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We present the analytical and numerical details behind our recently published article [Phys. Rev. Lett. 118,
253901 (2017)], describing the impact of disorder-induced multiple scattering on counterpropagating solitons in
photonic crystal waveguides. Unlike current nonlinear approaches using the coupled mode formalism, we account
for the effects of intraunit cell multiple scattering. To solve the resulting system of coupled semilinear partial
differential equations, we introduce a modified Crank-Nicolson-type norm-preserving implicit finite difference
scheme inspired by the transfer matrix method. We provide estimates of the numerical dispersion characteristics
of our scheme so that optimal step sizes can be chosen to either minimize numerical dispersion or to mimic
the exact dispersion. We then show numerical results of a fundamental soliton propagating in the presence of
multiple scattering to demonstrate that choosing a subunit cell spatial step size is critical in accurately capturing
the effects of multiple scattering, and illustrate the stochastic nature of disorder by simulating soliton propagation
in various instances of disordered photonic crystal waveguides. Our approach is easily extended to include a wide
range of optical nonlinearities and is applicable to various photonic nanostructures where power propagation is

bidirectional, either by choice, or as a result of multiple scattering.
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I. INTRODUCTION

Photonic crystals (PCs) are periodic dielectric structures
offering strong light confinement, thereby enhancing light-
matter interactions. As manufacturing technologies continue to
improve, there has been a great deal of interest in investigating
enhanced nonlinear effects in PCs for a wealth of applications
such as on-chip all-optical switching and optical memory [1].
A photonic crystal waveguide (PCW) is a crucial component in
PC-based integrated circuits and is created by introducing a line
defect in a PC slab, which is capable of slowing down light by
orders of magnitude compared to standard optical waveguides
due to the presence of slow-light modes.

In recent years, there has been considerable experimental
progress in PC devices exploiting second- and third-order non-
linearities. Second harmonic generation (SHG) was exploited
by Liu et al. [2] to experimentally realize a diffraction-free
beam using a two-dimensional (2D) PC. In typical experi-
ments, one uses PCWs to achieve slow light ranging between
¢/10 and ¢/60, which is exploited to enhance the optical
Kerr effect and other higher-order nonlinearities. Self-phase
modulation (SPM) in the presence of two-photon absorption
(2PA) and free-carrier absorption (FCA) was observed by
Monat et al. [3], while a nontrivial scaling of SPM and three-
photon absorption (3PA) was investigated by Husko et al. [4].
Dispersion-engineered PCWs (where the lattice parameters
are adjusted in comparison to the usual W1 PCW, which
simply has a row of holes removed) with a region of constant
group index were used to further enhance third-order nonlinear
effects as observed by Shinkawa et al. [5], while Colman
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et al. [6] utilized dispersion-engineered PCWs to suppress
3PA which was critical in the demonstration of temporal pulse
compression of higher-order solitons. Giant anomalous self-
steepening of optical pulses has been predicted and observed
by Husko et al. [7]. Spectral blueshifts and a temporal pulse
advance due to increased free-carrier dispersion (FCD) and
FCA were demonstrated using an advanced experimental tech-
nique to obtain time-resolved pulse measurements [8]. Other
demonstrated nonlinear optical (NLO) effects include third
harmonic generation and highly efficient four-wave mixing
[9-11].

Most theoretical approaches for modeling the Kerr effect
rely on the nonlinear Schrodinger equation (NLSE), developed
to study soliton propagation in optical fibers [12]. Since Bloch
modes of a PCW have a much smaller effective mode area when
compared to traditional waveguides, new effects such as 3PA,
FCD, or self-steepening have since been added to the NLSE to
make it more accurate, but unfortunately the term that models
linear loss due to manufacturing imperfections in PCWs
remains unchanged. Neglecting all such terms except losses,
all of the aforementioned experiments still use the model
c'(x) = —ax, where c(x) denotes the slowly varying mode
envelope and a(v,) > 0 is a constant that incorporates details
of the linear propagation loss mechanism. Disorder-induced
losses in PCWs can be divided into two main categories,
multiple scattering and radiation losses [13]. Radiation losses
arise as aresult of coupling to the continuum of radiation modes
above the light line while multiple scattering losses arise from
the stochastic coupling between the counterpropagating modes
traveling forwards and backwards which distorts both the am-
plitude and phase of the incident wave. Radiation losses usually
dominate in standard (i.e., not periodic) optical waveguides,
and hence o simply denotes the radiation loss [14]. In PCWs,
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however, it is well established that multiple scattering is the
dominant loss mechanism [13], and this is particularly true for
the following: (i) the slow-light regime [15,16], (ii) long PCWs
containing thousands of unit cells, and (iii) when introducing
large amounts of deliberate disorder. Since including multiple
scattering would require solving two coupled NLSEs for the
counterpropagating modes which inherently is more complex,
all the previous NLSE models attempt to resolve this issue by
approximating multiple scattering with backscattering which
can easily be incorporated as an incoherent average within
a [17]; in this case, where backscattering refers to only
one irreversible multiple scattering event, so once power is
scattered into the counterpropagating mode, it is assumed that
it cannot be recycled back into the propagating mode.

The consequence of the above approximation is that it
leads to the Beer-Lambert law for power attenuation, which is
known to break down in the slow-light regime of PCWs [18].
To address this critical issue of multiple scattering, Patterson
et al. [15,19] and Mazoyer et al. [16] used a coupled mode
theory (CMT) formalism in the frequency domain to account
for the effects of disorder-induced multiple scattering; their
numerical analyses were performed using the transfer matrix
method (TMM), and were limited to the linear regime; these
works associated the fine spectral resonances present in ex-
perimental linear spectra with multiple scattering, and similar
effects can also be clearly seen in the nonlinear spectra of
Refs. [3-5,7], yet are unaccounted for in their NLSE models.
Although some previous works have partly studied coupling
between counterpropagating modes in the context of examin-
ing nonlinear bistability in finite periodic media [20,21], they
made the assumptions of weak scattering and neglecting the
effects of group velocity dispersion (GVD). For PCWs, neither
of these assumptions remains valid.

