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Slip Rates and Slip Modes in an Actively Mode-Locked Laser*
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Abstract. Pulses in an actively mode-locked laser can occasionally slip relative to the timing signal, leading to
fluctuations in the pulse repetition rate. Such events happen rarely, however, making it infeasible
to use traditional methods to determine the slip rate. Here, in a model of a soliton-based mode-
locked laser, quantification of the error rate is obtained using importance-sampled Monte Carlo
simulations guided by soliton perturbation theory. Position slips are studied in two distinct cases:
an overdamped regime where they are primarily direct and an underdamped regime where they
typically involve oscillations. Quantification of the slip rate is shown to be more straightforward in
the overdamped regime, but dynamic importance sampling is found to be necessary to accurately
and efficiently capture error rates. Dynamic importance sampling is shown to be more difficult to
implement in the underdamped regime due to the existence of multiple routes by which errors can
occur.
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1. Introduction. Mode-locked lasers are a technology with a rich history of application
and study [22, 27, 28]. In recent years, the breadth of applications employing such systems has
grown dramatically, and simultaneously the performance of the underlying lasers has greatly
improved. Optical communications is an oft-cited application [19], but other uses include
optical frequency metrology [8], optical clocks [7, 9, 42, 45], spectroscopy [41], generation of
high harmonics [25], measurement of fundamental constants [14], and optical storage rings
[20].

In many of the above applications, the performance of the system is limited by noise. One
convenient method for determining the effects due to noise is via Monte Carlo (MC) simulation.
Due to the low error rates present in high-accuracy mode-locked systems, however, traditional
MC simulations are intractable, as an unreasonably large number of samples would be needed
to determine error probabilities. An extension known as importance-sampled Monte Carlo
(ISMC) simulation, however, is capable of capturing very low probability events and has been
used previously to study optical systems [4, 5, 11, 15, 24, 29, 30, 35, 36, 44].

Importance sampling involves replacing the probability distribution used to draw random
samples representing noise during simulation with a biasing distribution [37]. The goal is to
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pick distributions which give rise to rare events of interest with much higher frequency than
they would occur normally, correcting for the biasing so that correct error probabilities can
be obtained. In soliton-based systems, soliton perturbation theory and rare event simula-
tion provide a framework in which biasing distributions for nonlinear optical systems can be
determined [17, 34]. Soliton perturbation theory allows one to define an ODE system that
approximately describes the evolution of soliton parameters in the presence of deterministic
and stochastic perturbations of the governing nonlinear Schrodinger (NLS) equation. The
theory of rare events then allows one to formulate a constrained optimization problem within
this ODE framework whose solutions provide approximate biasing distributions that can be
used to guide numerical solutions of the full problem.

Here, ISMC simulations using biasing distributions obtained in this way are used to de-
scribe “position slip” errors and determine the rates at which these slips occur in a mode-locked
laser model involving an active feedback mode-locking mechanism [10, 32]. The active feed-
back mechanism can lead to two fundamentally different modes: a nonoscillatory overdamped
regime and an oscillatory underdamped locking regime. Position slip errors, or errors of pulse
position slippage relative to the mode-locking, are found to occur in both cases but with qual-
itatively and quantitatively different behaviors. We will show that the importance sampling
methods needed to capture error rates in the two cases are somewhat different, and that more
sophistication is needed in the underdamped regime to deal with the more complicated paths
arising due to the oscillations. We believe that this problem illustrates a general issue that
may occur in systems where multiple routes to rare events may be present.

2. Model formulation. We model an actively mode-locked fiber laser as an optical cavity
oscillator including an amplifier, filter, polarization rotator (and polarizer), and phase modu-
lator [10, 32]. This system is represented schematically in Figure 1. Propagation through the
optical fiber is described by the dimensionless nonlinear Schrodinger (NLS) equation for the
single polarization optical field envelope u [34]:

(2.1) Ou 1O Py = F(s,1),

with the right-hand side representing the perturbative effects of the added physical elements
used to provide the active mode-locking and stabilize the optical pulses. Here the dimensionless
time has been scaled by a characteristic time T (usually comparable to the width of a pulse,
here assumed to be on the order of 1 ps), and evolution is with respect to a dimensionless
distance z, here scaled by the dispersion length L = T02/ B, where (B is the second-order
dispersion parameter. The field envelope has also been scaled by a characteristic amplitude
[34].

The mode-locking elements are (linear) gain from the amplifier and polarization rotator,
filtering, nonlinear gain (or loss) from the polarization rotator, and phase modulation [27]. A
simple version of the filtering due to frequency dependent gain (or loss) can be described by
the perturbing term a 0?u/0t?, where a is the filtering strength. A simplified model of excess
linear and nonlinear gain can be described by terms of the form [27]

cru + colul?u + e3|ultu.
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Figure 1. A schematic of a fiber ring laser where an optical pulse passes through an amplifier, filter,
polarization rotator, and phase modulator on each pass around the ring.

Typically, ¢; will be negative, so really this term models a small excess linear loss. In addition,
a simplified model of the active phase modulation is a term of the form ib cos (wt)u [32], where
b is the modulation strength and the external modulation frequency is w. In what follows, we
will assume w = 27/25, i.e., a 25 ps modulation period. It should be noted that, in practice,
all of the above effects are discrete or lumped, i.e., the perturbations are each applied to the
pulse once per pass through the loop. Since the net change to the pulse per pass is small, it is
permissible to replace the lumped effects with their averaged continuous versions as above [26].

