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Enhanced bandwidth tunability in thermally controlled multi-pitch

contra-directional couplers

Lorenzo Tunesi 2, Vittorio Curri

Abstract—Grating-Assisted Contra Directional Couplers
(GACDCs) are versatile photonic devices which can implement
free-spectral-range free add-drop flat-top responses, making
them interesting solutions for Wavelength Division Multiplexing
(WDM) systems and many other applications requiring spectral
shaping. Their bandwidth can be dynamically changed through
thermal means, granting an additional degree of freedom in
their design and application. Design techniques involving the
periodicity of the gratings (pitch chirping) can enhance the effect
of this dynamic control, leading to wider bandwidth tunability in
terms of both central channel wavelength and passband width,
while leaving the control mechanism and power unchanged. In
this work, we investigate the limits of these effects, highlighting
the advantages through simulation of both the optical response
and the thermal control.

Index Terms—Grating Assisted Couplers, Bragg Grating, Add-
Drop Filters, Bandwidth flexible

I. INTRODUCTION

The field of Photonic Integrated Circuits (PICs) is seeing a
significant increase in interest due to the high performance
capabilities introduced by integration [1], [2], as well as
the wide range of applications[3]. Using programmable and
flexible components, PICs are expected to enable advancement
in both the optical communication landscape, representing the
more traditional application scenario, as well as adjacent fields,
such as photonic computing, sensing, biomedical, and more[4]].

In the telecom and datacom fields, which represents the
main target of this work, one of the main challenges is the
control of the light, which allows dynamic switching of the
signals toward the target destination[S]. In today’s optical
communications, the standard application is represented by
Wavelength-Division Multiplexing (WDM), where different
frequencies are used to encode the channels, requiring there-
fore components able to split and route different spectral slices.
Modern-day paradigms, such as software defined networking
[6]], require elastic and flexible elements, capable of dynamic
wavelength allocation and flexible reconfiguration. The flexi-
bility of operation in this context is represented by the ability
to dynamically change both the central wavelength and the
channel 3 dB bandwidth.

Many different photonic building blocks can be used
to implement frequency-selective filtering elements[7]], such
as Micro Ring Resonators (MRRs)[8], [9], Mach-Zehnder
Interferometers (MZIs)[10], Arrayed Waveguide Gratings
(AWGS)[11], and many more, but due to their advantageous
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properties and wide design space, our work focuses on
Grating-Assisted Contra Directional Couplers (GACDC).

GACDC:s are extremely versatile photonic devices that can
implement a wide variety of functions, ranging from reflectors,
mode and polarization multiplexers/converters[12]], [13], and
frequency selective add-drop filters[14]. Their core operation
is based on Bragg gratings[15], which are arranged in a two-
waveguide coupling structure to achieve precise control of
the propagation and modal evolution of the electromagnetic
field[16]. In their application as WDM multiplexers / demul-
tiplexers (MUX / DEMUX)[17], they offer some advantages
over competing integrated solutions, as they can implement
wide-band flat-top filters with steep roll-offs [18], which is
ideal for modern Dense WDM (DWDM) applications with
high channel count and minimal spacing in the frequency
comb. Moreover, GACDCs can also be dynamically tuned to
tailor the 3 dB bandwidth and central wavelength of the filtered
channel, allowing the deployment of these devices for flexible
and elastic optical switches. Different control techniques can
be used to this end, with thermo-optic tuning being the most
common and straightforward method: the optical properties of
the material can be adjusted by varying the temperature of the
waveguides throughout the device by means of micro heaters.

In this work, we present an in-depth analysis of this dynamic
control available through thermo-optical means, investigating
how segmented thermal control, together with modulation of
the grating periodicity, can be used to increase the dynamic
tunablity range: through analytical modelling of the optical
propagation, as well as multiphysics heat simulations of the
micro-heaters, we highlight the limiting factors and range of
this control scheme.

