
and thereby the value of the amplitude at the output.

One can now integrate (4.7) to find the optimal biasing path A(z) that realizes a desired
amplitude at the output. Once the optimal amplitude path A(z) has been obtained as a
function of distance, one can then calculate AA,,, which was the only unknown in the optimal
biasing perturbation b, as given in (4.2). Note, however, that it is not actually necessary to
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Figure 2. Left: Optimal paths for the amplitude for dispersion-managed solitons to obtain large (positive
and negative) deviations at L = 1, computed for the same amount of total noise norm and for different values
of map strength: s = 0 (black), s =1 (blue), s = 4 (magenta), and s = 10 (red). The dashed line shows the
unperturbed amplitude. Right: The output value of the amplitude as a function of the total noise norm for the
same values of map strength as before.

obtain A(z) to find the optimal biasing function, since once A is determined via (4.7), the
optimal biasing b(t, z) in the continuum approximation is obtained via (4.5), and the optimal
biasing b, (t) in the discrete case is then approximated by taking AA, = A z,. On the other
hand, integrating (4.7) is necessary to explicitly connect the biasing strength to the final value
of the amplitude, for which it is necessary to explicitly determine the integration constant c
in terms of the given boundary conditions.

Equation (4.7) can be integrated explicitly in the special case of the NLS equation (that
is, in the case of constant dispersion, s = 0). In this case, use of (2.32) reduces (4.7) to

A = ¢V A, which is trivially integrated to

(48) Anls(z) = [(\/ Atarget - \/A_o) Z/L + \/A_o]z'

When s # 0, the functional dependence of o4 on A is not known, and therefore it is not
possible to integrate (4.7) analytically. Since we have numerical expressions for the norms and
inner products, however, we can proceed by numerically integrating A, obtaining an expression
for z = z(A), and then inverting this expression to find the optimal biasing path. Such paths
are shown in Figure 2 for several values of reduced map strength.

Another case in which (4.7) can be integrated exactly is the large-s limit. As can be seen
from Figure 1, (ya,y A> is (to a good approximation) linear in A, while for large values of s

ly , 117
values of s (4.7) is approximated by A x 0124 = const. This means that the optimal path to
reach a given target value of amplitude is for the amplitude to increase/decrease linearly. This
justifies the use of a constant biasing strength in [23]. Indeed, it should be clear from Figure 2
that the optimal amplitude paths are very nearly linear for almost all nonzero values of map
strength. This further justifies the use of an equal biasing distribution among amplifiers.

is approximately quadratic in A. Since 0% is proportional to lly AH2 / (y " ya)?, for large
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4.2. Biasing across all amplifiers for frequency changes. The search for larger-than-
normal frequency changes is perhaps the simplest of the four cases. Recall that the frequency
offset changes according to

(4.9) Qn+1 =Q, + AQn_H,

and thus the setup for the optimal frequency biasing problem quite closely follows that of the
optimal amplitude biasing problem. As before, (3.6) implies that the optimal biasing function
for the frequency at a single amplifier is

~ (¥0,9,)

(4.10) by =
[y II”

AQ, Yoy -

Again we consider the continuum limit, and we seek a function €2(z) that minimizes the
functional
L 1 .

(4.11) ﬂm:/-TWQ,

0 9g
with o3 as before, subject to the fixed boundary conditions Q(0) = 0 and Q(L) = Qtarget.- The
Euler-Lagrange equation associated to this functional is trivially integrated to give Q) = cagz,
where c is an integration constant. Even though oq depends on the A, it is independent of €2,
and therefore it is constant to first order in the perturbation expansion. We can therefore
integrate trivially and use the boundary conditions ©Q(0) = 0 and Q(L) = Qarger to obtain
c= Qtarget/agp implying

(412) Q(Z) = Qtarget Z/L

That is, the optimal way to achieve a given target value of frequency is to divide the total
change equally among all amplifiers. In the discrete case, we have AQ,, = Qtarget/N. Since the
result is identical to the NLS case [29, 30], we will forgo any further discussion of frequency
biasing in the remainder of this work.

4.3. Biasing across all amplifiers for timing changes. The setup for the optimal biasing
problem in the case of large timing changes differs from the cases of amplitude and frequency
changes because changes in the pulse timing are induced both by direct timing jitter and by
frequency-induced timing jitter via the coupling between carrier frequency and group velocity
(cf. the third equation of (2.18)). Of course, this is the well-known Gordon-Haus effect [13].

From an amplifier to the next amplifier the pulse timing evolves as

(4.13) Qn+1 =Q,+ AQn+1, Tov1 =Tn + Opze + ATn+1.