In addition, the linear gain provided by the amplifier is also accompanied by amplified
spontaneous emission (ASE) noise. This additional perturbation is modeled as zero-mean,
delta-correlated Gaussian white noise that is added to the pulse as it passes through the
amplifier on every round trip through the fiber ring [34] and takes the form

N
(2.2a) Z fn(t)6(z — n), where
n=0
(2.2Db) (fi(t)) =0 and
(2.2¢) (i) f5 (1) = a6t — ')y -

(As written, the noise bandwidth is infinite, but in reality it is merely much larger than
that of the soliton; the bandwidth is finite in numerical simulations, of course [34].) It is
easiest to implement this stochastic perturbation in discrete, random jumps. For simplicity,
we have assumed that the noise is added once per dispersion length; if the fiber ring is shorter
than this, we can combine the noise from multiple passes into a single larger perturbation
once per dispersion length, as long as the total remains small. The noise variance is then
0? = [(G — 1)*nsphwoTon]/[GIn G|B|] = 2.667 x 1075 [34], where we have used G = 40 (or
16 dB) as the amplifier gain needed to compensate loss due to the components in the loop,
nsp = 2.0 is the ASE (excess noise) factor, h is Planck’s constant, wy = 1.22 x 101° 1/s is the
carrier frequency, Ty = 1 ps, and 3 = 0.2 ps?/km. Thus, the full perturbative term F on the
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right-hand side of (2.1) is

o° al
(2.3) F(z,t) = aa—;; +ibcos (wt)u + cru + colul*u + czlulu + Z fn(t)o(z —n).
n=0
When F' = 0, the NLS admits the well-known soliton solution
(2.4) us(z,t) = Esech(E(t —T)) exp (iQ(t — T) + i¢),

where the soliton parameters E, 2, T, and ¢ represent, respectively, the amplitude, frequency,
position, and phase of the soliton. This solution is exact for (2.1) with F' = 0 when

E(z) = Ep, Q(z) = Qo,
T(z) =Ty + 0z 6(z) = %(EQ +02)2 + o,

where Fy, Qg, Ty, and ¢g are the constant initial values of the soliton parameters. Additionally,
we sometimes use the shorthand notation wus(z,t) = ug(z,t) exp(i©(z,t)), where

uo(z,t) = Esech(E(t —T)) and ©O(z,t)=Qt—T)+¢.

2.1. Soliton perturbation theory and representative parameter regimes. We first con-
sider (2.1) with the deterministic perturbations in (2.3) (i.e., without the noise). Assuming
the initial solution is a soliton and the perturbative terms are small in magnitude, then the
leading-order effect is to cause the soliton parameters to change slowly. Using soliton per-
turbation theory [2, 21], the evolution equations for the soliton parameters are (ignoring the
phase, as this model is phase-insensitive)

E o0
(2.5a) le—z = Re /oo u*Fdt,
o 1. [
5. @ _1 i — Qu)F
(2.5b) o = Re /_ (i — ) Fat,
dT 1 b
2. — =04 = —TYu*F dt.
(2.5¢) - —i—ERe/_Oo(t Yut P dt

Using (2.4) for u to evaluate the integrals to leading order, we obtain

dE 4 2 16
2. — = (2¢1 — 2a0%)E —¢y— —a | B34+ —c3E°
(2.6) - (2¢1 —2a927) +<302 3a> + peaf”
dQ 4 w?bm Tw
2. — = ——aE?Q - h( — | sin (wT
(2.7) 7 39 5 ¢ <2E> sin (wT),
dr
2.8 — =
(2.8) 7

First of all, it is seen that for ¢; < 0 (excess loss), E = 0 is stable. Strictly speaking,
soliton perturbation theory is not applicable in this limit, but a linear stability analysis shows
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Figure 2. The continuous dynamics of the soliton ODE system (2.7) and (2.8) are shown in (T,Q2) phase
space. Left: the underdamped state with a stable spiral fized point at (0,0) and saddles (£7/w,0) (at bit-slot
boundaries, depicted with red-dashed vertical lines, as defined by the modulation frequency). For a pulse to move
out of its bit-slot, it must escape the basin of attraction of a stable spiral and cross the stable manifold of the
saddle point. Right: the overdamped state where the stable fized point at (0,0) is now a nodal sink rather than
a spiral. The parameters for the filtering, modulation, nonlinear gain strengths, and steady-state amplitude Es
in each are the representative values listed in the text.

that u = 0 is stable due to the linear excess damping (the ¢; term) and filtering. For ca > 0
and c3 < 0, there will be a positive stable solution for £ when = 0, which we shall denote
by Es. Because the filtering coefficient a is typically small, the pulse energy will be more or
less independent of Q if it is not too large. Since there are two stable pulse energies (E = 0
and F = Ej), it is possible for added noise to induce transitions between the two, leading to
either pulse dropouts or the spontaneous creation of new pulses. For the parameters we will
use, however, the probability of either event will be very small [10].

For E = Ej, the dynamics of £ and T can be underdamped or overdamped [10, 32]. In
both cases, there are stable steady states at (E,Q,T) = (Es,0,2n7/w) and unstable saddles
at (E,Q,T) = (Es,0,(2n + 1)7/w) where n € Z, but the structure of the phase space is
different in the two cases. Phase planes for 2 and T with E constant are shown in Figure 2.
In the underdamped case, decay to the nonzero equilibrium state is oscillatory, while in the
overdamped case a soliton displaced from equilibrium will be restored smoothly to the steady
state. The relative strengths of filtering and modulation determine the type of dynamics,
with greater filtering leading to overdamping [32]. We will use two representative parameter
sets. For the underdamped regime, we will assume a = 0.002, b = 0.01, ¢; = —0.01, c3 =
0.034, ¢35 = —0.02 with a stable amplitude of F; = 1.177. For the overdamped regime, we
assume a = 0.015, b = 0.002, ¢; = —0.01, ¢ = 0.04, c3 = —0.02 with a stable amplitude of
E, =1.150.