II. GACDC DESIGN AND SIMULATION MODEL

GACDC:s are four-port integrated photonic components ob-
tained by introducing a periodic perturbation in an otherwise
uncoupled asymmetric two-waveguide device. The structure
consists of two asymmetric waveguides, that is, presenting a
different effective mode index, which are spatially separated
to limit or eliminate traditional co-directional coupling, as
shown in Fig. la. By introducing a periodic perturbation
of the effective index along the field propagation direction,
which is done through modulation of the waveguide widths,
the structure can be designed to introduce frequency-selective
coupling between the forward propagating mode of the input
waveguide and the backward propagating mode of the second
waveguide. The operating principle behind the contradirec-
tional coupling is based on Bragg gratings[19], which act as
distributed wavelength-selective mirrors along the structure,
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Fig. 1: (a) Generic GACDC geometry highlighting the main
coupling effects for the input signal. (b) Typical frequency
response at the four ports of a GACDC (the reflection peak
represent the signal reflected backwards from the input port).

with their design and the asymmetric waveguide geometry
allowing for a wide range of frequency responses[20]].

Observing the response for a standard GACDC device,
depicted in Fig. 1b, three main coupling effects can be
identified. Part of the input spectrum is reflected backwards to
the input port, due to the Bragg grating of the first waveguide;
the channel of interest is coupled contra-directionally to the
second waveguide, exiting the drop port, while the rest of the
spectrum is propagated to the through port. Some parasitic co-
directional coupling may arise toward the add port, although
it is usually minimized due to the high distance between
the intrinsic waveguide. The GACDC is a reciprocal device;
as such, while the channel of interest is dropped from the
input waveguide toward the Drop port, the same wavelength-
dependent selectivity is present at the Add port, which means
that a new signal on the same channel can be multiplexed
from the Add port back onto the main waveguide toward the
Through port.

The design of the intrinsic waveguide geometry and the
index perturbation is what controls the magnitude of these
effects, as well as the coupling frequency: the channel fre-
quency can be understood by considering the phase-match
condition of the structure, as depicted in Fig. 2a. Due to the
asymmetry of the structure, the modes in the two waveguides
propagate with different effective indices, with the grating
enabling contra-directional coupling only under the Bragg
condition or phase-match condition: this frequency is repre-
sented by the intersection between the curve obtained from the
Bragg grating pitch A, and the average effective index of the
unperturbed geometry. The magnitude of the coupling effect is
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Fig. 2: (a) Effective index plot for the two waveguides high-
lighting the phase match condition. (b) First coupled mode
of the GACDC structure. (¢) Second coupled mode of the
GACDC structure.

instead related to the modal overlap between the super-modes
supported by the two grating-enhanced waveguides, which
are represented for a reference ridge geometry in Fig. 2b-
c. In these devices, the two unperturbed waveguides should
instead be ideally uncoupled, with only the grating region that
allows modal overlap under the Bragg condition[21]: this is
done to minimize unwanted directional coupling, which only
introduces crosstalk and additional losses.

A. Simulation model

In this work the GACDC are modeled using the well-
established Coupled Mode Theory (CMT) formulation [19],
[22], which is implemented and run using MATLAB. The
model allows for a rapid and computationally inexpensive
characterization of the devices, which is convenient with
respect to other numerical simulation methods available in
commercial-level photonic simulation suites, such as Finite-
Difference Time-Domain (FDTD) or EigenMode Expansion
(EME). Due to the length of the GACDC devices (up to
millimeters) and the required high simulation resolution (due
to the typical submicrometer grating pitch), the computational
cost to run analysis of the propagating electromagnetic field
is unfeasible using the former generic numerical methods.
The CMT formulation is, instead, inexpensive to run, while
maintaining relatively high accuracy if the parameters are
properly fitted. In the CMT model, the structure geometry
is abstracted considering the effective indices, propagation
constants, and coupling coefficients, which can be extracted
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Fig. 3: (a) Example of apodized profile and comparison of non-apodized device response against gaussian and hyperbolic tangent

apodized structure. (b) Effect of the antireflection phase shift,

with highlight of the intrawaveguide reflection minimization in

the response. (¢) Example of a pitch-chirped device exhibiting three adjacent drop windows.

