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ABSTRACT

Pulsed dynamics are rigorously studied in coupled silicon photonic crystal cavity-waveguide nanostructures by
developing a computational model based on coupled-mode theory, which describes cavity-waveguide coupling
effects, key nonlinear interactions, such as the Kerr effect, two-photon-absorption, free-carrier (FC) dispersion
and FC absorption, as well as waveguide dispersion effects. Propagation of optical pulses in a photonic system
consisting of two photonic crystal cavities coupled to a photonic crystal waveguide operating in the slow-light
regime is analyzed. Moreover, the influence of different parameters on pulse dynamics is investigated, including
the separation between cavities, the distance between the cavities and the waveguide, and the input pulse width.

Keywords: Silicon, photonic crystals cavities, photonic crystals waveguides, Kerr effect, slow-light, coupled-
mode theory, optical filters

1. INTRODUCTION

The recent growth in networks-on-chip (NoC) applications has been somewhat limited by several important
disadvantages the electrical interconnects have shown, such as poor bandwidth, large power dissipation at high
frequencies due to track losses, need for impedance matching, and crosstalk between electrical paths.? Op-
tical interconnects are found to be a potential solution to all of these challenges, and have an additional key
advantage, namely they have a smaller footprint. However, most of the on-chip optical devices that that have
been demonstrated employed III-V semiconductors, especially the active devices, making the co-integration with
electronics a complicated and expensive task.

Silicon photonics is becoming one of the key enablers to bring electronic and optical domains together onto
the same chip, and CMOS-compatible designs have become a reality for several applications.>* In fact, silicon
photonic waveguides (Si-PhWGs) are a good alternative to the III-V semiconductor devices, primarily due to
the high refractive index of silicon, which allows the design of high-index contrast waveguides in which the
nonlinearities are enhanced by a strong confinement of the electromagnetic field.” Nevertheless, Si-PhWGs lack
engineering flexibility when a broad tuning of their optical properties is required by a specific application.

Photonic crystals (PhCs) can mitigate this limitation because they are defined by a larger set of parameters.
They consist of a periodic pattern in a slab of material, the corresponding period being commensurate with the
operating optical wavelength. Depending on how the periodic dielectric medium is defined, the device could
be used for multiple purposes, from the design of ultra-small, narrow-band filters®” to omnidirectional mirrors,
waveguide bends, and highly dispersive, active diffractive elements.® 2 In particular, this is possible thanks to
the wide tuning of the group-velocity (GV) v, of the propagating modes that PhCs allow. Especially remarkable
is the slow-light regime, where light-matter interaction is enhanced and both the linear and non-linear optical
effects become substantially important.'317 Interesting applications have emerged around the control of optical
properties via slow-light tuning, such as optical buffering or time domain processing of optical signals.'® 20

In this paper, we introduce a comprehensive and rigorous theoretical model describing pulse propagation
in coupled silicon PhCI cavity-waveguide nanostructures, along with its computational implementation. The
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mathematical model, which is described in section 2, is based on the coupled-mode theory and takes into account
the cavity-waveguide coupling effects, key linear and nonlinear interactions, such as waveguide dispersion effects,
free-carrier (FC) dispersion, and FC absorption (FCA), as well as the Kerr effect and two-photon absorption
(TPA). In the same section, we also discuss how the coupled nonlinear Schréodinger equations (NLSE) describing
the pulse dynamics are computationally solved using the Newton-Raphson technique for nonlinear systems of
partial differential equations. Then, in section 3, we show the results of employing the theoretical model to
analyze the propagation of pulses in a photonic system consisting of two interacting PhC cavities coupled to
a PhC waveguide operating in the slow-light regime. In particular, we solve the pulse dynamics of forward-
and backward-propagating pulses, both in time and frequency domains; the time dependence of the energy at
each cavity; and the FC dynamics in the cavities and waveguide. Moreover, the influence of different system
parameters, such as the separation distance between cavities, the distance between cavities and waveguide, and
the width of the input pulse, is investigated, too. In particular, we illustrate how our computational tool can
be employed to find the optimum separation between cavities that minimizes the amplitude of the backward-
propagating pulse at the input. Finally, in section 4, we summarize the main conclusions.