One effect of the noise is that it adds jitter to the pulse parameters, broadening the laser’s
linewidth [1]. A more dynamically interesting event is for a noise-induced position slip error to
occur [32]. Here the noise induces the pulse position to transition from one stable equilibrium
to another. Since the goal of mode-locking is to keep a pulse synchronized to the active
mode-locking signal, noise-induced sliding of a pulse’s position is undesirable, as it leads to a
random drift of the mode-locked laser’s repetition rate. The rate at which these position slips
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occur, of course, is directly related to the rate of this random drift. Because the parameters
being considered are such that pulse energy dropouts are very improbable relative to position
slips, in what follows we will assume the amplitude to be fixed at £ = E and only concern
ourselves with position slips. We monitored the pulse energy in simulations to verify that this
assumption holds.

3. Large deviation theory. When considered as the sole perturbation, the effect of the
ASE noise is to cause random walks in the soliton parameters. Since any values of these
parameters produce perfectly valid solutions of the NLS equation [34], it is unable to resist
such random changes. The random walks that result in the absence of the deterministic per-
turbations described in section 2 eventually lead to large deviations in the soliton parameters
even if the noise added at a single amplifier is small. The purpose of the mode-locking terms,
of course, is to limit the growth of perturbations in the pulse parameters. Even in this case,
however, there is a small but nonzero probability for the pulse to experience a large deviation.

To address the question of precisely how likely a position slip is to occur in the presence
of mode-locking, we pose a stochastic exit problem. Specifically, we wish to determine the
most likely way for a pulse starting at equilibrium (2 = 0, T = 0) to escape the effective
potential well imposed by the mode-locking and exit a bit-slot by undergoing a position drift
of m/w = 12.5. (By symmetry, an exit to —7/w = —12.5 is equally probable.) To answer this
question, we first will derive optimized exit paths using the approximating system of ODEs
for soliton parameter evolution, (2.6)—(2.8).

In a manner similar to the derivation of (2.6)—(2.8), we use soliton perturbation theory
to determine the appropriate stochastic terms that must be added to the soliton parameter
ODEs in the presence of noise [34]. Taking F' in (2.1) to be the Gaussian white noise terms
(ignoring the deterministic perturbations for the moment and neglecting changes in E), we
find at leading order

dQ2 & ,
(3.1a) o = Re/ vhe O F dt,
z —0oQ
T & ,
(3.1b) ilT = Q+Re / vihe O F dt,
z —0o0

where the adjoint modes of the linearized NLS operator v, and vy are given by

i Ou
(3:22) AT
1
(3.2b) vp = E(t — T)uyp.

Since the noise is added as a jump in u when a pulse reaches an amplifier, integrating (3.1)
in z across an amplifier gives the corresponding jumps in the soliton parameters,

(3.3) AQ, = Re / vhe O f, dt,
(3.4) AT, = Re/ Q*Te_iefn dt.
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When the noise f, is given by (2.2), AQ, and AT, are zero-mean Gaussian random

variables with variances [34]
(3.5) E[AQ?] = 03 = 0%E/3,

2
Q
(3.6) E[AT?] = 0% = 7%0%/(12E3).

3.1. Derivation of optimal exit paths. Equations (2.7) and (2.8) with added random
jumps given by (3.3) and (3.4) form an approximate version of the soliton dynamics in the full
model, (2.1) with (2.3). This system is, letting A = —4aE?/3 and B = —w?bresch(nw/2E)/(2E),
explicitly given by

N
g ,
(3.7a) el AQ + Bsin (WT') + RE:OAQMS(Z —n),
N
dr
(3.7b) - =0+ RZOATné(z —n).

In particular, these equations approximately describe the dynamics of a position slip error and
allow us to derive exit paths for such an event. The most probable series of parameter kicks
AQ,, and AT, are those which have the lowest combined weighted Lo norm, as the underlying
noise is Gaussian. Let the functions 7g(z) and np(z) be continuous functions that stand in
for the discrete parameter kicks (this continuum approximation is justified, as the length scale
on which the deterministic dynamics work in the system is much longer than the amplifier
spacing, here Az = 1). Then the constrained optimization problem needed to be solved for
an optimal exit path is to minimize [33, 34, 39]

2 [*r
(3.8) min S = min 2/ Cnd + D3 dz
nesNT nonT 0< Jo
subject to
s .
(3.9a) Fi AQ + Bsin (WT) + ngq,
T
.9b = =0
(3.9b) 7 +nr,

where C = 1/03 = 3/(Eo?) and D = 1/02 = 12E3/(7%0?). We want the final soliton
position to be T(zz) = T (the one that gives a position slip), so we have three boundary
conditions: T(0) = Ty, Q(0) = Qp, and T(z;) = 7. Here the idea is to the minimize the
probability associated with a particular set of deviations. This is equivalent to finding the
Freidlin-Wentzell least action path [17] (as elucidated in more detail in section 4) and related
methods [3, 16, 38]. Following standard variational calculus methods for optimization with
differential side constraints, we construct a constrained functional using Lagrange multipliers
18]

(3.10)

dQ)

L dT
/ {Cn?)+D77%+/\1(z) dz—AQ—Bsin(wT)—nQ] + Xa(2) [dz—Q—nT}} dz.
0
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Figure 3. Two representative solutions for the exit path in the overdamped parameter regime showing four-
part solutions with different propagation distances, zr,. The lower panels show the biasing path coefficients for
the frequency and position modes, and the upper panels show the expected frequency and position trajectories
under biasing. The solutions were computed numerically using the MATLAB boundary value problem solver
BVPAC.