Thus we must bias to induce both timing and frequency changes at each amplifier. Owing
to (3.6) and the orthogonality of the modes, the most likely noise realization to obtain given
simultaneous changes in both the frequency and the timing is then

(yr, Y.y
AQuiry, +-——2- ATy, .
Oyl Tn

(Yo, yg,)

(414) bn+1 =
Y II?
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After again taking the continuum limit and imposing the evolution equations for the soliton
parameters (the second and third equations of (2.18)) as constraints, we now obtain

(4.15) b(t, z) = @"'Q’ l|’|g> Oy, + %"T’ l|’|§> (T~ )y, .
Correspondingly, our optimization problem is
L
(4.16) JQ,T) :/ [ 0% + ~ (T Q) ] dz.
0 UQ or

Importantly, unlike the previous cases, the direct timing biasing AT,,.1 is not given by T 2,,
but rather by (7' — Q) z,. This is because the ODE for dT'/dz has a deterministic part (cf. the
third equation of (2.18)).

The Euler—Lagrange equations associated with 7" and €2 are, respectively,

(4.17a) jz[l(T Q)]
(4.17b) %[%Q} %(T Q) =

As before, neglecting amplitude changes in the optimal trajectory, the norms and inner prod-
ucts in oq and op are constants of the motion. As a result, we can easily integrate the first
equation of (4.17) to give

(4.18a) T-Q=c,

where ¢ is an integration constant. Substituting (4.18a) into the second equation of (4.17),
integrating twice, and using the boundary conditions (0) = 0 and (L) = 0 then yields,
respectively,

o2
(4.18b) Q= co_—g(L —z)
T
and
(4.19a) Qz) = 0—2 (Lz — 2%/2).
o

(Note that the boundary condition Q(L) = 0 is natural because a frequency change at z = L
would not result in an additional timing change, since frequency-induced timing changes can
only accumulate with distance.) One can now substitute (4.19a) back into (4.18a), integrate
the latter, and impose the boundary conditions 7'(0) = 0 and T'(L) = Target, obtaining

o2
(4.19b) T(z) = c(z + ﬁ([,z? - z3/3)>,

T
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where the integration constant is

2
g
(4.20) ¢ = Tiarget/ <L + éb” /3>.

As noted before, the right-hand sides of (4.18) (with ¢ given by (4.20)) give the biasing
functions for the direct timing and frequency contributions, respectively.

In the case of the NLS equation (constant dispersion), (2.32) yields the ratio of the vari-
ances explicitly as 03 /0% = A*/(97?). The functional dependence of the optimal biasing
function in the general case, however, is exactly the same as in the constant dispersion case,
the only difference between the two cases being the precise proportion of direct timing and in-
direct frequency biasing (as shown by (4.18)). Therefore, since the case of constant dispersion
was discussed in [30], we will also omit further discussion of time biasing.

4.4. Biasing across all amplifiers for phase changes. The optimal biasing problem for
the phase is not conceptually different from those for the other soliton parameters. The
calculations, however, turn out to be the most complicated among the four cases.

The mean phase ® evolves according to (2.18b). Note, however, that, among the terms
in the right-hand side, changes in Q% and <e_i®gT, S)Q) are second-order in the noise, while
changes in A2 are first-order in the noise, because Q(0) = 0 while A(0) # 0. Motivated by
these considerations, we neglect the terms Q2/2 and <e_i®yT,S>Q in (2.18b). That is, we
introduce the auxiliary quantity B

(4.21) () = B(2) — /0 ’ (9%/2 = (e70y,, 5) Q) dz,

and we then consider the optimal biasing problem for ¢(z). Using (2.18b) in (4.21) then, we
simply have

dp 1 ., (€Y, 5)
4.22 — =—A+ —==—
(.22 i S

Equation (4.22) shows that, similarly to the case of timing changes, changes in the soliton
phase result both from direct phase perturbations and by amplitude-induced phase pertur-
bations via the coupling between amplitude and phase due to Kerr nonlinearity. This is the
well-known Gordon—Mollenauer effect [14]. Thus, if we seek to induce larger-than-normal
phase changes, we need to bias both the soliton phase directly and the soliton amplitude.

It should be noted that, while substituting ¢(z) for ®(z) greatly simplifies the optimal
biasing problem, its use can be justified a posteriori. Indeed, the ISMC simulations discussed
in section 5 show that the uncertainties in the reconstructed tails of the noise-induced PDF
of the actual output phase are compatible to those for the other soliton parameters, thereby
suggesting that our choice of biasing is optimal for the phase as well.