2. THEORETICAL MODEL

Modelling the interaction between optical cavities and waveguides is a complex task given that the effect of placing
a number of cavities alongside a waveguide not only affects the forward-propagating modes by coupling energy
back and forth, but also generates backward-propagating pulses. In this section, we derive the mathematical
equations required to solve the pulsed dynamics of a system with two PhC cavities placed alongside a PhC
waveguide. It must be made clear that the mathematical model presented in this section can be easily applied
to any number of cavities.

2.1 Photonic crystal waveguide and cavity modes

The Si-PhC structure considered in this work is a honeycomb-type periodic lattice of air holes with lattice
constant, a, built within a homogeneous silicon slab of height, h. The waveguide is created by removing a row of
the lattice, which produces a line defect. Cavities, though, are created by removing specific holes, which produces
local defects in the periodic lattice. A simple representation of the structure is shown in Fig. 1a), where a couple
of cavities are placed alongside the waveguide. The blue arrows represent the coupling between the waveguide
and cavity modes, whereas the red arrow represents the coupling between cavities. The effective cavity length
parameter, I, is also illustrated.

The corresponding photonic band structure and the waveguide modes it supports have been obtained with an
electromagnetic solver, MPB,2! which implements the plane-wave expansion (PWE) method. The calculations
carried out using this tool are based on the Block theorem, namely the optical modes of the waveguide are periodic
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Figure 1. (a) Simplified model of the PhC structure. The blue and red arrows represent the cavity-cavity and cavity-
waveguide coupling, respectively. (b) Band diagram for the isolated waveguide with a slab height of A = 0.6a and radius
of the holes r = 0.29a. The brown area corresponds to the light cone. The insets represent the field profiles of the two
waveguide modes. (c¢) Band diagram for the isolated cavity based on same parameters as in (b). The grey lines mark the
boundaries of the light cone. The insets represent the field profiles for the two optical cavity modes.
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along the z-axis.® Consequently, the propagation constant k, is restricted to the domain k, € [~7/a,7/a]. The
structure analyzed is a supercell with dimensions 6a x 19v/3 /2a x a along the z-, y-, and z-axis, respectively, the
computational grid being a/60, av/3/120, and a/60, for z, y, and z, respectively.

As presented in Fig. 1b), the waveguide has two fundamental TE-like optical guiding modes located in the
band-gap of the unperturbed PhC, one y-even and the other y-odd. The index of refraction considered for the
silicon slab is ng; = n = 3.48, its height h = 0.6a, and the radius of the holes r = 0.29a. The insets represent
the amplitude of the normalized magnetic field H, for the y-even and y-odd guided modes at k, = 0.43455,
calculated in the plane « = 0, for which it corresponds a group index n, = ¢/vy = 82.37.

Regarding the cavities studied in this paper, they are created by removing five of the holes from the original
hexagonal lattice. In Fig. 1c), we show the band diagram of the cavity modes. The field profiles are obtained
by employing BandSOLVE,?? whereas the resonant frequencies and Q factors are obtained by using the finite-
difference time-domain (FDTD) simulation software MEEP.?? From the insets, it can be observed that the cavity
modes are not perfectly localized, but they spread to some extent outside the cavity. Indeed, the resulting modes
are resonances which couple radiation modes located in the light cone (grey lines). In order to improve the
Q-factor, the design of this cavity includes a slight displacement of the holes at the edges.?* In fact, the low
frequency resonance shown in Fig. 1c) has the highest @-factor for ¢ = 333 nm when the holes at edges have
been displaced by 0.15a.