Taking variations with respect to the unknown functions ng, nr, 2, and T, we find

(3.11a) onag — 2Cng — A1 =0,
(3.11b) onr — 2Dnr — Ao =0,
dA
(3.11c) 5Q — —AX — dg — —L =0,
dz
dA
(3.114d) 0T — —Bw cos (wT') — d—; =0.

We use (3.11a) and (3.11b) to specify the Lagrange multipliers A\; = 2Cnq and A\e = 2Dnp
giving

dna D
12 B Ao — =
B
(3.12b) ddiZT = - ;Cm cos (WT)

which along with (3.9a) and (3.9b) form a boundary value problem with four boundary con-
ditions: T'(0) = Tp, Q(0) = Qo, T'(21) = T, and nq(zr) = 0. The last condition is a natural
boundary condition arising from the free boundary for Q(zr) [18].

3.2. Exit path behaviors. The solution of the boundary value problem given by (3.9)
and (3.12) with Tp = 0, Qy = 0, and T = 12.5 gives an optimal exit path after propaga-
tion through |z | amplifiers. This boundary value problem is solved numerically with the
MATLAB BVP4C package. Representative numerical solutions are shown in Figures 3 and
4 for the underdamped and overdamped regimes, respectively. The exit paths for the over-
damped regime have a similar character for all system lengths, as the optimal way to resist
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Figure 4. Two representative solutions for the exit path in the underdamped regime showing four-part
solutions with different propagation distances, zr,. The lower panels show the biasing path coefficients, and
the upper panels show the expected soliton parameter trajectories under biasing. The solutions were computed
numerically using the MATLAB boundary value problem solver BVPAC. For a long distance, such as the solution
shown on the right, the biasing path is oscillatory, but for a short distance (left) it is not.

Figure 5. Computed biasing path trajectories visualized in (T, <)) phase space for different system lengths in
the overdamped and underdamped regimes. Left: the overdamped regime. All paths monotonically approach exit
and do not change qualitatively as the system length increases. For longer propagation distances, less frequency
driving is necessary to force an exit. Right: the underdamped regime. As zy, increases, the biasing paths undergo
more and more oscillations before exiting due to the oscillatory dynamics near the critical point.

the overdamped mode-locking is to monotonically push the pulse toward its exit. However,
the exit paths in the underdamped regime exhibit significant qualitative differences as the
system length is increased. For a sufficiently large propagation distance, zy, the optimal path
takes advantage of the oscillatory dynamics inherent in the mode-locking and wraps around
the spiral before exiting, with the number of oscillations (or “loops”) dependent on the overall
propagation distance. Figure 5 shows the qualitative behavior changes in the exit paths in
both regimes as the system length is varied.

It is best to understand the bifurcating oscillatory paths in the underdamped regime as
different modes of exit. As the system length increases, an infinite cascade of biasing paths
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Figure 6. Bifurcation diagram showing biasing paths in the underdamped regime with different numbers of
oscillations or loops numerically continued by varying zr, and measured in terms of their action according to
(3.8). The oscillatory biasing paths are conjectured to arise through a bifurcation at infinity, and each have a
critical propagation distance at which they disappear (visualized here as folds in the bifurcation diagram). The
black-dashed lines are conjectured extensions of computed solution families.

occur which are each local minima in the least action problem equations (3.9) and (3.12).
Continuing the paths in the right panel of Figure 5 shows that multiple paths of exit from
the fixed point with different numbers of oscillations, or loops, coexist at all distances past
zr, = 206. Figure 6 shows a bifurcation diagram continuing these paths in the propagation
distance, zr, with the path action equation (3.8) as the dependent variable. Additionally, the
bifurcation diagram demonstrates that there are multiple system lengths zj for which there
are two types of paths that are roughly equal in action (e.g., see the region 205 < zj, < 220).

4. Numerical simulations. To quantify the probabilities of position slips happening in
this system, MC simulations were performed. The full NLS equation, (2.1), was integrated
numerically with different noise realizations many times, and statistics were computed based
on the final results. Each sample in the MC simulations was solved numerically using the
split-step Fourier method [40] with 256 Fourier modes, a computational window in time ¢ of
width 80, and a propagation stepsize of dz = 0.05. The initial condition was a soliton with
the stable amplitude for the parameter regime being simulated, as given in section 2.1.

Position slip probabilities due to the mode-locking can be quite small, so the MC simula-
tions were augmented with importance sampling (ISMC). In these simulations, the underlying
probability distribution in the problem (Gaussian white noise) is replaced with a biasing dis-
tribution from which samples are drawn. Then the correct probabilities are computed using
the likelihood ratio, which is the ratio between the original and the biased probabilities used
to generate that sample [34]. Here the Gaussian biasing distributions utilized means ob-
tained from solutions to the system of equations (3.9) and (3.12) using coefficients v, and v,
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respectively, as described previously [34].