In the case of noise, (4.22) and the first equation of (2.18) imply the following changes of
amplitude and phase parameters from one amplifier to the next:

1
(4-23) An—i-l = A, + AAn—l-l, ¢n+1 = ¢n + gza Ai + Aﬁbn—i-la
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where A A, 11 is the amplitude change and A¢,, 11 is the direct phase change. Recall that the
optimal biasing at a single amplifier is known and given by (3.6). Thus the most likely noise
realizations that produce the given values of AA,, 1 and A¢,11 have a mean that equals the
following optimal biasing function:

(ya,y ) (Yo, Yg)
(4.24) bt = At TS0y, F Aot b,

Taking the continuum limit z, — 0 as before, and using (4.22) and the first equation of (2.18),
the optimal biasing function becomes

<yA7QA>A <y<I>7y<I)>
ly 1> =4 Ty Ayl

(Note that, similarly to section 4.3, the direct phase biasing A¢, 1 is given not by q'ﬁza but
by (¢ — A2/2)z,.) Again, minimizing the sum of the Lo-norm of the biasing function over
all amplifiers is equivalent in the continuum limit to finding functions A(z) and ¢(z) that
minimize the functional

(4.25) b(t,z) = (60— A%/2)y,

L .
(4.26) J[A,¢] = / [ A2+ = (¢ - A2/2)2} dz
o Lok 9%

The Euler-Lagrange equations associated with ¢ and A are, respectively,
(4.272) ! <¢ 42/2)| =

) dz

d|l1 . 0

4.27b 2— | A A% 4 (¢ — A?)2
] e g
Equation (4.27a) yields immediately
(4.28) ¢ — A%)2 = coj,

which, in turn, when substituted into (4.27b), yields

(4.29) 2A—+A2£4[1]+Qai[é]+2cA=o.
The system composed of (4.29) and (4.28), together with the boundary conditions A(0) = A,,
A(L) = 0, ¢(0) = 0, and ¢(L) = Grarget, describes the optimal amplitude and phase paths
around which to bias the ISMC simulations. Note that, as in section 4.3, the boundary
condition A(L) = 0 is natural because an amplitude change at z = L would not result in an
additional phase change since amplitude-induced phase changes accumulate with distance.
When ¢ = 0, (4.29) can be integrated to obtain (after use of the boundary conditions) the
constant solution A(z) = A,. Thus, ¢ = 0 corresponds to the case of no biasing being applied.
When ¢ # 0, however, one must solve (4.29) numerically. This can be done using a relaxation
method, as discussed in Appendix C, or, alternatively, a numerical continuation software such
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Figure 3. Optimal paths that the amplitude (left) and phase (right) take to reach larger- or smaller-than-
normal noise-induced output phase values of ¢ at z =1 for the same total noise norm with different values of
map strength. The dotted lines show the unperturbed amplitude and phase paths. The dashed lines show solutions
to (4.28)-(4.29) where 0% and oi are replaced with large-s approzimations as described in Appendixz D. Note
that the dashed line in the right figure lies on top of the phase path for s = 4. Colors are the same as in
Figure 2.

as XPP/AUTO [10]. In either case, different output phases can be targeted by solving (4.29)
exactly in the case ¢ = 0 and then extending the solution set by varying c. For the large map
strength case, 0124 and J<21> are well approximated by monomials in A. Appendix D describes
this approximation, the resulting equation, and its solution(s) in detail. We will refer to
solutions of this approximate equation as “large-s” amplitude and phase paths.

In the constant dispersion case, use of (2.27) and (2.28) simplifies (4.29) to

.. . 2
(4.30) Aot et 12 o 0,

2A 184
which agrees with our previous results [37]. Note, however, that even (4.30) must be integrated
numerically when ¢ # 0.

Figure 3 shows the optimal paths A and ¢ for s = 0,1,4,10 with the same total noise
norm. Also plotted in Figure 4 is the output phase as a function of the total noise norm where
that norm is computed by evaluating the functional J[A, ¢] (4.26) with the optimal paths
of A and ¢ (which are plotted in Figure 3). Note that as the map strength increases, one
must bias the noise harder (i.e., the minimum J[A, ¢] is larger) in order to achieve the same
output phase. This demonstrates the robustness of dispersion-managed solitons to direct and
amplitude-induced phase distortion.

When the above calculation is reduced to the constant dispersion case, we once again
recover the result of [30, 37]. It is worth mentioning, however, that the direct phase biasing
is not constant in z, unlike the case of constant dispersion and unlike the case of direct time
biasing in section 4.3.