from the geometry using accurate numerical methods. In our
case, this was accomplished using the RSoft Photonic design
suite[23]], leading to an optimized simulation model, where the
static characterization of the waveguide geometry, materials,
and properties is carried out through physics-based numerical
methods, while the field propagation is instead carried out
through the more efficient CMT analytical approach.

B. Design

The analysis presented in this work aims to characterize
the limits and maximum ranges for the thermal mechanism of
bandwidth tuning, while envisioning applications in a WDM
system. As such, there is no univocal solution and design
choice which can fit all possible applications, although the
analysis and the design choices of a specific case can be
generalized to offer insight into the flexibility of these devices,
and more specifically the optimized strategy for the thermal
control.

As stated, GACDC offer a wide design space, as both the
waveguide geometry and grating structures can be engineered
to change the resulting response, also allowing complex multi-
channel coupling structures[24]]: depending on the application
many trade-offs may arise, typically related to either perfor-
mance, tolerances, circuit footprint, or a combination of the
previous.

However, for the implementation as single channel adaptable
filters, there are some key design choices which help improve
the filter performance, reducing the parasitic effects, improv-
ing selectivity, or increasing the bandwidth tunability. These
strategies are summarized in Fig. 3, which highlight the three
main techniques: corrugation width apodization, anti-reflection
gratings, and pitch chirping.

GACDCs drop response suffers from large side-channel rip-
ples, which can limit their deployment in dense WDM sys-
tems. These sidelobes, which represent the Fabry-Pérot modes
of the waveguides introduced by the Distributed Bragg Re-
flector, can be mitigated by reducing the reflectivity in the
trasition region between the unperturbed waveguides and the
DBR section. This is typically achieved by smoothing the
transition to the high-coupling region, either by decreasing
the corrugation amplitude or leveraging the phase mismatch
between the gratings on the two waveguides [25]]. The example
in Fig. 3a shows the effect on the drop frequency response
as a function of the amplitude apodization, comparing the
default response against the resulting channel using Gaussian
or hyperbolic tangent profiles [26].

The other major undesired effect in the response of
GACDC:s is the intra-waveguide reflection introduced by the
gratings of both waveguides. These regions should fall outside
of the drop response, thanks to the asymmetric waveguide
design, although they still limit the application in cascaded
device, as well as introducing an unwanted back-propagating
signal in the main waveguide. This effect can be mitigated by
designing the corrugation with a 7-shift between the two sides
of the waveguide [27]]. The out-of-phase design does not affect
the inter-waveguide coupling, while introducing destructive
interference on the intra-waveguide reflection, canceling the
peak (Fig. 3b).

The last design choice to take into account addresses the
device bandwidth instead of a parasitic unwanted effect. The
periodicity of the grating can be slowly changed through-
out the device, introducing multiple adjacent phase-match
conditions|28]. This technique allows for not only an extension
of the static bandwidth (i.e. without electrical control signals),
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but also its tunabilityABW, defined as the difference between
the maximum (AA p,x) and minimum (AA ,;, passband widths
that can be obtained through an external electrical control.
This approach, called pitch chirping, can be used both to
create multichannel devices and to increase the drop bandwidth
Fig. 3c [29]; its effect is discussed in more detail in the
following section.