Recently, we introduced a new coupled mode approach
to describe nonlinear optical interactions in the presence of
disorder-induced multiple scattering [22]. To compliment that
Letter, here we present the full derivation of the equations
presented in Ref. [22] and describe the numerical implemen-
tation in detail. In particular, we address the shortcoming of
current approaches by deriving coupled mode equations in the
presence of anomalous GVD, that include both linear coupling
between the counterpropagating modes due to multiple scat-
tering and nonlinear coupling due to optical nonlinearities. As
an example, we consider the influence of multiple scattering
on third-order Kerr effects, namely, SPM and cross-phase
modulation (XPM), as shown schematically in Fig. 1. Most
importantly, however, since our main equations [Egs. (26)
and (27)] cannot be numerically solved using traditional finite-
difference schemes for NLSEs [23], we extend the TMM to
the time domain by using a modified Crank-Nicolson-type
implicit scheme. Our numerical scheme is unconditionally
stable, obeys the power conservation law, and we provide
estimates of third and fourth-order numerical dispersion, so one
is able to choose the appropriate step sizes for the simulation.

The layout of the rest of our paper is as follows: In Sec. IT A,
we express the common CMT formalism used by the optics
community using a reformulation of Maxwell’s equations
that specializes in dealing with power flow. In Sec. IIB, we
combine multiple scattering and the Kerr effect, respectively, to
derive the coupled equations describing the evolution of mode

Y
i

FIG. 1. Top down view of a W1 PCW with disorder shown
schematically by the displaced red holes. As disorder breaks spatial
symmetry, scattering between the forward (¢*) and backward (¢™)
mode envelopes is shown at a transverse cross section (y-z plane)
represented by the vertical black line. The nonlinear SPM/XPM
interactions are caused by the enhanced intensity represented by the
thickness of the orange arrows.

envelopes of counterpropagating modes, along with providing
analytical expressions for the coupling coefficients in terms of
the ideal Bloch modes. In Sec. III, we compare our approach to
Bhat and Sipe’s [24] to highlight the weaknesses and strengths
of both approaches and discuss how to choose between them
depending upon the problem of interest. In Sec. IV, we outline
the development of our implicit finite-difference scheme used
to solve the coupled system presented previously. Lastly, in
Sec. V, we provide numerical examples that highlight the
numerical dispersion characteristics and the convergence of
the scheme. In particular, our numerical results illustrate the
stochastic nature of disorder-induced multiple scattering and
show that a subunit cell spatial step size must be chosen in
order to accurately capture the effects of multiple scattering.

II. THEORY
A. CMT formalism

Denoting x as the propagation direction of the Bloch mode
(see Fig. 1), Maxwell’s equations can be reformulated as a
Schrodinger-like equation in the frequency domain [25] as

AY () = —i By (w), ey
with A, B,{ given by

1 1
we — =V X =V, X 0
A= @ Ho 2
[ 0 wuo—iv,xéle}’ 2)
10 —Xxx | E
- |:f(X 0 }’ w - [Ht}’ (3)

where A,B are Hermitian operators that contain the curl
and divergence operations, € = €pe where €, is the vacuum
permittivity, ¢ is the relative dielectric permittivity, and ¥ plays
the similar role of a wave function composed of E,,H;, which
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denote the transverse components of the electromagnetic fields.
This Schrodinger-like equation allows us to use the language of
operator theory to express our results more elegantly without
being bogged down by tedious operations of multivariate
calculus. Since PCWs possess discrete translational symmetry
in x, ¥ has the Bloch mode form

Y (w) = e o(x,w), @ +a)= @), )

where ¢ = [£; H,]" and £,H represent the periodic part of
the Bloch mode at wave vector k. Using the Bloch mode form
in Eq. (1) yields a generalized eigenvalue problem (GEP),

Cor =kBgp, C=A+idB. 5)

The operator C was shown to be Hermitian by Song et al. [26],
but since B is not positive definite [27], one derives a general-
ized orthogonality condition as [28,29]

(@ Bow) = 8o X - / EF x M+ & x M) -da,  (6)

where k* denotes the complex conjugate and we abbreviate
E* =&, E = Ey (similarly for the H field). For k* = k', we
must have Re[k] = Re[k’], Im[k] = —Im[k']. For a transverse
electric (TE)-like (z-even) guided mode in a PCW, Im[k] = 0
(below the light line), so one gets (@i, Byr) = 4S., where S,
denotes the x component of the time-averaged Poynting vector.
Therefore, the generalized orthogonality condition Eq. (6)
measures the power flow in the propagation direction. The
key feature in Eq. (6) is da, an infinitesimal area element of
the transverse cross section of the PCW. While this relation
is well known for optical waveguides possessing continuous
translational symmetry [28], the fact that such a relation also
holds in PCWs seems to have been first noticed by Michaelis
et al. [29] and has been in common use throughout PC-related
literature [15,26,30]. It essentially states that despite the spatial
variations of the Bloch mode within the unit cell, the power
flow through any transverse cross section is constant. Lastly,
the guided modes can be grouped into two disjoint half spaces,
U* and U™, where =+ represents the direction of power flow,
so U™ contains all the forward traveling modes and vice versa
forU™.