5. Numerical simulations and results. We now describe how the results of section 4
can be used to implement IS for the DMNLS equation and in turn to compute the PDF of

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



IMPORTANCE SAMPLING FOR DISPERSION-MANAGED SOLITONS 451

3m/2+

(L)

/2

-n/2 : -
0 25 3 3.5

0.5 1

1. 2
Jra)

Figure 4. The oulput value of phase, ®(L), as a function of the total noise norm. Colors and parameters
are the same as in Figure 3.

the dispersion-managed soliton parameters at the output as a result of noise. When seeking
larger-than-normal deviations of a parameter (), one must perform the following steps at each
map period:
1. Recover the underlying dispersion-managed soliton from the noisy signal.
2. Obtain the linear modes and adjoint modes of the linearized DMNLS around the given
dispersion-managed soliton.

3. Generate an unbiased noise realization, shift its mean with the appropriately scaled

adjoint modes, and update the likelihood ratio.

4. Add the noise to the pulse, and propagate the new noisy signal to the next map period.
One then repeats this process until the signal reaches the output. Note that, to induce a larger
than normal parameter change, the noise is biased by concentrating the MC samples around
b, (t). That is, we take vy, piased(t) = bn(t) + v, (), where by, (1) is the optimal biasing function
determined in sections 3 and 4 and v, (t) is an unbiased white-noise process satisfying (2.3).

For the simulations described next, we combined several thousand ISMC samples gener-
ated with a few different biasing targets, using multiple IS [7] in order to reconstruct the PDF
of the quantity of interest.

We performed studies on two physical systems. In system (a) we sought large output
amplitude changes, while in system (b) we sought large output phase changes. (As men-
tioned earlier, we omit performing simulations for frequency and timing since the biasing
choices for frequency and for timing are the same as for the NLS equation, which has already
been demonstrated in [29, 30].) Amplitude deviations are of course important for systems
using amplitude-shift-keyed formats. Similarly, phase deviations are important for phase-
shift-keying formats. In both cases we chose system parameters based on realistic values for
optical fiber communication systems. (Typical values of system parameters for the DMNLS in
femtosecond lasers can be obtained from [34].) We took a piecewise constant dispersion map
with an average dispersion of 0.15 ps?/km and a map strength s = 4. We set the unit time
to 17 ps, and we used the resulting dispersion length of 1,923 km to normalize the distance z,
resulting in d = 1. We considered amplifiers spaced every 100 km (resulting in z, = 0.052).
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Table 1
Physical system parameters for the numerical simulations.
System | Distance | N, Loss coeff | Unit/peak Spontaneous Optical Noise
power emission factor SNR variance
(a) 4000km | 40 | 0.21dB/km | 2.96 mW 1.5 13.8 1.873-1073
(b) 6000km | 60 | 0.25dB/km | 3.51 mW 1.65 9.3 9.486 - 107"
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Figure 5. (Left) PDF of dispersion-managed soliton amplitude. Solid curve: Results from ISMC' simulations
of the DMNLS with 70,000 samples. Dots: Results from standard MC simulations of the NLS equation with
dispersion management with 300,000 samples. Dashed curve: Gaussian fit to that simulation. (Right) PDF
of output phase. Solid curve: Results from ISMC simulation of DMNLS with 50,000 samples. Dots: Results
from standard MC simulations of the NLS equation with dispersion management with 250,000 samples. Dashed
curve: A Gaussian PDF fit to mean and variance of ISMC' simulation. Dashed-dot curve: ISMC' simulations
of the noise-driven SDEs (2.18b). Note how unbiased MC simulations of the NLS equation with dispersion
management clearly deviate from the Gaussian but agree well with ISMC simulations of the DMNLS as far
down in probability as the unbiased simulations can accurately reach.

We also set the dispersion map period to be aligned with them. The remaining system param-
eters for both systems are given in Table 1. We took a nonlinear coefficient of 1.7 (W-km)~!,
and we used the power needed to have g = 1 (which depends on the fiber loss; see Table 1) to
normalize pulse powers. Note that the local dispersion is large in magnitude, but the average
dispersion is small.

Even though at each map period the noise added induces only a small change in the
dispersion-managed soliton parameters, these small changes can accumulate into large changes
at the output resulting in a significantly distorted signal. Note that the linearized DMNLS is
used only to guide the biasing. That is, for each individual sample in the ISMC simulations,
the full DMNLS is solved to propagate the signal. In other words, use of IS enables full
nonlinear simulation of large, noise-induced parameter changes. For amplitude biasing, the
optimal paths become closer to linear as s increases. It was demonstrated in [30] that linear
biasing works well for NLS, that is, for s = 0.