In particular, previous work has shown that the noise should be mean shifted at each
amplifier by an amount that is proportional to the adjoint mode associated with the quantity
being biased (multiplied by €©, so that it is in phase with the soliton), rather than the
forward mode, a somewhat counterintuitive result [34]. This is equivalent to saying that the
Freidlin—Wentzell least action minimizer for a prescribed soliton change after passage through
one amplifier is in the direction of the adjoint modes of the linearized NLS equation [34].
In this case, the relevant modes that should be biased at each amplifier are the position
and frequency adjoint modes, the latter being included since frequency perturbations become
position perturbations upon propagation. Explicitly, the mean shift at the nth amplifier due
to the biasing is

Vg Ut i©
(1.) Falt) = (o) 25 ea) 20 ).
where ng and nr are the biasing coefficients that give the magnitude of the shift in the
direction of each mode (where the modes and total phase of the soliton are computed at
the amplifier). These biasing coefficients are the same as the functions used in (3.9a) and
(3.9b). With this formulation, the functional minimized in the optimization problem (3.8)
to maximize the probability of an exit path is the Ly norm of (4.1) (note that there is no
cross term since the modes are orthogonal with respect to the inner product associated with
the linearized NLS operator) [34]. The normalization constants are chosen so that the mean
shift at each amplifier equation (4.1) agrees with (3.9a) and (3.9b) after evaluating the jump
conditions (3.3) and (3.4). The constants C' and D in (3.8) are then seen to be related to the
adjoint mode norms

o? _ 3
(4.2a) ?C = vl 2= BYok
2 3

ot 5, 6K
(4.2b) 7D = [l 7" = 7

and are solely dependent on F(z) ~ F, and therefore treated here as constants. (An overall
multiplicative factor does not affect the minimization, of course.)

Taking the biasing coefficients resulting from the solutions of (3.9) and (3.12) in section
3.1 and incorporating them into (4.1) allows us to bias the noise to optimally produce a desired
position slip. The simulation process to create a biased sample is to solve the deterministic
part of (2.1) until an amplifier is encountered. The split-step solver is then stopped, and the
mean shift equation (4.1) is computed using the precomputed biasing coefficients (extracted by
fitting a soliton through the noisy pulse) and the soliton’s current parameters (for construction
of the adjoint modes and total phase). After adding the biased noise using this mean shift,
the split-step solver is then restarted and the process is repeated until the simulation is
terminated. Thousands of samples are typically generated, and the final pulse position is
binned to estimate its probability distribution. Additionally, in order to form full probability
density functions (P.D.F.s) of pulse position that resolve positions throughout a bit-slot and
into neighboring bit-slots, multiple biasings were used. That is, to cover larger regions, biasing
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Overdamped timing jitter with 10° samples per simulation

100F 1 ‘ —= ; \ 7
10-10 1
P.D.F. 102 2710
I 2,-300
1o | 2,-600
10750 ‘
15 -10 5 0

C.V.
102
1 1
102k ! s e e AT —T T e P ! 7:
RF F 1 1 ]
[ 1 1 ]
[ / / ' ' \\
103 1 | | | | | 1
-15 -10 -5 0 5 10 15
T(ZL)

Figure 7. ISMC simulations of soliton position in the overdamped regime for three system lengths. Top
panel: the probability density function (P.D.F.) of soliton position T after propagation through zr ampli-
fiers. Eleven position targets were included throughout the domain (evenly spaced between T'(zr) = —12.5 and
T(zr) = 12.5) with 100, 000 total samples. Middle panel: the coefficient of variation (C.V.) indicates simulation
convergence: a smaller and smoother C.V. indicates better convergence. We see that convergence is generally
good for moderate propagation distances and worse for very short or long distances. Bottom panel: the raw
relative frequency histogram of sample location for each simulation. Fewer samples reach the bit-slot boundary
for the longer-distance simulations.

paths with different position targets 7" = T'(zr) were included in multiply importance-sampled
Monte Carlo (MISMC) simulations and then combined using the balance heuristic [44], which
weights contributions from each biasing distribution by the likelihood that each particular
sample came from that distribution. Thus, distributions producing low numbers of samples
in specific regions are downweighted when others producing larger numbers of samples are
available.

4.1. Importance sampling in the overdamped regime. We performed ISMC to assess
pulse position probabilities in the laser model using the overdamped parameters given in
section 2.1. P.D.F.s of the soliton’s position after propagation through varying values of zj,
amplifiers are included in Figure 7.

The bit-slot boundaries are indicated in red, and we see that the probability of a large
position shift is greatly increased as the system length grows. Included in these figures is the
coefficient of variation (C.V.), or the measure of the intrabin standard deviation divided by the
bin’s overall probability, which provides one way of assessing convergence of the simulations,
even when probabilities are small. In all simulations, the samples converge well for regions
at or near equilibrium but not necessarily in the tails. This is disadvantageous, as the tails
are precisely the regions where position slips occur. For very short distances and very long
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distances, the simulations do not converge well in the tails (as in the left and right panels
of Figure 7). However, for intermediate distances, the simulations converge well. For short
distances, the probabilities that we are attempting to capture are extremely low, so it is natural
that convergence is slower, but for long distances the poor convergence requires additional
explanation since the probabilities are larger.

The poor convergence for long system lengths can be understood by examining the bottom
panel of Figure 7. The relative frequency histogram indicates the spread of samples in the
standard ISMC simulations, which were conducted with 11 position targets spread evenly
throughout the bit-slot and at the left and right boundaries. The samples are evenly spread
throughout the interior of the bit-slot for all distances, but fewer samples are clustered around
the boundaries as the system length increases. For z;, = 600 (light blue), too many simulations
either get ahead of or behind the biasing, and end up either exiting early or getting pushed
to the center of the neighboring bit-slot, or they get pushed back into the current bit-slot (a
situation which is shown in Figure 8).