Unless otherwise specified, all simulation results discussed in this paper are based on a PhC slab with
a = 333 nm, the cavity mode at normalized frequency a/\ = 0.2605, with Q. = 111693, and the slow-light mode
at the same frequency, whose normalized wave vector is k, = 0.43455 and group velocity is vy = 0.01214c.

2.2 Mathematical model

The approach we used in our analysis contains the following steps. First, we consider an isolated waveguide to
which the cavities are added as perturbations of the dielectric constant, whereas in the second step we consider the
opposite case, this is, we consider an isolated cavity to which any other additional cavities and the waveguide are
added as perturbations. In both cases, the mathematical derivation begins with the Maxwell equations describing
each scenario, i.e. unperturbed and perturbed, which are then related by the Lorentz reciprocity theorem (for
more details regarding the derivation of the mathematical model, see these references®® 27). Subsequently, the
linear and nonlinear components of the polarization term are incorporated as perturbations. Combining the
results obtained at each step provides the mathematical model. In the last step, the corresponding equations are
normalized to reduce the computational effort, leading to the following set of equations for the optical fields of
the forward- and backward-propagating pulses as well as the optical fields of the two cavity modes, respectively:
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where ( = z/a and 7 = t/T} are the normalized distance and time, respectively, with Ty being the width of the
input pulse, Uy, U_, and U,, /., represent the normalized complex amplitudes of the forward-propagating and
backward-propagating waveguide modes and the two cavity modes, 2 = wTy, Py the input pulse peak power,
Ey the characteristic cavity energy, 82 + the GVD parameter of the waveguide modes, vq4 + the group-velocities
of the waveguide modes, and 2., and Q., the resonance frequency and Q-factor of the cavity p, respectively. In
addition, the coupling coefficients are defined as follows:
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with a, a1, ag, az taking the values of + or —, which represents forwards and backwards propagation, respectively,
and p = 1,2 indexes the cavity number. In addition, e and h are the electric and magnetic fields of the
corresponding optical mode, respectively, W is the energy carried by the waveguide modes, W, the energy
within the cavity p, egp is the dielectric function that adds the cavity p as a defect to the ideal isolated waveguide,
0P is the refractive index change on the waveguide due to FCs, dejoss models the propagation loss of the
waveguide, € is the dielectric function that adds the waveguide as a defect to the ideal isolated cavity, €c, 18 the
unperturbed dielectric function for the cavity p, X2 is the third-order susceptibility tensor of silicon and, finally,
d€rc,c, 1s the refractive index change on the cavity p due to FCs. It must be noted that the barred coupling
coefficients in the cavity equations are calculated by taking the integral over the length parameter [, along the
z-direction around each cavity.

In the next step of our analysis we derive the equations describing the FD dynamics in the waveguide and
cavities. In order to derive these equations, we impose that condition that the optical energy lost via TPA is
equal to the energy of the generated FCs; the details of this procedure can be found elsewhere.?> 27 In the case
of the waveguide, the result of this procedure is applied to both the backward- and forward-propagating modes,
the total FC density being the sum of the FC density corresponding to the two modes, N = Ny + N_. equations
and they are combined together. Finally, we introduce the normalized functions and parameters, N = N/No,
Ncp = N, /No, [lnl’w = Apw/a?, and an’cp = nl,cp/a?’, where Ny is a characteristic FC density, and A, 4
and Vi ., are the effective transverse area of the waveguide and effective volume of the cavity p, respectively.
The resulting normalized equations for the FC dynamics are:
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where 7, ~ 500 ps is the FC recombination time in silicon®® and the symbol “’” refers to the imaginary part of a
complex number. Note that degenerate and non-degenerate TPA effects are implicit in Eq. (17) via the imaginary
parts of the nonlinear susceptibilities.?? In addition, the effective transverse area of the region in which FCs
are generated has been assumed to be the waveguide transverse area A, ,, = ah, whereas the nonlinear volume
of the cavity was assumed to be the volume of a rectangular three-dimensional box in which the cavity field is
contained. Moreover, Ny is chosen to be the FC density that leads to a change of the refractive index of silicon

onpce = 0.01, as per Drude model. Finally, Ey is calculated by imposing steady-state conditions (agv:p =0) in
Eq. (18) or Eq. (19) and requiring that |U, | =1 and N., = No, p=1,2.