Figure 5(left) shows the PDF of the dispersion-managed soliton output energy in sys-
tem (a), as computed from ISMC simulations of DMNLS (solid line), from standard MC
simulations of the original NLS with dispersion management (dots), and a Gaussian fit to
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them (dashed line). The PDFs generated from ISMC simulations of DMNLS and standard
MC simulations of NLS both agree very well with each other as far down in probability as the
unbiased MC simulations can reach. This comparison provides a further strong validation of
DMNLS as a model of dispersion-managed lightwave systems and suggests that amplitude-
jitter in dispersion-managed systems with large map strength is nearly Gaussian distributed.

Figure 5(right) shows the PDF of the dispersion-managed soliton output phase in sys-
tem (b) as computed from ISMC simulations of DMNLS (solid blue line). Also plotted are
MC simulations of the NLS with a varying dispersion coefficient (red dots), a Gaussian fit to
those simulations (black dashed line), and an ISMC simulation of the parameter SDEs (2.18b)
(green dashed-dot line). The value of the PDF corresponding to 7 deviations from the mean
output phase is a quantity of interest in femtosecond lasers since any phase deviation beyond
that value would represent a phase slip. Figure 5(right) shows that the Gaussian approxima-
tion to the phase PDF near 7 can be off by several orders of magnitude. Note that the phase
of the dispersion-managed soliton in Figure 5(right) is obtained from the filtered output pulse.
Note also that numerical estimates of the PDF at negative phase deviations did not seem to
converge as quickly.

Both figures in Figure 5 show excellent agreement between the noise-perturbed DMNLS
equation (2.8a) and the noise-perturbed NLS equation with varying dispersion (2.1). That
is, the distributions for both amplitude and phase agree well as far down as the tails can be
computed using standard MC. An even stronger result, however, is that the simulations show
pathwise agreement between noise-perturbed DMNLS and noise-perturbed NLS with varying
dispersion for both the amplitude (compared at amplifiers) and phase. That is, the phases
and amplitudes agree for each individual MC sample as a function of noise across the whole
transmission line. These results, which may appear rather surprising given the “softness”
of the phase, the variations in amplitude within the dispersion map for NLS with varying
dispersion, and the complexity of the system (nonlinearity, dispersion, noise, large deviations,
etc.), provide additional confirmation of the validity and robustness of the DMNLS equation
in capturing the dynamics of dispersion-managed systems. Its usefulness is also increased by
the availability of tools such as the perturbation theory that we used in this work.

The phase PDF presented in Figure 5 is centered around the computed mean. There is a
discrepancy between the theoretical and simulated values of the mean phase. This discrepancy
also appears for the NLS equation (i.e., for s = 0) [30] and is not well understood. As with
the NLS equation, the discrepancy does not affect the variance or the shape of the PDF. It
is also worth noting that this effect is quadratic in the noise variance, and therefore it is not
picked up by the equations of perturbation theory in section 2.2, which is carried out only to
first order. As a result, the discrepancy does not affect the method or the results presented
here. It also does not affect the biasing calculation. We are still biasing toward the most
likely path to some total phase change. The only difference is that the total change we get
at the output is slightly more than what we biased for. This does not present a problem for
our simulations since we sought to compute the phase PDF over a wide range of phase values,
and thus we targeted several different output phases within the ISMC simulations.

6. Conclusions. In summary, we have outlined perturbation theory for the DMNLS equa-
tion and used that theory to guide ISMC simulations which we employed to directly calculate
PDFs of phase and amplitude in dispersion-managed systems. We then compared these PDFs
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to results from the original, unaveraged system. This comparison between the PDFs arising
from simulations of the DMNLS and of the original NLS with varying dispersion provides a
further significant validation of DMNLS as a model for dispersion-managed systems.

We should also mention that the PDF of noise-induced phase jitter was also addressed
n [39]. That work, however, was limited to the NLS equation. Also, the results of the MC
simulation in that work go down to only 10~% in probability, which does not provide a real
validation of the method, since one can often reach intermediate results with suboptimal
biasing, as demonstrated in [7]. A more accurate test of the method is whether the coefficient
of variation (as reflected visually in the smoothness of the curves for the PDF) remains small
across the whole range of values of the PDF, i.e., arbitrarily far down as one wants to go into
the tails. Visually, that is precisely what happens in our case, and this is therefore a good
indication that our choice of biasing is indeed near optimal.