This issue can be ameliorated by using dynamic importance sampling [12]. This method,
alternately known as targeted ISMC [15] or state-dependent ISMC [6], recomputes the biasing
path midsimulation while a sample is being drawn. A demonstration of this scheme is shown
in Figure 8. Equations (3.9) and (3.12) are resolved during the simulation by changing the
left-hand boundary conditions to be the soliton’s current frequency and position, as shown in
the bottom left panel of Figure 8. The biasing path expects the pulse to be at the position
of the blue pulse, but due to accumulated noise the pulse is actually that indicated in green.
Therefore, we correct the biasing path by solving the biasing boundary value problem using
the frequency and position of the soliton shown with blue dashes, which is the best-fit soliton
to the noisy pulse, and use the resulting biasing path throughout the rest of the simulation
or until the path is dynamically recalculated again. The criterion used to decide when to
recalculate the pulse can be varied; one can recalculate the path after passage through a fixed
number of amplifiers or when the deviation between the expected and computed positions is
larger than some prescribed tolerance, for example. Here we choose to retarget periodically
with a specific number of amplifiers between recalculations in order to precisely control how
many times the boundary value problem needs to be solved since computing its solution is
expensive relative to the computational costs of the Fourier split-step solver. The convergence
benefits of dynamic ISMC typically come from more tightly clustering samples around a
desired target [13, 15]. Here dynamically recalculating the optimal path improves the number
of samples that finish in the vicinity of the bit-slot boundary. This can be seen for z;, = 600
simulations in Figure 9; using dynamic ISMC eliminates the fluctuations in the C.V. near
T(zp) = £12.5.

Overall, performing ISMC in the overdamped region is mostly straightforward, as the bi-
asing paths are typically similar in character and solving (and resolving) the biasing boundary
value problem is simple. Accumulated deviations from biasing paths cause poorer convergence
for exit probabilities at longer distances, but this can be counteracted by the use of dynamic
ISMC. Short simulation distances have very low exit probabilities and require a large num-
ber of samples to be resolved irrespective of the amount of recalculation. Dynamic ISMC
typically provides notable convergence benefits with a relatively low amount of recalculation.
Performing many path recalculations provides diminishing returns in convergence, however,
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Figure 8. A single sample trajectory with zr, = 600 showing the effects of dynamic path recalculation on
pulse position. Top panels: a pulse and its trajectory computed using ISMC without path recalculation. The
pulse lags behind the optimal sampling path (blue in the right-top panel) and approaches the saddle from a
direction which causes it to be forced back to the left, away from the exit target ofT = 12.5. Bottom panels:
the same moise realization as in the top panels is used in a sample drawn with recalculation of the path every
200 amplifiers. Bottom left: the biasing path recalculation at z = 400 showing the computed pulse, the pulse
originally expected by the biasing path, and the pulse used for biasing after the path is recalculated. Bottom
right: the sample trajectory in phase space again showing the parameter random walk and the expected biasing
path, which is now piecewise-smooth due to the periodic recalculation. The pulse now exits the specified interval
and ends up much closer to the intended position target.

and greatly increases the computational cost. Performing simulations to track the probability
of exit directly as a function of system length z; confirms these characteristics. These simu-
lations are important, as they directly address the formulation of the position slip as an exit
problem, and are shown in Figure 10, which go out to z;, = 600 with 1,000,000 total samples.
The figure shows the overall exit probability, i.e., the probability that T" > T vs. z;. For
an accurate exit probability estimate, the P.D.F. for T'(z1) must be computed accurately at
and just beyond the exit point. The nondynamic ISMC simulations (blue) produce smooth
estimates for intermediate distances and experience variance fluctuations for longer distances.
Dynamic ISMC with one path recalculation greatly improves the convergence, eliminating the
fluctuations and generally lowering the C.V. with the same number of samples. Recalculating
the path twice slightly lowers the C.V. level relative to one recalculation, but recalculating

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



Downloaded 07/15/20 to 121.74.85.75. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1486 N. L. SANFORD, G. M. DONOVAN, AND W. L. KATH

Overdamped timing jitter at zL=600 with 10° samples Histogram of sample spread for zL=600
10° T T T T T T T — T T T — T
1 1
; 1 1
P.D.F. 1081 Y Y 1
10710 s e)
M,
L] LK
1 1
R.F ! !
o 1 1
(1 1
0 . H 1
10 1 1 ,15 1 1 H Y
1 = = =Regular ISMC 1 15 1 |En
! Path recalculated once ! i ! ! A
Path recalculated twice ! 1': 1 1 W
1 108 F :’ ; 1 ! H ll 7
1 ] 1 1 H v‘
[l ! ! P
1 3 I, 1 1 ER
0 5 10 15 25  -20 15 -10 5 0 5 10 15 20 25
T(z,) T(z,)

Figure 9. ISMC simulations for the overdamped case showing different amounts of dynamic recalculation,
and their effects on convergence, for zr = 600 simulations. In addition to the blue, which has no recalculation,
curves showing simulations where the path was recalculated once (at z = 300) or twice (at z = 200 and z = 400)
are shown. Dynamic ISMC' concentrates more samples in the region of the bit-slot boundary and improves the
convergence there. The improvement in convergence between recalculating the path twice versus once is small.

Overdamped escape probability with 10° samples
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Figure 10. ISMC simulations of soliton exit simulations in the overdamped case with varying amounts of
dynamic recalculation. Top: the P.D.F. of pulse exit probability as a function of distance. Bottom: the C.V.
shows improved convergence for the dynamic simulations compared with the regular ISMC, with additional but
saturating benefit as more recalculation is used.

further does not provide any noticeable additional benefit.