2.3 Computational method

In order to determine computationally the unknown functions, namely Uy (¢, 7), U-(¢,7), N(¢,7), U, (1), and
N, (7), p= 1,2, one must discretize them on a computational domain and use proper boundary conditions. The
first step consists of discretizing the independent variables, therefore the ¢ dimension is divided in P points and
7 dimension is similarly divided in M points. Consequently, the spatial and temporal resolutions are:

Lsim

A = 2

(=2, (20)
Tsim

AT = ToM’ (21)
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Figure 2. Schematics of discretization matrix and boundary conditions for the forward-propagating mode equation.

with Lg;,, the simulation distance and T5;,, the simulation time.

The result of this discretization approach is a P x M matrix that represents the temporal dynamics of each
unknown at each longitudinal step. Using this matrix, the boundary conditions that apply for each of the
unknowns can be set. In Fig. 2 we illustrate the case of the equation for the forward-propagating mode. The
labels “c;” and “co” indicate the location of the two cavities, whereas the white area represents the unknown
values for the forward-propagating mode. Considering the boundary conditions in the spatial dimension, the
derivatives are discretized using the backward-difference formula.

Figure 2 illustrates some physical conditions employed in our computations. First, the simulation time Tg;,,
must be long enough to ensure that the power carried by the forward-propagating mode at the end-facet of the
waveguide is negligible. Thus, one should take into account not only the input pulse width and the time the
forward mode takes to propagate to the end-facet of the simulated waveguide, but also the time delay added by
the cavities when energy is coupled back to the waveguide modes. At ¢ = 0, we assume that the input pulse
is not distorted by the backwards propagating mode. This will obviously apply only when the pulse width is
smaller than the time it would take the forward-propagating mode to arrive at the first cavity ¢; and for the
energy coupled to the backward-propagating mode to arrive to ( = 0. This condition can always be fulfilled by
extending the simulation distance as necessary.

Regarding now the backward-propagating mode described by Eq. (2), we assume that the power it carries
is zero at both edges of the time domain. This means that the simulation time must be generally longer than
the time it takes for the last amount of energy coupled from cavity co to the backward mode to propagate until
the beginning of the waveguide. Another important point here is that we assume that there is no backward-
propagating mode beyond the cavity co, i.e. there is no reflection at the end-facet of the waveguide. Under these
conditions, the derivative is discretized using the forward finite-difference scheme.

In the case of the dynamics of the fields in the two cavities, described by Egs. (3) and (4), the numerical
implementation is simpler since we are solving for functions that depend on a single variable. The discretization
matrix in this case will be, in fact, a vector. Only the initial boundary condition in time is specified, set to be
equal to zero, so that the backward finite-difference scheme is used.

Finally, the FCs dynamics described by Egs. (17), (18), and (19) require a couple of additional computational
matrices. Except for the initial point in time, at which we assume there are no FCs anywhere along the waveguide
and the cavities, the remaining of the spatio-temporal matrix must be determined. On the other hand, the FCs
in the cavities are discretized by assuming that the FC density in the cavities at 7 = 0 is zero and, from there,
solve for both unknowns for all time points. Consequently, the backward finite-difference scheme is used to
express the derivatives for the FCs in the waveguide and cavities.