We now use this reformulation to tackle both spatially
varying linear and nonlinear perturbations in PCWs. Let the
perturbation be denoted by A A(x), so we write the operator A
as

Ax) = AQ + AA(x), @)

where A©) denotes the unperturbed operator. We now restrict
ourselves to purely guided modes (k € R), so we can express

Y as
Vix,w) = Zcz(x,wm)w,,f(wm) + ¢, (x 0¥, (0n), (8)

where ¢E(x,w,,) are the expansion coefficients whose spatial
evolution we desire, and ¥ are the unperturbed guided modes
from both the half spaces U, respectively, corresponding
to eigenvalues k=. We note that due to the time-reversal
symmetry of Maxwell’s equations, two counterpropagating
modes, although traveling in opposite directions, must oscillate
at the same frequency, which we denote by w,, [31]. In the
optics literature, these expansion coefficients are often called

slowly varying mode envelopes. Inserting Eqgs. (7) and (8)
along with the Bloch mode form of the unperturbed modes
vE= eikﬁ)‘(pnf into Eq. (5), we adapt the time-dependent
perturbation technique from quantum mechanics [32] and use
the orthogonality relation Eq. (6) to derive the following set of
coupled ordinary differential equations (ODEs) for the mode

envelopes c,:f (x,wp),

dey i S ot A Kk
dx W (78 @ le Cm
m
+ (o Adg, el tn ke, ©)
e, = T Z(w— AAgt)e!kn—kox o+
dx  ea|I> &=7" " "
{0, AAg, et Th (10)
where |-|| denotes the norm of the wave function given by

||cp,;L||2 = (¢, Bo)| = 4|S,|, and the inner products repre-
sent the coupling coefficients. The minus sign in Eq. (10) arises
due to the opposite direction of power flow of the backwards
mode, and since the magnitude of the power flow is the same in
both directions, one has ||¢;" || = |l¢, ||. By using the relation
between the Poynting vector and the group velocity [31], we
can rewrite the norm as

2v
||¢3E||2=607gUE, (11)

where v, denotes the magnitude of the group velocity at wave
vector ki and Up, is a measure of the electromagnetic energy
stored in the Bloch mode given by [31]

Ur :/ e(r)E* - Edr. (12)
cell

Since radiative modes (i.e., above the light line) are not
included in Egs. (9) and (10), the coupled ODEs satisfy the
power conservation law [33],

d
=D (e P =le; ) =0. (13)

The coupled system of ODEs above, and its different
representations, have seen widespread use in optics research.
In terms of studying linear perturbations, they were used as far
back as the late 1970’s to study propagation losses in optical
waveguides [28]; Johnson et al. used these equations to study
low-loss photonic crystal fibers and efficient taper transitions
in PCs [27,34], and, recently, Song et al. [26] perturbatively
solved these equations to gain analytical insight into disorder-
induced losses in PCWs. For nonlinear perturbations, these
equations (especially Eq. (9)), are the starting point for deriving
the NLSEs used in nonlinear fiber optics [12].

B. Disorder and the Kerr effect

An electromagnetic perturbation can be represented as a
change in the relative dielectric permittivity, so that

e(r) = eO(r) + Ae(r), (14)

where ¢© is the unperturbed relative dielectric permittivity
and Ae¢ represents the perturbation which could be linear or
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nonlinear. In operator form, this is expressed as

wAe O
AA = [ e % } (15)

0 1v,x
Now, using this in Egs. (9) and (10), we evaluate the inner
products by performing an integration by parts and using the
Taylor approximation % = ﬁ - WAS + O(Ag?). To first

order in Ag, the integral expressions are given by

s((’)s

(9F, AApE) = wy€ / EF* . Aeida, (16)

(9F, AAQT) = w, € / EF* . el da, (17)

which are similar to the ones derived by Marcuse for uni-
form (i.e., non-PC) optical waveguides [28]. These simple
expressions can be used to evaluate both linear and nonlin-
ear perturbations. We can generalize the above expressions
to dielectric perturbations that occur in high-index contrast
structures such as PCWs using the formalism provided by
Johnson et al. [35,36],

(0=, AAQE) = w,,/gf* -P[EX]da, (18)

(pF,AAQT) =w,,/5;t*- P[£T]da, (19)

where P[££] now represents a polarization operator acting
on the field ££. Physically, this represents the external po-
larization that arises due to a linear or nonlinear dielectric
perturbation.

We now consider the linear perturbation to be caused by
fabrication disorder (or indeed deliberate structural disorder)
in PCWs which mainly couples the two counterpropagating
modes at w, = wy, as shown in Fig. 1. Thus, in Egs. (9)
and (10), we assume m =n, k™ =k, k~ = —k, and denote
E*(wy) as the forward and backward modes with ¢ (x,w) as
their mode envelopes. We shall use the weak-index contrast
model to represent disorder as [13]

Pus[E5] = eoAeais, (20)

where Aggis represents the linear perturbation due to disorder
and is a dimensionless quantity. While other polarization mod-
els better suited to represent disorder in high-index contrast
structures have been introduced in previous works [36], they
introduce additional computational overhead in the numerical
calculations. Patterson et al. [15] have previously demonstrated
that the weak-index contrast model can be used to compute
transmission spectra that includes the effects of multiple scat-
tering and is in excellent agreement with experiments. From
our previous experience, the choice of a polarization model is

J

Multiple Scattering: Q4 )(x)

N

Radiation Loss: Qg = -5 (Qtrad)

SPM: 0!, () =

more relevant when dealing with disorder-induced resonance
shifts [37]. Therefore, the weak-index contrast model is a
reasonable starting choice to demonstrate our main formalism.