All the above design techniques have been considered for
the reference device, which is used as a benchmark for the
subsequent analysis: the waveguide and grating geometry
have been chosen to synthesize a flat-top filter centered in
the middle of the C-band (A, = 1.55um), designed on the
Silicon Photonic platform. The silicon waveguides are sim-
ulated with thickness & = 220nm, widths w; = 570nm and
wy = 450nm, separated by a gap G = 200nm and L =
450um long; the grating structure has been simulated with
pitch A = 298nm, corrugation widths Aw; = 100nm and
Awy = 60nm and a hyperbolic tangent apodization profile
(f(x) = [1+tanh (B (1-2[x|*))] with & =3, B = 3). and
assuming a propagation loss of 3dB/cm for the simulated
devices,which represents a conservative estimates based on
experimental measurements of comparable devices.[28]].

III. BANDWIDTH TUNABILITY

The main mechanism to achieve 3 dB bandwidth tunability
in GACDC is the modulation of the phase match condition
across the longitudinal direction of the device: this can be
achieved through different means, either through dynamic
adjustment of the waveguide indices (thermo-optic or electro-
optic effects) or the adjustment of the grating pitch A. This
principle of operation is shown in Fig. 4: by changing either
the waveguide or grating properties, the drop wavelength
can be adjusted, with the pitch chirping representing the
static solution to create wide-band or multichannel behavior
during design, and the thermal effect representing the dynamic
reconfigurable adjustment.

Considering only the effect on the drop window central
frequency, it is clear how the pitch chirping behaves equiv-
alently as an hard-coded temperature offset, while at the
same time still allowing for the dynamic temperature control.
In general, the bandwidth can be controlled by tuning the
different sections of the device, increasing or decreasing the
overlap between adjacent phase-match spectral regions as the
overall device response is simply obtained as a cascade of
the different regions. In this analysis the dynamic control of
the index is assumed to be based on silicon thermo-optic
effect, which is used to introduce the index shift through
a temperature gradient across the longitudinal direction. Ac-
counting for the temperature shift in the aforementioned CMT
simulation model is quite straightforward, as silicon behavior
can be easily modeled through its thermo-optical coefficient
(j—; ~ 1.86 x 107*K~!) which does not vary significantly for
reasonable temperature shifts [30]. However, it is necessary to
simulate the thermal behavior in more depth, as the maximum
temperature shift is dictated by the microheater technology
used in the integrated chip, and the thermal crosstalk must
also be considered to ensure proper gradient control.
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Fig. 4: Phase match condition curves highlighting the channel
region. (a) Single phase-match condition considering reference
bias temperature and single pitch. (b) Effect of the waveguides
temperature. (c¢) Effect of the waveguides temperature and
multiple grating pitches.

A. Thermal modeling

Thermal simulations require a clearly defined layer geome-
try to account for heat dissipation as well as heater placement
and material: in our analysis we have considered the IC
layers available in the Silicon Photonic platform from Applied
Nanotool Fig. 5a (ANT)[31]. The structure has been simu-
lated through COMSOL Multiphysics, considering a single
microheater spine that runs the length of the device, with
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Fig. 5: (a) ANT layer geometry used in the simulation. (b)
Generic Structure of the heater element. (¢) Thermal gradient
simulation of the segmented heater on a simplified oxide layer
stack.

multiple contact points on both sides, allowing precise control
of the voltage gradient across the structure Fig. 5b. The rib is
modeled with width W = 3um, contact spacing AL = 40um,
and ten contact points: the structure can be seen as a series of
parallel resistors running orthogonally to the light propagation
direction, allowing control over the temperature gradient. The
advantage of such configuration is that it can achieve multi-
section control without requiring separated heating structures,
leveraging instead a single grounded side and the current
flowing through the least resistance path. This type of heater
has been shown to work in providing flexible control in single
pitch structures [32], and in this analysis, it has been simulated
assuming ten contact points along the length of the device.