The computational algorithm employs the Newton-Raphson method®’ to solve the corresponding system of
nonlinear equations. It has been implemented in C++ using LAPACK libraries.?! The algorithm requires the
input of all coefficients, which have been calculated using of three computational tools: BandSOLVE and MEEP,
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to calculate the mode profile and Q-factor of each cavity, respectively; MPB, to calculate the mode profile of the
waveguide modes; and Matlab, to process the waveguide and cavity mode profiles and compute various coupling
coefficients.

3. SIMULATION RESULTS AND DISCUSSION

In this section, we will validate our theoretical model by analyzing the pulse and FC density dynamics determined
for a specific scenario and then we will use our model to study the influence of different parameters on the pulsed
dynamics. In particular, we investigate the relationship between the pulse dynamics in the photonic structure
and parameters such as the pulse width Tp, the separation distance between the cavities and the waveguide, d,,,
and the separation distance between cavities, d... In all simulations the input and output regions have a length
of 20a. These regions ensure that the pulse dynamics are stabilized at the input and output ports.

Figure 3 shows the evolution of the forward- and backward-propagating pulses in the case when the input
pulse has a temporal width of Ty = 10 ps and peak power Py = 1 mW. The two identical cavities are separated
by d.. = 20a and a cavity-waveguide separation of d.,, = 2.5a1/3, corresponding to four rows of holes between
the waveguide and the cavities. This scenario is suitable to validate the theoretical model because it is the case
with optimum coupling between the waveguide and the cavities, as we will demonstrate later on.

Under these conditions, the key parameter in the model which determines the Q-factor of the cavities is the
coupling coefficient C¥ = 2.7392-1075, which reduces the effective Q-factor to Q. , ~ (Q%) + W)_l = 27514,
with p = 1,2. However, the Q-factor defined as Aw/wy, with Aw being the spectral bandwidﬁl, was measured
to be Qm,p = 27147. The difference between these values is due to an extra term that determines the effective
Q@-factor of the cavities, which is the coefficient characterizing the losses due to the FC absorption in the cavities.
The following expression represents the Q-factor calculated in a more accurate way:

1 1 1
Qe, ~ (7 + _ + _ )_1a (22)
TQp (G ()
which can be used to calculate the Q-factor due to FCs, Qrcp = 229630. Thus, the value obtained for the
effective Q-factor indicates that the energy in the cavities would have leaked out after Q. ,/f, = 115.67 ps.

We now tune the input pulse at a wavelength of A\ = 1278.3nm, which is slightly different from that of
the cavities, so that the interaction of the pulse with the cavities is maximum at the pulse carrier frequency. If
we consider the the forward-propagating pulse, as per Fig. 3a), we can see that the peak power is reduced by
more than 40% at the waveguide output due to various loss mechanisms, such as propagation loss and FCA,
but also due to the coupling to the cavities. Part of this energy coupled to the cavities will decay via radiative
processes and through FCA in the cavities. The remaining energy will couple back to the forward- and backward-
propagating pulses. Indeed, it can be seen that there is a second peak reaching the output port, which must
come from the cavities.
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Figure 3. (a), (b) Evolution in the time and frequency domains of forward- and backward-propagating pulses, respectively.
The right panels in (a) show the forward-propagating pulse at the output port, whereas the left panels in (b) show the
backward-propagating pulse at the input port.
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In the bottom panels of Fig. 3a), we show the evolution of the spectra along the z-direction, and it better
illustrates where the effect of the cavities take place. The first one, which is centered at L., = 6.66 pm, distorts
the forward pulse after 4 pym and the second one at L., = 13.32 pm clearly is responsible for the dip at the middle
of the spectrum from around 14 pm. This is due to the fact that the optical fields of the cavities do extend few
lattice constants around the center of the cavities. Note that the tilde symbol is used to denote the Fourier
transform of the corresponding physical quantity.