For the nonlinear perturbation, we consider the Kerr effect
at the frequency of the counterpropagating beams wy. In
component form, the nonlinear operator can be approximated
as

POLEX @] ~ eoxf§™ (@)Ef @), QD)

where the Einstein summation convention is implied, and

X,(le " is the effective susceptibility tensor approximating the

Kerr nonlinear response and is derived to be [38]
+ —_ p—
X,'([eff) — X(3)[|c+|2(|g+|2 4 2|gl_+|2) + 2|C |2|8 |2
+ 4e—i2kxc—c+*8i— 5;+*
+ eizkxc+c7*(5,+€l_* + 25l-+5i_*)],
Xt = Ol PAET P +21E7 P + 21 PIET
4 4ei2ka+C_*5i+5;*

+e T T ESE 4+ 267 6], (22)
where [EF2 = Y, |EF|2. In deriving the expressions above,
we have made the following approximations: (i) Since

| )(,,e fhy* [ > | xleff) |, i # j, we consider only diagonal com-
ponents of the effective susceptibility tensor; and (ii) since
most nonlinear experiments with PCWs operate far from
the electronic resonances of the system [3,4,6], a nonlinear
electronic response of the material is assumed so we only need
to consider one tensor component of x> sz because ¥ =

XYy
xSy = xS =3x8 = x and the rest are zero [38].

We next use the linear and nonlinear polarization operations
of Egs. (20) and (21) in Eq. (9), and by choosing to normalize
the mode energy to unity Ug = 1, we derive the ODE for
ct(wo),

dct awy
— + 4 + [+ +2,.+
e —Qraac” + ZQ[Q(+,+)C + 0yl e

+(Qr +2000)20e Pt +0L e e (et
+e Qe + 0l e + (01
+200 )20 e + 0 e et (e, (23)

where Q.,q is an additional term introduced to account for
the radiation loss due to coupling with the continuum of the
radiation modes. The coupling coefficients are grouped as
follows (where the frequency dependence of the fields is kept
implicit):

wO/Agdisg+* -Eda, Q. (x) = wO/Agdisg+* - & da,

= wO/X(3)[|€+|4+2|Ef|4]da
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XPM: Q(}',,(x) = wo / xPIETPIE Pda, QF D)) = wo / xPNEPIE Pda,

XPE: Q{1 (x) = wo / xDEHET 281676 da,

Q) = @ / xVE™P + 2167 PETE da,

o (x) = wy / X DIETPETE da, 0L () = wo / X EIE Pda,

0=H(x) = wp / K OEER £ 267 E7)EFEda, 24)

(+.-)

where [E71* = Y 1T, IETPIETP = X, 16T RIET A
(otraa(wo)) = 0, N is the number of unit cells, and we assume
that x® is a piecewise constant defined as nonzero in the slab
only and vanishing in the air holes. Technically speaking, to
include coupling to radiation modes in our ansatz Eq. (8), we
must include an integral term that “sums” over the continuum
of the radiation modes. Since it is reasonable to assume that
while power can be scattered from a guided mode into a
radiation mode, the reverse process is negligible (especially
in the slow-light regime [15,16]), so it suffices to include the
incoherent radiation loss per unit cell {o,q) [19].

For a more rigorous derivation of this term including the
expression for (a,q) using a Green function formalism, see
Ref. [19]. We remark that the radiation loss term is included
here for completeness as its effect is trivial and not that
important in terms of studying the multiple scattering regime
(so we treat it here with an average Beer-Lambert law). We
can obtain the corresponding equation for ¢~ by flipping all
the signs in the coupling coefficients Eqs. (24) and multiplying
the right-hand side (RHS) of Eq. (23) by a negative sign.

We elaborate below on the notation for the coupling coeffi-
cients Q8 that represent the different scattering mechanisms.
The subscripts denote the two modes involved in the linear per-
turbation so, for example, Q4 4+ denotes the linear coupling
between the forward mode and itself which only causes a phase
shift, while Q4 —y denotes the coupling between the forward
and backward modes responsible for multiple scattering; and
the superscript is used when nonlinear coupling is involved
and indicates the fields involved. The coupling coefficients of
Eq. (23) have been divided into four categories: (i) disorder-
induced multiple scattering terms, (ii) radiation loss term, (iii)
SPM and XPM terms which carry their traditional meaning
as they are responsible for only the phase modulation of the
envelopes (no power exchange), and (iv) cross-power exchange
(XPE) terms responsible for nonlinear power exchange.

Since the Kerr effect is a parametric process, nonlinear
power transfer can occur via phase matching or quasi-phase
matching. Phase matching is not possible due to the large phase
mismatch Ak = 2k. Quasiphase matching is possible near the
mode edge (k =~ m/a) due to the periodicity of the PCW,
however, in the presence of disorder-related terms, the complex
sequence of phase additions necessary for sufficient power
transfer is disturbed. Hence nonlinear power transfer caused
by the XPE terms is negligible relative to the effects of SPM
and XPM.

(

We now neglect all XPE terms and follow the standard
procedure to convert our coupled ODEs from the frequency
domain to the time domain. We assume the narrow bandwidth
approximation Aw/wy < 1, which s valid for our work below.
In taking the relevant coupling coefficients from Eq. (24) to the
time domain, we only keep the zeroth-order term [(w — o)1,
leaving the coupling coefficients unchanged.

The spatial derivative is converted to the time domain using
the following rule [39],

d
dx

"k
— O+ — Zﬂnoa»” Pr=gi| - 29

! n>1 w=wy

The first two dispersion terms S, 8, represent the group index
and GVD, respectively. Lastly, the transformation c*(x,w) —
c*(x,t) shifts the zero frequency line to the center frequency
wyp. Hence, to second-order dispersion, the coupled equations
in the time domain read

B2 .awo
dcT + Broct + 173fc+ = —Qrac’ +i F[Q(+,+>C+
8

+y5 et Pt + 2y e Pet
+eM0G eT] (26)

B2

— — . 2 — — .awo —
dyc~ — B10;c —zgatc = QradC —lm[Q(_,_)C

+ ys‘|c*|2c* + 2y et

l2kx Q( +)C ] (27)
where v = 0L, v = Ql(ll,ﬂ +20(00 s =0,
Y = Q‘:L) + ZQL’B. These equations are the main the-
oretical results, and model the effects of multiple scattering
on SPM and XPM in the presence of GVD in PCWs. We
note that while the coupling coefficients in Eqgs. (26) and (27)
can be written in simpler form using the identity & = &£
(which holds for counterpropagating modes), we have chosen
to leave our expressions in this form because they would also
hold for copropagating modes, given the change in notation
+ — (1),— — (2), where £1/® would now denote the two
copropagating modes. Also note that since the equations are
first order in x, we treat x as a “time” variable when numer-
ically solving the system above and state the standard initial
conditions unique to counterpropagating modes: ¢*(0,t) # 0,
¢ (L,t) = 0. Treating ¢ as the “space” variable, we choose
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periodic boundary conditions ¢ (x,t + T) = c*(x,t), as they
minimize nonphysical numerical reflections.