We believe that the methods described in this work will provide one of the steps that will
enable the accurate computation of failure rates in dispersion-managed systems affected by
noise, and we plan to work on such computations in the near future.

Appendix A. One-parameter family of shape functions for dispersion-managed solitons.
The nonlinear integral equation (2.14), whose solution yields the shape of the dispersion-
managed solitons, contains three free parameters, d, s, and A. The scaling invariance of the
DMNLS equation, however, implies that, for each fixed value of d, the dispersion-managed
solitons can be described in terms of just a one-parameter family of shape functions, as we
show next.

Let u(t,z; A, s) = f(t; A, s) i4%/2 he g stationary dispersion-managed soliton, and let

(A.1) flwi A, s) = /00 e W (t; A, s)dt.

— 00

Then f solves the nonlinear integral equation (2.14), which with (2.12) becomes

7o f 2 ; . sin(sw'w”)
(A2) 27T2 (A2 + dw2) f(w) = // f(w-i-wl)f(w-l-w")f(w—l—w’—l—w”)T dw'dw”.

OJ//

Now, for all s # 0, let y = /sw and f(w; A s) = \i'(\/gw; A2%s). Then \i'(y;,u) solves

sin(y'y"”

2 AN ; : - )
(A.3) 2% (1 + dy*) Uy = // Yyt Yy Yyt +v7) 'y dy'dy”.

The one-parameter family of functions \il(y, ) or its inverse Fourier transform

1 [ .
(A1) Vi) = 5 [ ) dy

provides the shape of the dispersion-managed solitons for all values of A and s. It is easy to
show that, for all values of A and s, it is

1

(A.5) flt; Ays) = 7

U(t/\/s; A%s).
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log, Jf(t:1,)]

Figure 6. One-parameter family of shape functions of dispersion-managed solitons.

The transformation from w to y becomes singular at s = 0. The apparent discontinuity of
(A.5) at s = 0 is removable, however. To see this, we can compute the limit of the right-hand
side of (A.5) as s — 0 using the inverse transformation (namely, from y to w) and expressing
the shape functions as \i'(y, ) = f(\/gy7 \/,u—/s, s), where f solves (A.2). In the limit s — 0
we then obtain f(w; A,0) = 7 sech[rw/(2A4)], which yields simply f(t; A,0) = Asech At. Note
also that no problems exist at A = 0, since when A = 0 (A.2) yields the trivial solution for
all s.

The above results allow one to precompute the one-parameter family of solutions only once
with high accuracy and then rescale it as needed to obtain the desired shape in all situations.
For example, one can compute f(¢;1,s) for all values of s, obtaining the family of shapes
shown in Figure 6. Then, for each value of A and s, one can use (A.5) to obtain

(A.6) f(t; A, s) = A f(At; 1, A%s).
The norms and inner products of the linear modes can be obtained in a similar way. Indeed,
1 1]ow|?
274 _ _ 2 274
(ATa) lyalP/4 = BA= L IWIP gl = 5| 5]

where 1 = A?s and ¥ = W(x; ). Similarly,
2

(A.7b) lyal?A = =10 + 25—+ 2#@ o lyelPA = 2w

1 ox

Indeed, this is how the curves in Figure 1 were produced.

1 H ov ov

Appendix B. Numerical integration of the DMNLS equation. Numerical calculations
of the pulse phase are more sensitive compared to those of amplitude, frequency, or position.
Hence, careful choice of the numerical method is crucial in order to obtain reliable results. As
shown in [1, 23], the DMNLS equation (2.8a) can be written as

ou i -0%u
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where the nonlinear term is N[u] = F ! [N [@] ], with
(B.2) N{a] = (<2 F |q*q)),

where F is the Fourier transform operator (defined by (2.7)), the angled brackets denote
average with respect to ¢ over one period of the dispersion map, and ¢(t, z,() is obtained
from wu(t,z) and C(¢) via (2.5). (Of course, for constant dispersion (that is, for the NLS
equation) it is C'({) = 0, and the average becomes an identity.) Thus, the double integral in
the DMNLS equation can be efficiently evaluated using fast Fourier transforms (see [23] for
further details). Once the integral is computed, the time stepping can be performed using
any of the numerical methods for partial differential equations (PDEs). (The role of “time”
here is of course played by the propagation variable z.) Several methods are accurate enough
to reproduce the numerical results of [23].