The layers and materials have been defined in COMSOL, using
the multiphysics Electromagnetic Heating module, which uses
the Electrical Current model together with the Heat Transfer
in Solids to simulate Joule heating and the heat diffusion of
the geometry. In this simulation, the control mechanism is
modeled as a voltage applied directly to the contact pads on the
side of the main heater spine, without considering the routing
layer which would connect the heater contacts to the external
pads (Fig. 5¢): the thermal effect of the routing connections is
typically negligible, as a low-resistivity material is used with
respect to the high resistivity of the Titanium Tungsten (TiW)
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Fig. 6: (a) Maximum temperature gradient achievable with
the proposed heater structure. (b) Voltage across the center of
the TiW heater and resulting current density. (¢) Example of
piecewise thermal control along the heater spine.

heater.

In the depicted heater simulation, the layer stack and sim-
ulation box are simplified to improve readability, excluding
the passivation layer to show the metallic heater geometry,
highlighting the nine ground contacts (left side) as well as the
ten voltage control points (right side).

In the actual simulation the heater has been instead placed
in the center of the simulation box, considering a die with
footprint 1mm X 1mm X 0.73mm and uniform layer compo-
sition (following ANT layer structure). In order to obtain any
meaningful result, the thermal boundary conditions must be
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Fig. 7: Drop bandwidth for the single pitch device: a) at default state b) under positive thermal chirp c) under negative thermal

chirp.

set up properly, allowing correct heat dissipation of the die. In
our analysis we have considered convective heat flux with a
coefficient 4 = 10W/m? /K on the top and lateral faces of the
chip, which correspond to natural external convection through
air. The bottom face is instead modeled as an ideal heat
sink, providing a Dirichlet boundary condition (Z¢x = 23°C),
which is standard practice in the thermal analysis of integrated
circuits [33]. The maximum achievable thermal shift can be
evaluated by applying a voltage gradient across the contacts,
considering the limitation imposed by the maximum current
density through the microheater (maximum safe operating
value provided by ANT as J = 5mA/um?). From the sim-
ulation, we see that temperatures around 7= 100°C can be
obtained (Fig. 6a) while keeping the overall current density
in the heater below the threshold (Fig. 6b): considering the
ambient temperature, we obtain a AT = 80°C thermal offset
that can be used to calibrate and tune the device bandwidth.
Moreover, Fig. 6¢ presents some of the piecewise step tem-
peratures that can be obtained throughout the device, which
will be used in the following section to explore the tunability
range.

B. GACDC dynamic control

As stated before, the mechanism to dynamically adjust
the bandwidth is based on introducing and controlling the
overlap between multiple phase-match regions. Starting with
the simple case of a single pitch device (Fig. 7, we can
see the limiting factor imposed by the temperature gradient.
For the default state, a thermal offset of AT = 40°C is
considered, as it allows a consistent central wavelength even

when temperature gradients are applied [34]], which leads to
a reference bandwidth of BW = 949 GHz (Fig. 7a): this is the
same value as the static bandwidth at ambient temperature
AT = 0°C, but shifted around a different wavelength. When a
thermal gradient is applied, the bandwidth can increase up to
BW = 1867GHz as shown in Fig. 7b-c, although due to the
single pitch, both positive and negative temperature gradients
produce identical results: the mirrored losses seen at the edges
of the drop response are due to the propagation losses used
in the simulation, which affect the phase-match region further
along the propagation direction.

An improvement with respect to the first design can be seen in
the pitch-chirped structure, where we assume a three-pitched
region with value A; =297nm, Ay =298nm, A3 =299nm.
The pitch step 64 = 1 nm has been chosen based on previous
ultra-large bandwidth passive GACDC designs[28], which
have been realized on the same technological platform. In this
work the study is limited to three pitch regions to highlight
the tuning principle, while the effect of the manufacturing
uncertainty will be briefly discussed in the later section.