4.2. The underdamped regime and the problem of multiple paths. ISMC simulation
in the underdamped regime is more difficult due to the oscillatory nature of the biasing
paths. The numerical solution of the biasing problem equations (3.9) and (3.12) involves
making an initial guess and then iterating to find a solution. While this works well in the
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Underdamped timing jitter with 10° samples per simulation
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Figure 11. ISMC simulations of soliton position in the underdamped regime at three system lengths. Top
panel: the P.D.F. of soliton position T after propagation through zr amplifiers. Eleven position targets were
included throughout the domain (evenly spaced between T(zr) = —12.5 and T(zr) = 12.5) with 100,000 total
samples. Middle panel: the C.V. provides an estimate of simulation convergence. Bottom panel: the raw
relative frequency histogram of sample location for each simulation.

overdamped case, in the underdamped regime a generic initial guess (for example, a constant
or linear function) and use of the MATLAB boundary value solver BVP4C do not always
converge to a proper solution at every distance. When optimal biasing solutions can be
found, simulations for the pulse position P.D.F. can be completed; examples are shown in
Figure 11. As before, the general trend is that ISMC simulations converge better for shorter
than for longer distances. The distances with good convergence are much shorter than before,
however; by zy = 300, the C.V. near the bit-slot boundaries exhibits significant fluctuations
and we see that progressively fewer samples fall in the proper range as system length increases,
as shown in the bottom panel of Figure 11.

The reasons behind this behavior can be explored by considering Figures 6 and 12. In
particular, the convergence of the exit probability simulations is good up until z; ~ 200,
but past that point the convergence degrades. Furthermore, multiple locally optimal paths
with similar actions appear soon after this, at zy ~ 206. Multiple importance sampling and
other similar variants [37] predict that all events with similar probabilities must be included
in ISMC simulations, and omitting one or more similarly likely paths has been shown to
lead to convergence problems for the results [39]. This issue is observed here if one performs
ISMC simulations for the position P.D.F. at z; = 210, since this distance has three distinct
paths with similar action values, as shown in Figure 13. Simulations were performed to find
the P.D.F. using the least action path, the two paths with the smaller actions, and all three
paths. One of the results was obtained using only the path with the smallest action (the
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OUnderdamped escape probability with 10° samples
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Figure 12. ISMC simulations of soliton exit simulations in the underdamped regime. Top: the P.D.F. of
pulse exit probability as a function of distance. Bottom: the C.V. shows good convergence for only the shortest
system lengths.

largest probability), and it is seen that this can substantially misestimate the P.D.F. near
the target. The simulation with one path converged to a significantly lower estimate for the
probabilities, while the simulations with two and three paths converged to the same values.
None of the three simulations converged quickly (as measured by the C.V.), however, with
the single path simulations having the worst convergence.

Applying dynamic ISMC in the underdamped case is also more difficult than before, again
due to problems solving the biasing boundary value problem. Performing dynamic simulations
for the full P.D.F. (i.e., with multiple position targets) for even intermediate distances does not
succeed, as the boundary value solver fails to converge to a usable path sufficiently frequently.
The problem is not so severe for simulations of only the region around the exit point (i.e., a
single position target) and can be shown to be effective in some cases (e.g., Figure 14), but
the boundary value solver failure rate is an impediment for relatively long distances (such
as zr, = 600) and there are many distances where dynamic ISMC appears to not improve
convergence.

With additional effort, dynamic MISMC simulations can be used to improve the results for
the P.D.F. at distances just past the point at which multiple paths appear, e.g., z;, = 210. Note
that combining MISMC with dynamic recalculation requires simultaneously recalculating,
using the same intermediate position, both the path currently being used to generate samples
and all of the other paths since dynamically updated versions of the latter are needed for
proper implementation of the balance heuristic [5, 37, 44]. The results at z;, = 210 using one,
two, or three paths, taken in order from highest to lowest probability, are shown in Figure 15.
The results again show that convergence is best when all paths are included and that using
just one path is not sufficient; the one-path simulation still converges to a substantially lower
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Figure 13. MISMC in the first region of multiple paths. Left top: a zoomed version of the bifurcation
diagram. Left bottom: the three paths and their actions. Right: MISMC results using the three paths. The
blue curve uses only the global minimum curve, the red uses the two paths with least action, and the green uses
all three. The P.D.F. of pulse position shows that using multiple paths provides a substantial correction to the
probability in the tail, though the convergence in the C.V. is not very good, regardless of how many paths are
used.

probability, and the C.V. is markedly worse. The C.V. for the two-path simulation is also not
improved relative to the nondynamic simulation (shown in black), while only the three-path
simulation shows the improved convergence expected with path recalculation. It is also worth
noting that in this case, once the remaining distance shrinks sufficiently, the three different
paths all merge and become identical.

Not all simulation distances past the onset of the oscillatory paths require the use of
multiple paths in the simulation, however. Examination of Figure 6 indicates that between
roughly 250 < zp < 350 the path with one oscillation dominates the exit probability, for
instance.

Dynamic ISMC is still difficult to implement at longer distances, however, and the fraction
of failed samples due to nonconvergence in the boundary value problem solver is a persistent
issue, particularly for z; > 300. In a nonconvergent sample, the boundary value problem
solver, using the remaining portion of the previously computed biasing path as an initial
guess, fails to converge to a prescribed tolerance. The convergence rate of the boundary value
problem solver can be considerably improved, however, by updating the optimal path using
a series of intermediate steps between the previously computed path and the current location
in (T, Q) phase space if the path recalculation initially fails (implementing a simple homotopy
algorithm in this case). While this approach is computationally expensive, the rate at which
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Underdamped timing jitter at z =160 with 10° samples
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Figure 14. ISMC simulations of soliton position in the underdamped regime at zr, = 160 comparing tail-
only simulations using recalculation every 40 amplifiers with simulations without recalculation. Top: the P.D.F.
of soliton position T after propagation through zr, amplifiers. Bottom: the C.V. reports simulation convergence,
showing that convergence is improved by very tight targeting at the bit-slot boundary.