Equation (B.1) is a semilinear PDE, and its numerical integration is a stiff problem be-
cause of the second derivative in the right-hand side. To overcome this difficulty, we use an
integrating factor (IF) approach [11]. Introducing

(B.3a) 0w, z) = eiJw22/2fL(w, z),
we have
(B?)b) @ — Z'eid_wzz/2N[e—icZw22/2f)].

0z

Instead of solving the DMNLS equation directly, we then numerically integrate (B.3b), and,
at each value of z, we recover u(t, z) by trivially inverting (B.3a). As shown in [27] for various
other PDEs, this approach removes the stiffness from the problem by treating the linear term
exactly. The actual time stepping for (B.3b) is performed using a fourth-order Runge-Kutta
method. As documented in [11], the IF-RK4 approach yields comparable efficiency to other
numerical methods with the same order of accuracy.

An alternative approach with comparable efficiency to IF is a split-step Fourier method.
Note, however, that, for s # 0, such an approach is not as convenient as in the case of constant
dispersion (s = 0). This is because, unlike what happens for the NLS equation, when s # 0, it
is not possible to integrate the nonlinear part exactly. Therefore, one would have to integrate
the nonlinear part approximately (e.g., using a Runge-Kutta method, as was done in [11] for
the Korteweg—de Vries equation).

Appendix C. Relaxation method for the optimal biasing problem for the phase. For
simplicity, we just present the method in the case s = 0, that is, for the NLS equation. The
method, however, works with trivial modifications for the DMNLS equation.

Recall that the optimal biasing for the phase is obtained by solving the boundary value
problem (BVP) given by the second-order ordinary differential equation (ODE)

oA e,
subject to the boundary conditions
(C.2) A(0)=1,  A(L)=0,
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where b/A = (12 + 72)/18A is the variance of the source term in the phase ODE and c is an
arbitrary constant. Once A(z) is known, ¢(z) is recovered by solving the auxiliary ODE

-1 5  be
(C.3) ¢ = §A + T
plus the initial condition ¢(0) = 0. The value of ¢ is related to that of the output phase, ¢(L).
In particular, the case ¢ = 0 has the unique solution A(z) = 1. (This is true even when s # 0.)
To solve the above BVP, we use a relaxation method. First, it is convenient to convert
the problem into a first-order system. Let x = (x,y)!, where x = A and y = A’. The ODE
(C.1) then yields

(C4) % = £(x), fx) = <y2/2az + bcyz/x — 2ca;2>

together with the boundary conditions 2(0) = 1 and y(L) = 0. Now we discretize the system
of ODEs. We partition the interval [0, L] into {z,, ..., 2z}, with 2, = mAz form =0,..., M
and Az = L/M. Let X, = x(zn,), and introduce the 2 x (M + 1) matrix X = (xq,...,Xn)
which collects the values of the dependent variables at all grid points. We then approximate
(C.4) with

(C.5) En(X)=0, m=1,...,M,
where E,,,(X) is the discrete version of x’ = f(x) evaluated at z = z,,:
(C.6) Ep(X) = Xm — Xmo1 — (A2/2) (£(x) + £(xm-1))-

The above are a system of 2M nonlinear equations for the 2M unknowns zy,...,zy and
Yo, - - -, Yynm—1. (Note that the boundary conditions for x(z) imply simply zo = 1 and yps = 0.)
To solve this nonlinear system of equations, we use Newton’s method. Introduce the 2 x M
matrix E(X) = (Ei,...,E)), and expand E(X) in Taylor series as

(C.7) E(X +AX) = E(X) + Jp(X)AX + O(AX?),

where Jg(X) is the Jacobian matrix of E as a function of the 2M independent variables
Z1,...,xp and yo, ..., ym—1. (Note that there is a slight abuse of notation here, since X also
contains the quantities ¢ and yys, which are fixed.) The requirement F(X + AX) = 0 then
yields, to leading order,

(C.8) AX = —(Jp(X)) ' E(X)

(again with a slight abuse of notation, since xy and yjs are unaffected by the iteration).
Componentwise, writing £ = (Ejy,) with j = 1,2 and m =1,..., M and X = (Xj,,) with
j=12and 0=1,..., M, we have

(C.9)
jk _ OEinm

(00N = G = (89 = e/ (Uyea)) /) = (57 + A2/ () 3k
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where
oh o
o oy | 0 L
(C.10) Jp(x) = % % = <_y2/(2x2) —bc?/z? — dex y/x> .
dr Oy

The implementation of this algorithm requires one to properly deal with the tensorial nature
of Jg(X), but this can be done effectively using computer algebra packages such as MATLAB.