We remark that our choice of normalizing the field energy
to unity Ug = 1 means we are working in a non-SI unit
system more suited to perturbation theory techniques. Since
the value of nonlinear susceptibility is usually quoted in SI
units, which we denote as XS)’ it can be trivially converted to
the appropriate constant in our unit system. Assuming a bulk
nonlinear material, the refractive index n due to the Kerr effect
has the form

n =n" +ng I, (28)
where n,n" are the modified and linear refractive indices,

respectively (both dimensionless) and nIS\IIL,ISI are the values
of the nonlinear refractive index and intensity in SI units. The
intensity in a bulk material is given by Is; = 2eqcn’|Eg;|? [38],
where Eg; denotes the electric field in SI units. Denoting
the nonlinear refractive index in our unit system as nN", the
relationship between nN" and n}- is given by n§l-Is; = n™N*1
from which we deduce that nN" = n{l[Egi|*/|E|? = n}-Ug.
Now using Eq. (11), we arrive at

NL LaP

nNL — nSI n , (29)
2€pc
where P = ||p||* is the incident peak power on the bulk

material assuming max[|c*(0,¢)|*] = 1. Now, using the rela-
tions [38]

3) 3)
NL _ 3Xst NL _ 3
ST 4(nl)2egc” 4(nt)2epc’
where the values of €j,c remain unchanged between the two
unit systems since we are only renormalizing the electric fields,
we obtain the conversion formula

(30)

L
3) _ n aP 3)

. 31
26()6‘ XSI ( )

III. COMPARISON TO CURRENT LITERATURE

Turning off nonlinearities, Eqs. (26) and (27) reduce to
the frequency-dependent equations derived by Patterson and
Hughes [15] (albeit now in the time domain) to describe
multiple scattering in PCWs. Following the earlier work of
Bhat and Sipe [24], the Kerr effect in PCs scales as né, whereas
in our equations, every term (linear or nonlinear including the
radiation loss term) scales with the same factor of n,. This
is because we do not renormalize our mode envelopes using
C* = ||¢*|c* which causes |C*|? to have units of power
and introduces an additional factor of n, in the SPM/XPM
terms. Recently, Colman has performed a detailed comparison
between using renormalized mode envelope C vs ¢ when
numerically solving NLSEs, and has shown that using the
envelope c is more suitable for nanostructured systems such as
PCWs [39].

We briefly comment on the elegant perturbative approach
introduced by Bhat and Sipe [24] to study nonlinear pulse prop-
agation in PCs, which also reformulates Maxwell’s equations
as a Schrodinger-type equation, but now in the time domain as

INOW(r,t) = MY(r,t), (32)

where M, N are Hermitian operators and the pseudofield W is
also related to the electromagnetic fields. Assuming solutions
of the form W = ®(r)e ", the dynamical equation above is
converted to a generalized eigenvalue problem as

M, (r) = oN D, (1), (33)

where the eigenfunctions are all orthogonal because A is now
positive definite. The orthogonality relation is given by

(D NO,) = 60/ emE;, - E,dr, (34)

cell

which involves an integration over the unit cell. One then
considers a time-dependent perturbation of the form

M= MY+ AM®), (35)

and follows a very similar procedure to the one shown in
Sec. ITA to derive coupled equations similar to Eq. (9), but
now the equations are first order in time instead of space.
Bhat and Sipe then use k - p expansion which is equivalent
to the narrow bandwidth approximation to introduce spatial
derivatives in their equations. Lastly, due to the above orthog-
onality relation, their coupling coefficients naturally involve
an integration over the unit cell, thereby assuming unit cell
averaged quantities.

In the end, both approaches are perturbative and the choice
between the two depends on the specific functional form of
the perturbation one wants to consider. In general, an arbitrary
perturbation of an operator will vary as a function of both
space and time AM(r,?); if one desires to treat the temporal
response of AM(r,t) as accurately as possible, then Bhat and
Sipe’s approach is more accurate as it is naturally first order
in time. On the other hand, if one desires to include the spatial
response of AM(r,t), in Bhat and Sipe’s approach, one is
forced to do this perturbatively when the k - p expansion is
invoked. The exact opposite holds for our approach. Therefore,
our approach is naturally more suited to accurately capture
the effect of multiple scattering arising from manufacturing
imperfections in PCWs which are mainly spatial in nature.

IV. NUMERICAL SCHEME
The coupled mode equations (26) and (27) are a special case
of the following coupled partial different equations (PDEs),
Uy = [Au(ta-x)ut]l + Bu(ta-x)ut + Cu(ta-x5u7v)u
+ Du(tv-xvusv)vv
Uy = [Av(t»x)vt]t + Bv(tax)vt + Cv(t»x»uav)v
+ Dv(tv-xvuvv)uv
u(t,0) #0, v(,L)=0,

u(t + T,x) = u(t,x), v+ T,x)=wv(t,x) Vx, 36)
where Ay /v, Bujv,Cujv, Dujo : R x RT — C are complex val-
ued functions in general.

Moreover, in line with Egs. (26) and (27), we assume the

nonlinear dependence of coefficients C,,D,,,C,, D, on u,v to
be semilinear.