Underdamped timing jitter at z =210 with 10° samples

3 exit paths regular MISMC
1010 - 1 exit path recalculated 3 times
PDF = = =2 exit paths recalculated 3 times
I g 3 exit paths recalculated 3 times
7 .
10718 P i

Figure 15. Dynamic MISMC with three paths. Dynamic MISMC is implemented starting from each of the
three paths from Figure 13 with the three-path simulation without recalculation shown in black for comparison.
For each dynamic simulation, three-path recalculations were performed for each sample. The one-path simu-
lation still converges to a lower probability than the two- or three-path simulations, while only the three-path
simulation shows improved convergence relative to nondynamic MISMC.
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Figure 16. Dynamic ISMC computed for zr, = 330. Top: Regular ISMC, dynamic ISMC, and homotopy-
assisted dynamic ISMC' simulations were performed with 10 path recalculations per sample for the dynamic
simulations. This level of recalculation results in a very narrow spread of samples around the intended target at
the bit-slot boundary. Bottom: The C.V. compares the three methods. Dynamic ISMC at this distance results
in 50.3% of samples failing due to BVP4C nonconvergence, while the homotopy-assisted method fails in only
3.5% of samples (failed samples were discarded for the purposes of computing the ISMC' estimates). This failure
rate limits the effectiveness of dynamic ISMC, but the much lower failure rate of the homotopy-assisted method
allows the convergence of dynamic ISMC' to be significantly improved.

samples experience a failed recalculation can be cut by an order of magnitude, as shown in
Figure 16. The lowered failure rate makes dynamic ISMC effective in this longer propagation
regime.

It is possible for even more demanding situations to arise, however. Figure 17 shows a
possible trajectory constructed by examining solutions of the exit problem in specific (7', 2, z1)
regions. In this situation, the starting point has a unique exit trajectory, but as the solution
evolves and is pushed away from the optimal path by noise, a second path becomes possible
(the dashed curves in the figure). Eventually, the first path disappears and only the second
path remains. Performing dynamic ISMC simulations for cases of this type presents a new
level of difficulty, of course, as multiple importance sampling requires enumerating the different
paths and keeping track of the likelihood ratios for each of them. A general method capable of
tracking such situations properly would require combining a continuation/bifurcation method
with dynamic MISMC simulations. Such a combined method is beyond the scope of the
present work.

5. Discussion. We have shown that multiple importance sampling techniques based on
soliton perturbation theory can be extended to be a useful tool for the study of rare events
in mode-locked laser systems, which are of particular interest due to recent technological
developments in optical frequency metrology that depend on high-performance laser sources.
This rare event simulation method allows fast and accurate simulation of these rare events
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Figure 17. A situation where the number of exit paths increases midsample. A single exit path, with
one oscillation (solid red), exists at the outset of the sample with z, = 330, but the sample trajectory (green)
propagates into a region of (To,Qo, 21) phase space where a nonoscillatory path is most likely (solid blue). The
point at which the two paths are equally likely (dashed curves) is also depicted in between these two points. This
situation can be anticipated by considering numerically computed solutions of the exit problem.

and their statistics, which are difficult to compute with traditional MC methods. While the
method does depend on the mathematical structure of the equations and being able to use
soliton perturbation theory to derive appropriate approximate biasing schemes, many laser
systems do in fact use soliton or near-soliton pulses.

We have also shown that dynamic importance sampling is a useful addition to multi-
ple importance sampling techniques in situations where system dynamics make the tails of
probability distributions especially difficult to sample. In the laser model, we considered two
parameter regimes where dynamic importance sampling was used to target a saddle point in
order to determine the probability of a position slip. In the overdamped regime, computing
biasing paths was relatively simple and dynamic ISMC was straightforward to implement.
In the underdamped regime, computing biasing paths was considerably more difficult due to
the oscillatory character of the biasing paths. In order to sample the tails, we had to both
target the saddle and escape from an oscillatory well, leading to biasing paths with differing
numbers of oscillations coexisting at various propagation lengths. We implemented dynamic
ISMC both in regions where multiple paths have roughly equal probability and at relatively
long distances by using a homotopy method to recompute optimal paths. This approach is
computationally intensive, but it is a tractable resolution to the inherently difficult problem
of performing dynamic ISMC when multiple paths exist in phase space. We anticipate that
the methods used here to resolve these difficulties can be a guide to others when rare events
arising from multiple paths are possible.

The approach we have used here relies on solving a boundary value problem in order to
find optimal biasing paths for the ISMC simulations. This boundary value problem comes
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from the minimization of an approximate action functional (from (3.8)) using calculus of
variations, guided by the projection of the deterministic and stochastic perturbations into the
NLS soliton modes. It may be possible, of course, that other more general methods, such
as the geometric minimum action method (GMAM), could be used to minimize the action
directly, without appeal to the specific structure of solitons [23, 31, 43]. Such methods have
been shown to be robust over a large class of problems (see [32]); their disadvantage is that
they are inherently much higher dimensional than lower-dimensional approximate methods
employing soliton perturbation theory and are therefore more computationally expensive.
This additional computational expense would be magnified significantly, of course, if one were
to attempt to use such methods in combination with dynamic ISMC or when multiple optimal
paths are present.
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