The multiple phase-match conditions allow for a noticeable
extension of the static bandwidth, with a value of BW =
1847GHz (Fig. 8a). Apart from the increase in 3dB band-
width, the real advantage of this design can be observed when
a positive or negative thermal gradient is applied (Fig. 8b-c):
while a positive thermal bias increases the bandwidth, as in the
single-pitch case, up to BW = 2766 GHz, a negative gradient
can be used to reduce the bandwidth with respect to the static
case, down to the reference bandwidth of BW = 949 GHz.
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This signifies that the device can now operate on an extended
bandwidth while still covering the smaller bandwidth of the
original, single-pitch, structure, as the bandwidth tunability is
largely increased, although without moving the lower bound.
Of course, this technique cannot be extended indefinitely,
as depending on the base bandwidth on the original device,
multiple channel and response notches may appear when the
phase-match regions stop overlapping: this has been tested
by considering a device with higher pitch chirping range
A1 =296.5nm, A =298nm, A3 =299.5nm. The response
of this second pitch-chirped device is shown in Fig. 9, and
as expected the maximum bandwidth increases even more, up
to BW = 3195GHz in the positive thermal gradient scenario.
However, notches between the different spectral regions start
to appear, which highlights the limiting case for the pitch-
chirping technique. In Fig. 9b the notches are shown to be
compensated by reducing the thermal step-size and consider-
ing five thermally controlled regions, instead of the previous
three.

While a smoother thermal gradient can be used to compensate
for the notches, and is still compatible with the initially
considered ten-contact heater, the real limiting factor is visible
when applying the negative gradient: the minimum bandwidth
case (Fig. 9c) is now well above the reference case, as the
negative gradient temperatures are not sufficient to overlap
the phase match region back on the original wavelength. This
highlights the upper bound in the bandwidth tunability range:
the magnitude of the phase-match shift introduced by the pitch
variation cannot be larger than the one achievable through
thermal control; otherwise, the original bandwidth would not
be included in the achievable responses. As a consequence,

it is quite straightforward to see that pitch chirping can, at
most, double the bandwidth tunability ABW for a given fixed
thermal range: the chirped device will therefore have static
bandwidth equal to the maximum achievable bandwidth of the
original unchirped device. The minimum bandwidth AA pip,
corresponding to a negative temperature gradient overlapping
the multiple phase-match regions over the design central
wavelength, will be equal to the reference bandwidth: a further
decrease in the gradient after the minimum is reached will lead
to a bandwidth increase due to the inversion of the left- and
right-side phase-match conditions (similar to the symmetry
shown in the unchirped device shown in Fig. 7).

Finally, the maximum bandwidth AA ., obtained with the
positive thermal gradient, will correspond to twice the in-
crement of the original dynamic control, due to both the
contributions of the pitch chirp and the additional thermal
offsets. This phenomenon also justifies the division into three
main pitches as well as three thermal regions in the analysis:
adding additional points in either thermal or chirped profiles
can only affect the smoothness or notches formation in the
middle of the frequency response, while the limiting factors
for the tunability range are still dictated by the highest and
lowest achievable phase match conditions.

While these simulations assume ideal manufacturing, with
exact pitch regions, the underlying principle still holds when
considering fluctuations in the grating periodicity. While in
the analysis the multiple static phase-match regions are ob-
tained through chirping, the GACDC could be modelled with
constant pitch, while varying the unperturbed core of the
waveguide, leading to the control of the static phase-match
condition through width modulation[35]].
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Moreover, any uncertainty is expected to affect the single-pitch
device with a similar distribution as the chirped structures, so
the increase in minimum bandwidth (and consequently lower
coupling strength), due to spurious variation in pitch, would be
visible in both cases, while not directly affecting the tunability
range[28]. A qualitative example is depicted in Fig. 10, where
the pitch is randomly varying following a gaussian distribution
with the design pitch as mean (u = [297, 298, 299] nm) and
0 = Inm, rounded to the nearest integer nanometer. This
introduces noticeable responsede gradation, with notches and
asymmetric distortions. The minimum bandwidth is largely
unaffected however, while the maximum bandwidth is more
susceptible to the distortions. This can be compensated by
optimizing the control scheme to account for the pitch vari-
ation, albeit slightly reducing the tunability range, which
remains higher than the single-pitch case. Rigorous robustness
simulations would require a large sample of experimental
devices to model the uncertainty, which is outside of the
current scope of the work, due to the focus on the theoretical
limitations of pitch-based tunability enhancement.