Regarding the backward-propagating pulse, in the left panels in Fig. 3b) we present the backward-propagating
pulse at the input of the waveguide, whose shape follows very closely the profile of the time dependence of the
energy in the cavities. The spectra presented in the bottom panels show that the received pulse is located at the
wavelength at which there is a dip in the spectrum of the transmitted pulse. In the right panels of the figure we
can observe that the backward-propagating pulse starts to build up only at the locations of the cavities, and this
is why the distance range is only represented up to L.,. One can also observe that the backward-propagating
pulse reaches the largest power at the first cavity and then this power decreases towards the input port due to
propagation losses and FCA.

With respect to the cavities, we illustrate in Figs. 4a) and 4b) the time variation of the normalized amplitude
of the fields in cavity ¢; and co, respectively, the characteristic energy being Ey = 28.04fJ. First, we note that
the peak in the first cavity reaches a higher value than that in the second cavity, which is as expected since the
forward-propagating pulse loses energy as it propagates along the waveguide. The inset between panels a) and
b) is a zoom-in plot showing the superposition of the real part of both cavities field amplitudes, which oscillate
at fo, = fe, = 234.68 THz. Apart from the difference in amplitude just explained, there is also a difference in
phase, which is mainly due to the phase variation the forward propagating pulse experiences from the first to
the second cavity. Moreover, it can be seen the decay rate in both cavities fits well with the calculated effective
Q-factor.

The plots in Figs. 5a) and 5b) show the FC distribution for the waveguide pulses and for the cavities,
respectively. Regarding the FCs in the waveguide, the largest number is obviously at the input port where there
is the largest peak power. From there, the FC density decreases along the z-direction due to the propagation loss
and FC recombination processes. We can also observe the decay trend along z-direction is perturbed at about
5pum, where the backward-propagating pulse reaches its highest power. Regarding the FC in the cavities, we
can observe that, as expected, the FC density in the first cavity starts growing before that in the second cavity.
Furthermore, the ratio between the maximum FC density in each cavity can be easily calculated by computing
the following relation,

4
|Ucl,maz| o

|U02,maw|4
which exactly matches the difference between the maximum number of FCs at each cavity, which is:

4 _
| Uc1 ,max ‘ o Ncl ,max

1= 7 .
|U62,maw‘ Nc;,ma;p

1.6691, (23)

(24)
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Figure 4. Time dependence of the real part of the normalized amplitudes U., (a) and U,, (b), showing also the envelope
in black. The inset between the two panels is a zoom-in plot of the real part of U, (blue) and U, (red).
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Figure 5. Free-carrier dynamics in the waveguide (a) and in the cavities (b). The densities shown are normalized to

No = 7.343 x 10** m—3.

The influence of the input pulse width on the system dynamics becomes relevant when it is comparable to
the time it takes for most of the energy escape the cavities. By reducing the separation between cavities and
waveguide by one row of holes, meaning d.,, = 2a+/3, we obtain C% = 1.5693 - 10~*%, for which the effective
Q-factor of the cavities becomes Q). , = 6028.3. This can be translated into a characteristic time of 25.68 ps,
needed for the energy in the cavity to radiate. Therefore, we assume that the pulse width varies from 2 ps to
30ps. The results of these simulations are presented in Fig. 6, where we have plotted the time dependence of
the forward- and backward-propagating pulses as well as that of the optical field in the cavities.

It can be observed that, when the pulse width Ty is much smaller than the characteristic time associated to
the effective Q-factor, the energy profile in the cavity shows the effect of forward- and backward-propagating
pulses contributing to the energy level until the main waves have passed and then the remaining shape is the usual
energy radiative decay associated to the Q-factor. This is no longer true when wider pulses are used since the
optical pulses transfer energy into the cavities more slowly than the overall energy loss rate of these, so the effect
of other waves of pulses interfering with the main pulse at the cavities is not noticeable. The most interesting
pattern occurs for the backward-propagating pulse when Ty = 2ps. The two highest peaks correspond to the
first reflected pulse from the first cavity and the first reflected pulse from the second cavity. The other peaks
are built in a similar fashion but with the following reflected pulses. This explains the periodic nature of the
remaining peaks. Moreover, it should be noted that, when Ty < Q./ fe, the pulse shape in the transmitted port
becomes more and more asymmetrical in time, whereas in the received port, the temporal pulse shape follows
the back and forth waves pattern.