The case s # 0 is slightly more complicated because we have only numerical representations
of the source variances. In this case, one can fit a fourth-order polynomial in A to each curve
and then proceed as above. The same approach can be used when employing numerical
continuation software such as XPP/AUTO.

Appendix D. Large map strength approximation of the optimal phase paths. The opti-
mal biasing problem for the phase requires that amplitude follows the second-order differential
equation (4.30), which is rewritten below for clarity, derived in section 4.4,

(D.1) 2AU,24 + A oA Li] + 57 03] +2cA =0,

where ¢ is an arbitrary integration constant. The amplitude is subject to the boundary
conditions

(D.2) A0) = A, A(L)=0.

Again, ®(z) is obtained from A(z) by solving the auxiliary ODE ¢/ = A%/2 + co? plus the
initial condition ¢(0) = 0. The value of ¢ is related to that of the output phase, ¢(L), and the
case ¢ = 0 has the unique solution A(z) = 1.

For large values of map strength, the variances of the source terms can be approximated
by monomial functions of A, and thus the optimal biasing equation can be written in terms
of the amplitude. Specifically, recall that aé = 02HQQH2 /Y Q,yQ>2. For large map strengths
we approximate

(D3) ||EA||2 = E(A7 8) = klsz ||Q¢||2 = k?y <gAvyA> = <Q¢ayd>> = k3A

This implies 04 = 0%k /k3 and 02 = 02ks/(k3A)?. Note that the constants, ki, k2, ks, depend
on the map strength. For the comparison plotted in Figure 3, we used the value s = 4.
The optimal biasing for the phase then simplifies into the BVP given by the ODE

bk?
A3
where k = co?k; /k3 and b = k; /ks. This ODE can be integrated once to give (A’)%+bk? /A% +
kA% = 2k C, where the right-hand side is another arbitrary integration constant. (Note that

the above equation implies C' = A?(L)/2 + bk/2A?(L).) This is a separable first-order ODE,
which can be conveniently written as

(D.4) A +kA =0,

(Aan?
2042 — AT bk

(D.5) k.
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The quantity
(D.6) A =20A% — A* — bk,

which is the denominator in the left-hand side of the ODE (D.5), must have constant sign
equal to that of k. This implies that C' > max(bk,0). This also means that the range of A is
limited to the following:

(D.7a) C—\02—bk<A*<C++C?2—bk  whenk>0,
(D.7b) A? > C++/C?2—bk  when k <0,

while for & = 0 it is simply A = A,. We will consider the case k > 0. (The case £ < 0 can be
handled in a similar way.) Letting e = A2 — C, (D.5) becomes simply

(D.8) ¢ /VA =k,

where now A = C? — bk — €. Rescaling yet again by letting y = e//C? — bk, we obtain
y'/\/1 —y2 = Vk, which is trivially integrated to give
(D.9) y(2) = sin(Vkz + a),

where a = arcsin(y,) and y, = (A2 — C)/v/C?% — bk. Without loss of generality, we can choose
the fundamental branch of the arcsine. So we have |a| < 7/2.
We now use the boundary condition at z = L obtaining

(D.10) cos(\/EL +a) = 0.

This condition fixes y, via a and therefore provides an equation that determines the integration
constant C. Explicitly, if [VkL/7] = n, we get o = (n + 3)m — VKL, implying

A2 (¢
VC? — bk

Note that when k = 0 we have n = 0, and the equation yields simply C' = A2/2. The above
condition yields

(D.11) = (—1)"cos(VEL).

(D.12) C?sin® VEL — 2A2C + (A% 4 bk cos® VEL) = 0.

This is solved by C' = C4, with

(D.13) Cy = [Az + \/Aj‘; cos? VEL — 1bksin? 2VkL | esc? VEL.

It is necessary to choose the branch C' = C to achieve the output phase which the optimal
phase path reaches at z = L for s = 4 case in Figure 3.
The optimal amplitude path thus obtained is

(D.14) A(2) = /O + VT = bk sin(VEz + a),
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with @ = a(C) and C = Cy. We can now substitute A(z) into the ODE for ¢ to find the
optimal phase path and the output phase as a function of ¢:

(D.15) ¢ = A%/2 + be/A%.

The problem is thus reduced to quadratures. Explicitly, its solution is

(D.16) ¢(z) =C=z/2 — 0 [cos(v/cz + @) — cos a

2\/25;/% 5+ C'tan(3(Vkz + ) § + C'tan(3a)

k

where 6 = v/C? — bk and C is as before. This yields ¢(L) explicitly as a function of ¢. The
phase and amplitude paths which this approximation yields are plotted in Figure 3.
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