C. General design principles

The results presented in the previous section are qualita-
tively clear and highlight the general principle of enhanced
bandwidth tunability; however, they do not provide general
guidelines for a GACDC with arbitrary bandwidth. In general,
we can assume that devices that target telecom applications
in the S, C, or L optical windows (A = 1.46um — 1.625 um)
deployed on the Silicon Photonics SOI platform will have
an average waveguide width between W = 300nm — 650 nm,
for which we can analyze the generic phase-match shift as
a function of temperature or grating pitch change (Fig. 11a).

The result shows that the phase-match tunability coefficients
% and % do not vary significantly even for wide ranges of
waveguide geometries, further enhancing the generality of the
analysis: this result also proves how the temperature represents
the limiting factor in tunability, as even a small variation of
the pitch (1 —2nm) can account for two orders of magnitude
in temperature variation (in fact, the thermo-optical shift is
depicted for T = 100°C in Fig. 11a).

While this investigation focuses on the thermo-optic (TO)
effect as the main tunability mechanism, dynamic Silicon
Photonic devices are also implemented leveraging the electro-
optic (EO) effect [36]. While EO is faster than TO, albeit
introducing higher losses, in this analysis the focus is mainly
on tunability: considering that silicon exhibits a much larger
TO coefficient with respect to the EO counterpart, the TO
analysis can be generalized, considering that the alternative
effect would impose an even lower index modulation.

Taking into account the constraint on thermal control imposed
by the metallic heaters (T'max = 100°C), we can evaluate the
maximum range of the 3dB bandwidth ABW. In the results
discussed, the maximum tunability for an unchirped device
corresponds to ABW = 606 GHz ~ 5nm while the examples in
the previous section show how the use of pitch chirping can
extend the range up to ABW ~ 1149 GHz =~ 11 nm.These values
are not representative of the minimum or maximum bandwidth
on their own, as shown in Fig. 9, which has a higher achievable
maximum bandwidth, although also a higher minimum.

Minimum bandwidth

The static bandwidth of the GACDC is directly proportional
to the coupling coefficient xj;, which is shown in Fig. 11b
for the proposed waveguide geometry: the simulation shows a
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linear relationship between the two, which is expected since
the 3dB drop bandwidth can be expressed through the CMT
model as a function of the central wavelength of the channel,
the group indices of the two waveguide modes 7,1, ng, and
the coupling coefficient.

21(‘12)»3
(g +ng)

AA'min (1)
The minimum bandwidth can be set by engineering the
waveguides’ gap and geometry to obtain the desired coupling
coefficient and group indices, although the device length must
also be considered, as it represents the final limiting factor
for the bandwidth tunability range. Fig. 12a depicts the drop
response as a function of the coupling strength xj2L, which
is evaluated as the product of the coupling coefficient and
the coupling length. The responses have been evaluated for
a coupling coefficient kj5 = 50cm™!, although the result can
be generalized for any coupling value kj. Fig. 12b shows
the generalized trend, depicting the power coupled at the
drop port for the 3 dB bandwidth of the phase-match channel
(normalized against a ideal square filter with identical 3 dB
bandwidth): normalization allows comparison of filter effi-
ciency, which depends on both coupling coefficient and length,
even though the bandwidth may vary, due to the dependency
on ki, alone. It is clear that to achieve a smaller minimum
bandwidth we require a low coupling factor kj», which in turn
leads to a longer device to avoid losses and low roll-off. This
is true not only for the central channel but for any phase-match
region derived from either thermal control or pitch-chirping:
when increasing the bandwidth through active tuning, each
new phase-match section will have a smaller coupling length,

leading to a rapid decline in transmitted power, especially for
low-coupling gratings.
These results can now be used to gain some insight into the
limitations of the tunability mechanism, considering both the
effect of the pitch chirping and the limitations of the material
indices and geometrical parameters.