085432-6



NONLINEAR COUPLED MODE APPROACH FOR MODELING ...

PHYSICAL REVIEW B 97, 085432 (2018)

Denoting a vector valued function w = [u v]7, Eq. (36) can

be written in matrix form,
w, = [A,x)W, ], + B, x)w; + C(t,x,w)w, (37)

where A,B are 2 x 2 diagonal matrices and the 2 x 2 matrix
C contains all the semilinear terms.

We discretize the (t,x) grid as ;= jAt, j=
0,1,2,. —1,N,,N; +1 and X, = nAx, n=
0,1,2,. —1,N.,,N,+1. We denote the discrete
approx1mat10n of w as w(tj,x,) =w; = [u? v?]T. Treating

29

x as “time,” traditionally the initial condition w? Vj is
assumed to be known, but for the specific initial conditions
for counterpropagating modes, w(} is only partially known
since we do not know ¢~ (¢t,x = 0). Treating ¢ as “space,” the
periodic boundary condition is expressed as wy = wy, | Vn.
We now use the finite-difference scheme introduced by Chan
and Shen [40], generalized to our semilinear PDE system as

n+l _ on
W; Wi _ 1 Al (wn_Jrot _ wnﬂx)
Ax AN
n—+ua n+o n—+aua
_Aji%(wj — le)i|
Wil —wity
+B;g+ot< J+ T +Cn+rx n+a (38)

For a € [%,1], the scheme is implicit, and Chan and Shen
proved that the scheme is unconditionally stable and satisfies
the power conservation law Eq. (13) in the absence of the
radiation loss term.

When o = %, this scheme is of Crank-Nicolson type, and
for implementation convenience, we choose o = % We then
rearrange the scheme above in the form of an update equation
as

m=1 m=1

n+1 n+l _ n n
z : Qj+m jtm 2 : jAm W jtms (39
m=—1 m=1

where the coefficients Q’; are 2 x 2 matrices and are given by

1
n+1 __ n+1 n n+1 n
QL = AtZ(A VAL + 5 (BT BY),
Qn'+1 — ﬂ + L(A'H'l +An +Ail+1 +An )
J Ax A2V ity DUt D ey s
n+1 n
- (Cj7 +C)),
1
n+l __ n+1 n+1 n
Qj+l - Atz(A]Jrl +Aj+2)_E(B] + B )
7'71 = _Q’]H,—},
41 1
n__ "~ = (An+l n n+l1 n
Q)= ay ~ ag AT HAT AT AT
n+1 n
+(CjT +C),
=~ (40)

where I is the identity matrix.

The update Eq. (39) can also be written in the following
matrix form,

M, W =N, W, (41)
where M, 1,Hn are mostly tridiagonal block matrices with

each entry given by a2 x 2 matrix. Only the first and last rows
of these matrices are not tridiagonal since they express the
periodic boundary condition. The block vector w” is given by

T
no.__ noon n n
W= [wo.wi, o wh W ]
If we know w’, we can iteratively solve for w"+*! as
Netl _ g 1 SN w0
whr =My Ny My Ny M Ngw
P P
=Pw = [;“ LA 42)
Py Py

where we denote P as the transfer matrix and P;; denote its
block submatrices. For counterpropagating modes, we have
to tackle the problem of knowing both w®, w"+*! partially as
we specify the incoming waves at the opposite ends of the
PCW. Hence, we have unknowns on both sides of Eq. (42), so
some rearrangement is required. We illustrate this by a simple
example, letting our time and space grids consist of three and
two points, respectively, so j = 0,1,2 and n = 0, 1.

We can now write down Eq. (42) in terms of all its
elements and realize that because of the initial conditions,

we know the quantities corresponding to the incoming waves

T .
[ud,vh,u® v],ud,v}]" and we must solve for the outgoing
waves [u(l),vg,u},vl,uz,vz] By rearranging Eq. (42) using this

simple example, one gets

I =P 0 —-Py 0 —Pg ug
0 —P22 0 —P24 0 —P26 vO
0 —Pyp 1 —Py 0 —Pyl||u
0 —Pp 0 —Pu 0 —Psgl|?
0 —P;, 0 —Psy4 1 —Ps ul
0 —Po 0 —Pyy 0 —Pes 0
LV
-0
P21 -1 P23 0 P25 0 Vo
P 0 Pa 0 P O fudf
S| Pn O Pz -1 P O [[o] |
Ps 0 Ps; 0 Pss 0 ug

Additionally, for periodic boundary conditions, we have
ud =ud, vg =19 and u} = ul, v} = vi. Now, assuming the
matrix on the left-hand side is invertible [41], one can deter-
mine the outgoing counterpropagating waves at the opposite
ends of the PCW. There is a pattern in the matrices of Eq. (43)
which can be easily generalized to finer grids. Generally, we

can rewrite Eq. (43) as

yNetH 40
|: 0 }ZS[UMH]’ 44)

where in analogy with the TMM, we denote S as the scattering
matrix.

We briefly remark on the unavoidable choice of using an
implicit versus an explicit finite-difference scheme. It is well
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known that explicit schemes are generally faster because only
straightforward matrix multiplication is involved, which can be
easily multithreaded. In our implicit scheme, we must perform
both matrix inversions and multiplications at each propagation
step, including the final step, which is more computationally
expensive. But we argue that the choice of an implicit scheme is
unavoidable. To see this, we draw analogs with the well-known
TMM and note that the scattering matrix can be rewritten in
terms of the transfer matrix as [42]

_ [211 ~ PPy Py 212252‘}
S= O I (45)
Py Py, Py,

where P, denotes the inverse of the subblock matrix. There-
fore, the existence of S ultimately hinges on the nonsingularity
of P. For various explicit schemes given in Refs. [23,40], the
resulting transfer matrix is always singular because one finds
that P,, o Ax, which makes P,, singular as Ax — 0. We
claim that this is a general property of any explicit scheme as
their representative transfer matrices are singular and are meant
only for matrix multiplication. This stands in direct contrast to
any implicit scheme because nonsingularity is typically built
into the scheme.