To conclude this section, we study the effect of varying the separation between the cavities on the optical
response of the photonic structure. In particular, we seek the optimum separation that minimizes the amplitude

oer _ o.04f
S 04r i
~ 0.02r
0.2f
o 0
0.04
0.015|
5 % 8002
0.005]
-100 -50 50 100 -100 -50 ) 50 100

0
Time (ps) Time (ps)

Figure 6. From top to bottom: effect of varying the pulse width on the forward-propagating pulse amplitude at the output
port, the backward-propagating pulse amplitude at the input port, the amplitude of the energy function in the first cavity
and the amplitude of the energy function in the second cavity, respectively. Black lines The pulse width was Ty = 30 ps
(black lines), To = 20 ps (red lines), To = 10 ps (purple lines), and Ty = 2 ps (blue lines).
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Figure 7. Effect of cavity-cavity separation d.. on the transmitted (7") dip and reflected (R) peak levels in a case with
dew = 2.5v/3a, To = 10ps and Ao = 1278.3nm. The insets show the backward-propagating pulse dynamics for the lowest
level measured at the input port (left) and for the maximum level measured at the output port (right).

of the reflected signal at the input port. A simple estimation of this optimum separation can be made by just
ensuring the combination of phases from the main reflected waves arriving at the input port add to an odd
number of 7, this is:

2ﬁ+Lcl = 25+Lcl + 2B+dcc + nm, (25)

with L., the distance to the first cavity, L., the distance to the second cavity, d¢.c = Le, —L¢,, and n =1,3,5,....
Since we want to maintain the input and output waveguide lengths we have been using so far, we can establish
L., = 20a, and model the distance between cavities by an integer number of lattice constants, d.. = ka, so that
Eq. (25) becomes:

2B1ka+nm =0. (26)

Given this relation, for a = 333nm, \g = 1278.3nm and B, = 8.1993 x 10°m~!, we find that the value of
k closest to an integer number is k = 18.9852 for n = 33. Based on this result, we perform several simulations
with the cavity-waveguide separation fixed to four rows, but varying the cavity-cavity separation around the
initial value of d.. = 20a, namely from d.. = 15a to d.. = 26a. We did not decrease any further the lower limit
in order to maintain the cavities uncoupled from each other, and we did not consider larger separation distance
because we wanted to keep the structure as compact as possible. In Fig. 7 we show the variation with d.. of
the transmitted dip and reflected peak values. Regarding the curve corresponding to the reflected pulse, the
lowest level at the input port is achieved for d.. = 18a, closely matching our estimated value. With respect
to the transmitted curve, the dip level is fairly flat within the simulated range. Finally, the insets next to the
main figure contain the time and frequency dynamics for the backward-propagating pulse in the case where the
reflected pulse level at the input port is minimized (left) and where it is maximized (right), clearly showing the
difference between destructive and constructive interference at the input port.

4. CONCLUSION

In summary, we have presented a novel, comprehensive, and rigorous mathematical model describing the pulsed
dynamics in cavity-waveguide photonic nanostructures. Our model incorporates linear and nonlinear effects,
including GVD, SPM, TPA, FC dispersion, and FCA. Both the mathematical model and the computational
implementation have been described in detail and the resulting simulation framework has been applied to a
silicon photonic crystal system consisting of a two high-Q) cavities placed alongside a waveguide where a slow-
light mode propagates. Our model predicts this system can potentially be used as a drop-filter, but we have
illustrated that special attention must be paid on the influence of different design parameters on the optical
response of the nanostructure as they can strongly impact on the pulsed dynamics and, thus, on the overall
behavior of the device.
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