Maximum bandwidth

The maximum achievable bandwidth Adp,x is limited by
the maximum temperature change achievable with the chosen
heating technology (Tax)-

dAy dAy
AZ'max = AAfmin + (dTTmax) + (dAAAmax) (2)
From the analysis on the pitch chirping we have demon-

strated how in order to maintain the design AAp,, the pitch
chirp can only double the effect of the thermal control (i.e.,

[%OTMX = ‘fl—/}\oAAmax), therefore allowing simplification of
Equation (2), removing the pitch dependency:
dAo
A;Lmax = A)vmin +2d7TTrnax (3)

Depending on the design, the pitch chirp must be selected to
ensure that the above condition holds true.

Number of phase-match regions

The resulting tunability range ABW = AAmax — Admin can be
expressed as an integer multiple of the minimum bandwidth
Nmin = H’}q";ﬂ:—‘ : Nmin corresponds in this case to the minimum
number of ﬁon-spectrally overlapping phase match regions,
each with the same length L.

However, a larger number of sections can be used, e.g.,

to maximize the spectral uniformity of the drop channel
response, as shown in the device analysis of the previous
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section. However, the parameter N is useful for evaluating the
necessary device length L to ensure a steep roll-off and low
drop channel loss: assuming, as stated, regions with uniform
length Lix = NL and imposing a constraint on the coupled
power in each region (e.g., kjoL > 3, as discussed above), we
obtain a constraint on the overall device length Ly > N Ki,
which corresponds to the minimum overall length to ensure
proper tunability in the desired range ABW.

D. Numerical design example

Looking back at the example of the previous section we
see that for a starting Ady,, = 7.6nm (950GHz) we require
a coupling coefficient x5 ~ 300cm™' to 350cm~!, which
correspond to the geometrical design proposed.

Moreover, as previously highlighted, the thermal bottleneck
Thax =~ 80°C corresponds to a ABW = 7.5nm, leading to
a maximum bandwidth AAy.x ~ 15nm (1900GHz) for an
unchirped device, and Adpm,x =~ 22nm (2800 GHz) for a pitch-
chirped solution.

This range lead to a minimum number of regions Ny, = 3,
which under the selected coupling strength constraint lead to
a minimum length L > 360um, compatible with the chosen
length L = 450 um.
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Fig. 12: (a) Drop response (Zg a function of the coupling
strength kL. (b) Normalized 3 dB coupled power as a func-
tion of the coupling strength (coupling factor times coupling
length). The colored marker represents the curves depicted in

(a)
IV. CONCLUSION

The CMT model and COMSOL multiphysics solver have
been used to showcase the use of index gradient control to
manipulate the drop channel bandwidth of GACDCs. The
traditional control through the thermo-optic effect has been
evaluated, highlighting both its theoretical limitations, as well
as the physical constraint imposed by the heater technol-
ogy. Additional bandwidth-enhancing techniques such as pitch
modulation have been considered in the device design and
simulation: pitch-chirped design has been demonstrated as a
tunability enhancement technique, allowing a twofold increase
in dynamic bandwidth control.

The maximum range of this effect has been also investi-
gated, showcasing the main limiting factors for the bandwidth
control, either due to thermal limitation in the single-pitch
device, or notches formation and spectral distortion in multi-
pitch GACDC. The chirped design has been shown to double
the effective tunability range while utilizing the same control
mechanism with identical driving currents.

The general design rules have been derived for the enhanced
structure, allowing quick analytical evaluation of both the
achievable bandwidths and the constraint on the geometrical
parameters, such as length, coupling, and minimum number
of index-modulated regions.
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