A. Method of iterations

We now use the method of iterations to address the semilin-
ear nature of the coupled PDEs in Eq. (36) [23]. The idea is to
start off with computing the linear solution assuming w = 0
in the nonlinear coefficient C(x,z,w = 0) and use that solution
to iteratively compute a new solution w until convergence is
obtained. To express this formally, denote w'*’ as the solution at
the sth iteration obtained by using C(z,x,w®~D), where w? is
defined as the solution one obtains using C(¢,x,0). To quantify
the change in the solution from an iteration s to s + 1, we use
the finite-difference norm defined as

2>
] . (46)

(s+D (s)
N «/—AtAx[Z (W)~ (wi)"
Jj.n
Ass — oo, weexpect || A — Oasthe solution converges. The
rate of convergence depends on the initial conditions and the

magnitude of the coupling coefficients, which in turn depends
on the strength of disorder and nonlinearities.

B. Numerical dispersion

Two of the main consequences when numerically solv-
ing Schrodinger-type equations are numerical diffusion and
dispersion. Numerical diffusion and dispersion refer to the
artificial broadening and higher-order dispersive effects on
the underlying wave form due to constructing a discrete
approximation of Eq. (36). To quantify these quantities for our
scheme, we neglect disorder and nonlinearities in Eqs. (26)
and (27), leaving us with a prototype PDE of the form

uy + Bru, + i%u,t =0. 47)

Discretizing this PDE using the Crank-Nicolson scheme de-
fined above in Eq. (38), Dehghan [43] constructed an equiv-
alent PDE to show that this scheme exhibits zero numerical

diffusion and that the third- and fourth-order numerical dis-
persion terms are given by

1
3 —Sgn(ﬂ1)<|ﬁ1 |A* + 1B |3Ax2>,

1 = —sgn(B)6[ |8l (A7 +3B7Ax7)]. (48)

where sgn() denotes the sign function. These expressions
are extremely useful if the dispersion relation k(wg) has the
property sgn(f;) = sgn(B3) and sgn(B,) = sgn(By), for in this
case the step sizes can be cleverly chosen to simulate realistic
higher-order dispersive effects. Unfortunately, this is not the
case for a W1 PCW design, but other DE PCWs or photonic
structures could have this property. In the case of the W1,
one has no choice but to choose small step sizes so as to
minimize the effect of numerical dispersion. Additionally, one
can transform Egs. (26) and (27) into normalized units given

by
~[Nai|
t=t|—|,
Vg

1 - | Na
B1 =B |:—], B = ,32|:—2i|, (49)
v v

8 4

x = X[Nal],

where X, 7, ,31 = +1, and ,32 are dimensionless quantities.
The numerical dispersion using these normalized variables is
lower because of the quadratic dependence of B;“m,,@“’m on
the normalized step sizes since A% < Ax, Af < At.So, when
numerically solving Egs. (26) and (27), this transformation is
applied.

V. NUMERICAL RESULTS

We now show numerical results to demonstrate our
scheme’s dispersion characteristics, the need for using a
subunit cell spatial step size AX¥ when modeling disorder, and
different instances of disorder to illustrate the stochastic nature
of the coupling coefficients Q4+ +), O+ —). We use a GaAs-
like (¢ = 10.0489) W1 PCW with the following structural
parameters: a = 480 nm, » = 0.2a, h = 0.333a, where a,r,h
represent the pitch, hole radius, and slab thickness, respec-
tively, and we fix the number of unit cells at N = 101. For
initial conditions, we specify a forward propagating unchirped
hyperbolic-secant pulse at one end of the PCW with zero
backward pulse at the other end given by

¢t(0,1) = sech(t/Ty), ¢ (Lwi,t) =0, (50)

where Tj is a measure of the pulse width. As shown in Fig. 2,
we choose an operating frequency very close to the mode
edge with large first (group-index) and second-order (GVD)
dispersion parameters, 8; = 42.219, 8, = —56.770 ps?/mm.
The pulse width is fixed at 7o = 0.827 ps corresponding to a
narrow bandwidth approximation of Aw/wy = 0.001.

Given the initial pulse width and step sizes, the length
scales for numerical third- and fourth-order dispersion are
givenas L™ = T3 /™, Lg™ = 5t/ B™, respectively. We
first demonstrate the presence of numerical dispersion by
neglecting disorder and SPM/XPM and choosing a coarse
grid, A7 = 0.01 (0.068 ps), Ax = 0.1 (10.1[a]). By 10.1[al],
we mean the step size corresponds to 10.1 unit cells. This
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FIG. 2. Band-structure (left) and dispersion parameters (right) of
the W1 PCW near the mode edge with the markers indicating the
values considered in this work.

coarse grid yields the normalized length scales ig;‘m = 0.348,
Zg‘:m = 0.020 which are much smaller than the PCW length

(Lwi = 1). Numerical dispersion will temporally reshape the
pulse beyond the broadening expected from GVD, which is
shown in Fig. 3, where we also show that the frequency/power
spectrum is unaffected, demonstrating that our scheme is
indeed norm preserving and satisfies the discrete version of the
power conservation law Eq. (13) [33]. Thus, to avoid numerical
dispersion, one should choose A7,AX such that Zg‘;m > 1,
L™ > 1.

Next we illustrate the method of iterations by enabling
SPM while still neglecting disorder-induced scattering. The
nonlinear susceptibility is chosen to approximate a GaAs-
like slab, x$ =3 x 107! m?/V? [6]. The soliton number
S is defined as S* = Lg,/L,,, where L,, was defined in
Ref. [22]. We fix the incident peak power P to study the
propagation of a fundamental soliton § ~ 1 using a finer
grid, A7 = 0.005 (0.034 ps), A% = 0.005 (0.505[a]) yielding
length scales I:‘;;jm = 47.265, I:‘;,:‘m = 6.062. As shown in
Fig. 4, the soliton largely retains its temporal and spectral
shape at the end of the waveguide and the logarithmic decrease

10 T T T T T T T T

0s | 0.0[Na] || 1.0[Na] |
~ I 11 ]
o5l 1F ]

0.2 | 4 //\ -

00 1 L 1 L 1 L 1 1 1

6.0 -3.0 0.0 3.0 6.0 -40 0.0 4.0 8.0 12.0 16.0
t [ps] t [ps]

10 T T T T T T T T

08l 0.0[Na] ][ 1.0[Na] ]
- [ 11 ]
¥ 05} 4+ -

02| 4+ -

-0.6 -0.3 0.0 0.3 0.6
v [THz]

-0.6 -0.3 0.0 0.3 0.6
v [THZ]

FIG. 3. An unchirped hyperbolic-secant pulse propagating in the
presence of large values of the group index 8, = 42.219 and GVD
B2 = —56.770 ps*/mm, respectively. Due to the choice of a coarse
grid size, numerical third- and fourth-order dispersion distorts the
temporal wave form while the frequency (power) spectra remains
unchanged, in agreement with power conservation.

1.0 T T T T T T T T
08l 0.0[Na] || 1.0[Na]
T o05f 1E _
o
02} 11 -
6.0 -3.0 0.0 3.0 6.0 4.0 0.0 4.0 8.0 12.0 16.0
t [ps] t [ps]
09}
S 06} -
+
Y I
03} .
0.0 L—
0.6 -0.3 0.0 0.3 06 -0.6-0.3 0.0 0.3 0.6
v [THz] v [THz]
a

Iteration Number (s)

FIG. 4. A fundamental soliton (S & 1, unchirped hyperbolic-
secant pulse) near the mode edge propagating in a PCW using a fine
grid which minimizes numerical dispersion. The logarithmic decrease
of the difference norm demonstrates convergence of the solution using
the method of iterations. The line going through the markers is a guide
to the eye.

in the difference norm ||A|| shows that the nonlinear solution
has converged. A very slight reshaping of the pulse is due to
operating near the mode edge where dispersion is quite large.

We next combine the effects of first- and second-order dis-
persion, disorder-induced multiple scattering, and SPM/XPM.
To model disorder, we fix the correlation length at 0.083a [44],
and to observe multiple scattering effects with 101 unit cells,
we choose the rms roughness o = 0.017a. Since disorder
is a stochastic process that varies rapidly within the unit
cell [22,44], the spatial step size Ax must be chosen to be
small enough to accurately capture multiple scattering effects.

Otherwise, this scheme tends to overestimate the amount
of disorder, as shown in Fig. 5, where we choose two values
for A% while keeping A7 = 0.005 (0.034 ps) fixed. For A% =
0.005 (0.505[a]), which corresponds to roughly two points
per unit cell on the spatial grid, the “numerical” disorder is
large as there is very little transmission along with a large
backreflection. Because the transmission is negligible, the
difference norm oscillates (around ||A|| &~ 0.2) as the number
of iterations increases. By decreasing the step size to AX =
0.0008 (0.0808[a]), which corresponds to roughly 12 points
per unit cell, we see that the difference norm converges and
the transmission is enhanced. For Ax < 0.0008 (0.0808[a]),
we have verified that the change in the transmission profile is
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FIG. 5. A fundamental soliton (S ~ 1, unchirped hyperbolic-secant pulse) propagating in the presence of disorder-induced multiple
scattering for two different spatial step sizes and a fixed rms roughness of ¢ = 0.017a. Left: A large step size [AX = 0.005 (0.505[a])] introduces
“numerical” disorder, thereby decreasing transmission and causing oscillations in the difference norm. Right: Since multiple scattering is a subunit
cell phenomena, the step size must be chosen small enough [AX = 0.0008 (0.0808[a])] to accurately capture the effect of multiple scattering.

=
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FIG. 6. The transmittance (Jc*t(L)|?) and reflectance (|c~(0)|?) of
a fundamental soliton propagating in five different disordered W1 in-
stances where the rms roughness is fixed at 0 = 0.017a. The temporal
and spectral pulse profiles of each instance are tiled, illustrating the
stochastic behavior of disorder-induced multiple scattering.

negligible. Therefore, in agreement with previous works in
the linear regime [15,19], we have shown that a subunit cell
spatial step size is crucial in accurately capturing the effects
of multiple scattering on optical nonlinear effects. The precise
value for AX depends on the disorder parameters, namely, the
rms roughness, but as a rule of thumb, we have found that
choosing AX such that there are at least 10-20 points per unit
cell is a good starting point. Lastly, fixing the spatial step size
and the disorder parameters, we compute the transmittance
(Ict(L)|?) and reflectance (|c~(0)|?) for five different disor-
dered W1 instances, as shown in Fig. 6. The qualitatively
different pulse profiles of each instance demonstrates the
stochastic nature of disorder-induced multiple scattering and
its associated coupling coefficients.

VI. CONCLUSIONS

We have provided the analytical and numerical details of our
recently developed CMT formalism used to combine disorder-
induced multiple scattering with the nonlinear Kerr effect [22].
Our estimates of the numerical dispersion allow one to choose
reasonable step sizes. Our numerical results also reinforce
the notion that multiple scattering is inherently a subunit cell
phenomenon which can only be accurately captured using a
transverse orthogonality relation Eq. (6) and a subunit cell
spatial step size. Future works could easily extend this general
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formalism to include other nonlinear effects such as 2PA, 3PA,
FCD, and self-steepening, to study the distortion of pulses in
more detail.
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